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a b s t r a c t

A novel micronization technique so-called supercritical fluid assisted atomization introduced by
hydrodynamic cavitation mixer (SAA-HCM) was used to produce the sodium cellulose sulfate (NaCS)
microparticles with well-defined spherical morphologies and controlled particle size distributions in
aqueous solution. The process parameters such as mixer temperature and pressure, the mass flow ratio,
precipitator temperature, solution concentration and the molecular weight of NaCS were investigated in
detail to evaluate their influences on the morphologies and size distributions of precipitates. Spherical
NaCS particles with mean diameters ranging from 0.3 to 3.0 �m were produced at the optimum oper-
odium cellulose sulfate
icronization

ating conditions and narrow particle size distributions were obtained. It is natural to put forward the
particle formation mechanism of deflated balloons. Compared with the unprocessed NaCS, there was no
significant change on the primary structure and stability of the NaCS processed by SAA-HCM verified
by Fourier transform infrared spectroscopy. The X-ray diffraction and thermo-gravimetric analysis were
also used to investigate NaCS modifications and a slight change in crystalline state with higher thermal
stability was observed when treated by SAA-HCM process. The results indicated that NaCS micronization

expe
by SAA-HCM process was

. Introduction

Microparticle drug delivery system such as inhaled aerosols
s an effective therapeutic carrier for the treatment of respira-
ory inflammation, cystic fibrosis, and other lung disorders; it also
ffers great potential for noninvasive systemic delivery of pep-
ides and proteins with no gastrointestinal tract degradation [1].
ocal or systemic inhalation therapies can often benefit from a
ontrolled release of the therapeutic agent, as is achievable with
he use of biodegradable and biocompatible polymeric materials
2,3]. Sustained controlled release from the inhaled therapeutic

icroparticles can prolong the efficacy of an administered drug
nd can diminish the rate of a drug’s appearance in the blood-
tream [3]. Also, patients will experience significantly less pain
hen dosage frequency is reduced. Among these various formula-

ions, hydrophilic matrix microparticles with smooth surface and
arrow size distributions are considered to be one of the most sig-

ificant release systems to be used as carriers for drug delivery and
ell attachment [4,5]. One favorable characteristic of hydrophilic
olymer is its water-solubility and potential pharmaceutical appli-
ation since solvent residues in the micronized particles could be

∗ Corresponding author. Tel.: +86 571 87951982; fax: +86 571 87951982.
E-mail address: yaosj@zju.edu.cn (S.-J. Yao).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.02.004
cted to be a promising technique for drug delivery system.
© 2010 Elsevier B.V. All rights reserved.

avoided by using water instead of organic solvents. This biocom-
patible system with suitable forms and size distributions can be
applied in various advanced drug delivery strategies due to the
enhancement of the bioavailability of biological active substance.

Nowadays, there are still several difficulties in the micronization
of hydrophilic polymers, such as the inactivation of the monomer
residues during polymerization, high disposal temperature, lim-
ited size control, and the difficulty to reduce the solvent residues
below the FDA limits in further operation. To solve these prob-
lems, a promising alternative process of supercritical fluid (SCF)
based technology has turned into researchers’ attention. It takes
advantage of some specific properties of SCF such as the large dif-
fusivity, strong solvent power, low viscosity, surface tension and
environment benign. However, it is still a blank on hydrophilic
polymer microparticles production using SCF-based processes in
aqueous solution. It was well known that the solubility of water-
soluble polymer in SC-CO2 is nearly zero and SC-CO2 is not an
effective solvent for aqueous solutions, so conventional SCF-based
micronization technologies had some difficulties in preparation
of microparticles of water-soluble polymers. These conventional
techniques included the rapid expansion of supercritical solutions

(RESS) [6], the supercritical antisolvent precipitation (SAS) [7],
and the particles from gas saturated solution (PGSS) [8]. Recently
the supercritical assisted atomization (SAA) which was devel-
oped firstly by Reverchon et al. [9–11], was proposed as one of
the most potential efficient micronization technique. It could be

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yaosj@zju.edu.cn
dx.doi.org/10.1016/j.cej.2010.02.004
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onsidered as a modification of the spray drying with moderate
mbient and well size control of the water-soluble material in the
queous solution. This process has been successfully applied in
he preparation of chitosan [12], hydroxypropyl methylcellulose
HPMC) [13] microparticles, chitosan–ampicillin trihydrate [14]
nd HPMC–ampicillin trihydrate coprecipitates [13] to obtain con-
rolled release of the ampicillin trihydrate. However, there were
everal concavities presented in the HPMC powder, meanwhile, no
urther analysis and optimization on particle morphologies and size
istribution were present in their research.

One of the most crucial prerequisites for a successful SAA
recipitation of hydrophilic polymers was the complete mixing
etween CO2 and aqueous solution [15,16]. Based on the solubi-

ization of controlled quantities of SC-CO2 in aqueous solution, a
ear-equilibrium solution formed in the mixer was subsequently
tomized through a nozzle. The spatial homogeneity of atomized
roplets means the uniformity degree of the precipitated parti-
les which depends on the efficiency of the mass transfer between
C-CO2 and aqueous solution. When using water as a solvent,
he solubilization of controlled quantities of SC-CO2 in aqueous
olution is quite limited. Thus, forming a “homogeneous” mixing
s even more important in order to obtain a continuous near-
hermodynamic-equilibrium solubilization of SC-CO2 in the liquid
olution. Besides, failed primary atomization, which was usually
aused by the high viscosity and the surface tension of the aqueous
olution, was not negligible [12].

In 2008, Cai et al. [17] implemented an improved SAA process,
.e. SAA-HCM, in which a hydrodynamic cavitation mixer was intro-
uced to intensify the mixing between CO2 and liquid feedstock. In
he mixer, an orifice plate was designed as the cavitation genera-
or. When the resulting premixed fluid flowed through the orifice
late, the amount of the CO2 mixed with the aqueous solution tran-
ited into the transient bubbles driven by pressure variation. Thus,
he liquid region generated a number of CO2 cavities, which sub-
equently collapsed owing to the recovery of the pressure after
he orifice. The implosions of these cavities along with the tran-
ient high energy can disrupt the phase boundary [18], increase
he interfacial area [19] and create microjets. The generation of
he cavities, i.e. hydrodynamic cavitation, was a useful tool for
trengthening mass transfer of heterogeneous system [18]. This
as one of the most significant steps in the SAA-HCM process. Since

he efficiency of the following atomization in the interior of the pri-
ary droplets depended upon the CO2 content, the homogeneous
ixture induced smaller particles. SAA-HCM had been applied suc-

essfully in the micronization of levofloxacin hydrochloride [17]
ith well-defined spherical morphology and controlled particle

ize distribution (PSD). The perfect mixing of the ternary mixture
n the hydrodynamic cavitation mixer can reduce the viscosity and
he surface tension of the aqueous solution efficiently [20], increase
he homogeneity of the primary droplets and could provide a better
article morphology and size distribution control in the production
f microparticles.

Sodium cellulose sulfate (NaCS) was a kind of the hydrophilic
erivatives of cellulose, which was obtained by a heterogeneous
ulfating process with n-propanol and H2SO4 [21,22]. Due to
ts favorable biological properties, including nontoxicity, biocom-
atibility, biodegradation, hydrophilicity, and good film-forming
erformance [4,21–25], NaCS has been received much attention
nd widely used in many fields, especially in pharmaceutical and
iomedical engineering. In particular, NaCS was frequently used as
polyanion encapsulation matrix to immobilize enzymes, microor-

anisms and animal/plant cells or as a swellable hydrophilic matrix
pplied in the drug delivery system which forms a gel layer when
xposed to aqueous media.

In the present study, the micronization of NaCS polymer with
controlled size, suitable for drug delivery system using the SAA-
g Journal 159 (2010) 220–229 221

HCM process was investigated. The produced NaCS microparticles,
using water as solvent, were characterized according to their mor-
phologies and particle size distributions. The influences of process
parameters on morphologies and size distributions of precipitated
microparticles were evaluated as well. The main structure, the
crystalline state and the thermal property of the samples after
the SAA-HCM treatment were analyzed with FTIR, XRD and TGA,
respectively.

2. Experimental

2.1. Materials

Sodium cellulose sulfate (NaCS, Mw = 633 kDa, 120 kDa, 5 kDa)
with different molecular weights were prepared by heterogeneous
reaction as described previously in our research [4]. Carbon diox-
ide (CO2, purity 99%) and nitrogen (N2, purity 99%) were purchased
from Hangzhou Jingong Gas Co. Ltd. (Hangzhou, China). Ethanol
(analytical purity) was obtained from Hangzhou Chemical Reagent
Co. Ltd. (Hangzhou, China). Deionized water was prepared in our
laboratory. All other chemicals used were of analytical grade with-
out any further purification.

2.2. The SAA-HCM apparatus

Fig. 1 presents a schematic diagram of the SAA-HCM apparatus
employed for sodium cellulose sulfate precipitation, which consists
of three feed lines for delivering the liquid carbon dioxide, the aque-
ous solution and the inert gas nitrogen, with three main vessels of
the hydrodynamic cavitation mixer, the precipitator and the sepa-
rator. The detailed description of this experimental apparatus and
its operating procedure has been given elsewhere [17]. In the begin-
ning, carbon dioxide, stored in a cylinder container, was cooled in
the cooling bath (Re) and delivered into the high-pressure pump
(P1) to maintain a constant feeding rate. Then the carbon dioxide
went into the mixer (Mi) after being heated up to the desired tem-
perature in the water bath (H3). Meanwhile, the prepared solution
was pumped by high-pressure pump (P2) with its feeding tem-
perature controlled by a heat exchanger (H1). The carbon dioxide
and the liquid solution were mixed in the hydrodynamic cavitation
mixer (Mi) to form the polymer–solvent–CO2 ternary mixture with
a constant temperature and pressure. The mixture was sprayed
into the precipitator (Pr, 35L) through a thin-walled 200 �m diam-
eters stainless steel injection nozzle. To facilitate liquid droplets
evaporation, a controlled flow of N2 was heated in an electric heat
exchanger (H2) and then sent to the precipitator. The dry particles
were collected in a 0.5 �m pore size stainless steel filter at the bot-
tom of the drying chamber. The gas mixture of CO2, N2 and water
vapor permeated through the filter and entered the separator (Sp)
where the liquid solvent was collected. The maximum pressure
error was about ±0.1 MPa, and the maximum temperature error
was about ±1 ◦C.

2.3. Process conditions

A multilevel single-factorial 16 experimental design was per-
formed to investigate the influence of the mixer temperature (Tm),
the mixer pressure (P), the mass flow ratio (R), the precipitator tem-
perature (Tp), the initial solute concentration (C), and the molecular
weight of the NaCS (Mw) on the morphologies and the size distri-
butions of the precipitates. The range of the investigated process

parameters was selected base upon the literature [12–17] and the
binary phase equilibrium of the solvent and CO2. The operating
parameters are summarized in Table 1. About 1.5 g of powder was
produced with 90% of the yield in each run (calculated as the ratio
of the powder collected and the solutes fed to the apparatus). All
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ig. 1. Schematic representation of SAA-HCM. H1, liquid solution heat exchanger; H
umps; Mi, mixer; Pr, precipitator; ABPR, automatic back pressure regulator; Sp, s
ow meter.

easurements were carried out in triplicate, and the averages were
dopted in the data analysis.

.4. Particle characterization

The morphologies of particulate samples were characterized
ith field emission scanning electron microscope (SEM, JSM-

390A, JEOL, Japan). Particle size analysis was performed by particle

mage analysis software (Image-Pro Plus 5.0, Media Cybernetics
nc., USA) and about 1000 target particles were considered in
ach particle size distribution calculation. The particle size dis-
ribution was analyzed by Microcal Origin Software (release 7.5,

icrocal Software Inc., Northampton, USA) and then converted

able 1
rocess parameters of SAA-HCM experiments performed on NaCS.

Run C/mg ml−1 R Tm/◦C P

Effect of the mixer temperature, Tm
1 2.4 2.0 60
2 2.4 2.0 70
3 2.4 2.0 80

Effect of the mixer pressure, P
4 5.0 2.0 70
5 5.0 2.0 70 1
6 5.0 2.0 70 1

Effect of the mass flow ratio, R
7 2.4 2.0 70
8 2.4 1.5 70
9 2.4 0.7 70

Effect of the precipitator temperature, Tp
10 1.0 2.0 70
11 1.0 2.0 70
12 12.0 2.0 70 1

Effect of the solute concentration, C
13 1.0 2.0 70 1
14 2.0 2.0 70 1
15 5.0 2.0 70 1
16 12.0 2.0 70 1

Effect of the molecular weight, Mw
17 2.4 2.0 70
18 2.4 2.0 70
19 2.4 2.0 70
rogen heater; H3, carbon dioxide heater; Re, cooling bath; P1 and P2, high-pressure
tor; Hj, heating jackets; P, pressure indicator; T, temperature indicator; FM, mass

into number distribution by the Systat Software (TableCurve 2D
5.01, Systat Software Inc., USA). At least 10 SEM images were taken
at different locations in the precipitator in each run to verify the
uniformity.

A Fourier transform infrared spectrometer (FTIR, Nicolet 5700,
USA) was used to characterize the original NaCS polymer and
microparticles prepared by the SAA-HCM process. The particles
were ground with KBr powder and then pressed to films of 0.2 mm

thickness. FTIR spectra were recorded on those films over the
wavenumber range of 4000–400 cm−1 at ambient temperature
with a resolution of 4 cm−1.

The thermal properties of the NaCS microparticles were inves-
tigated by the thermo-gravimetric analysis (TGA, Perkin-Elmer

/MPa Tp/◦C Mw/kDa Solvent

9.0 100 633 Water
9.0 100 633 Water
9.0 100 633 Water

8.0 100 633 Water
0.0 100 633 Water
1.5 100 633 Water

9.0 100 633 Water
9.0 100 633 Water
9.0 100 633 Water

9.0 80 633 Water
9.0 120 633 Water
0.0 100 633 Water + ethanol

0.0 100 633 Water
0.0 100 633 Water
0.0 100 633 Water
0.0 100 633 Water

9.0 100 633 Water
9.0 100 120 Water
9.0 100 5 Water
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yris-1, USA). A small amount of samples were heated from 30 to
00 ◦C under nitrogen atmosphere at a heating rate of 10 ◦C min−1.

Diffraction patterns of precipitated NaCS powders were
btained using an X-ray diffractometer (X’Pert PRD, PANalytical,
olland). The measuring conditions were as follows: Ni-filtered Cu
� radiation, target at 40 kV and 40 mA, 2� angle ranging between
0◦ and 80◦ with a scan rate of 10 s/step and a step size of 0.0167◦.

. Results and discussion

In general, the solubilization of SC-CO2 in the aqueous solution
nside the mixer was a key step for controlling the efficiency of
he standard SAA technology [12–16]. The solubilization depends
n the temperature Tm, the pressure P in the mixer and the mass
ow ratio R between the CO2 and aqueous solution, because it

s related to high-pressure vapor–liquid equilibrium (VLE) of the
elected ternary polymer–water–CO2 mixture. It was not available
n this case to obtain the VLE data that the presence of the solute
an modify the VLE. Hence, only semi-empirical study of the effect
f this parameter should be necessary. The data of vapor–liquid
hase boundaries were available in the literature [26] for binary
ystem containing water and CO2 at the temperatures from 323 to
53 K over a wide range of pressures (0–16 MPa). In addition, the
uitable precipitator conditions can make sure the complete evapo-
ation of the solvent and minimize the thermal stress on the treated
ompound. The physicochemical properties such as the concentra-
ion C of the solute and molecular weight Mw should be regarded
s important factors for the particle morphologies and the size
istributions. The detailed experimental results are discussed as
ollows.

.1. Effect of the mixer temperature

The influences of the mixer temperature Tm on the morphol-
gy and the size distribution of the precipitated particles were
nvestigated and Fig. 2 shows the SEM micrographs of runs 1–3,
t different mixer temperature. The particle size distributions in
erms of particle number of the NaCS microparticles prepared at
ifferent temperature in the mixer are given in Fig. 3. Compared
ith the unprocessed amorphous original NaCS material with the

lock of irregular shape and the size of several hundreds microm-
ters, the NaCS microparticles were prepared successfully by the
AA-HCM with well-defined spherical morphology, smooth sur-
ace and narrow distribution between 0.3 and 4.0 �m. Besides, it
s obvious that the mixing temperature had almost no effect on
he morphology of the particles, which presented the well-defined
pherical smooth surface. There was only a slight shift of the par-
icle size distribution towards narrow region with the increase of
he mixer temperature.

The influence of the mixer temperature Tm on the particle size
ies in two aspects [15,16]: the one is that the viscosity and the
urface tension of the aqueous solution decreases with the mixer
emperature increase; the other is that the increase of mixer tem-
erature can reduce the quantities of the CO2 dissolved in the liquid
olution. The two opposite effects counteract each other. However,
ince water is usually more viscous than organic liquid as a sol-
ent, especially for the high-molecular-weight polymer solution,
he solubility of the CO2 in the aqueous solution changes very lit-
le (�XCO2 < 0.01) according to the vapor–liquid equilibrium of

O2–water system. Consequently, a slight change of the particle
ize distribution occurred accordingly in the different mixer tem-
erature at low solution concentration. Moreover, when NaCS was
pplied in the pharmaceutical and food fields, 70 ◦C was chosen as
he suitable mixer temperature.
Fig. 2. SEM micrographs of NaCS precipitated by SAA-HCM from runs 1 to 3 with
different mixer temperature, at (a) Tm = 60 ◦C, (b) Tm = 70 ◦C, and (c) Tm = 80 ◦C, at
P = 9.0 MPa, R = 2.0, Tp = 100 ◦C, C = 2.4 mg ml−1, and Mw = 633 kDa.

3.2. Effect of the mixer pressure

The influence of the mixer pressure P on the morphology and
the size distribution of resulting particles were studied in a range

of 8.0–11.5 MPa. The particle size distributions in terms of parti-
cle number at the different mixer pressures are shown in Fig. 4.
The influence of mixer pressure on the morphology and size dis-
tribution of the precipitates was more sensitive than that of the
mixer temperature.For example, at the mixer pressure of 8.0 MPa,
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should be considered as the suitable mixing pressure to prepare the
smaller microspheres with smooth surface and narrow distribution
adapted to the pharmaceutical engineering.
ig. 3. Particle size distributions of micronized NaCS at different mixer temperature
m with the solution concentration of 2.4 mg ml−1 in terms of particle number.

he particles cohered together. Some particles occupied the con-
avity on their surfaces with the large size nearly 5 �m. When the
ixer pressure was increased to 10.0 MPa, the most remarkable

hange was that the NaCS microparticles were well-separated with
perfect spherical morphology and uniform particle size distri-

ution between 0.2 and 4.5 �m. As shown in Fig. 4, obviously the
ize of these particles moved to a smaller diameter and narrower
istribution with the increase of the mixer pressure. The particles
repared under the 11.5 MPa were also well-defined spherical state
ith narrowest PSD between 0.3 and 3.5 �m.

In theory, the SAA is a complex process involving thermo-
ynamics, hydrodynamics, mass transfer, atomization, secondary
tomization and precipitation kinetics [12–16]. It was based on
he improvement of the mixing efficiency and the atomization sta-
us that the approach of the mixer pressure affecting the particle

orphologies and size distributions. According to the VLE data of
inary system of water–CO2, the quantities of CO2 in the aqueous

olution increased slightly with the increase of the mixer pres-
ure without considering the presence of the solute; however, it is
lucidated that the interfacial tension of water/CO2 reduced from
0 mN m−1 at 6.0 MPa to 20 mN m−1 at 8.0 MPa at a temperature

ig. 4. Particle size distributions of micronized NaCS at different mixer pressure P
ith the solution concentration of 5.0 mg ml−1 in terms of particle number.
g Journal 159 (2010) 220–229

of 40 ◦C after the near-equilibrium formed [20]. Consequently, the
higher pressure can make the primary droplets more homogeneous
and cause more drastic primary and secondary atomization [12],
which resulted in the production of smaller particles with nar-
rower size distribution. In this experiment, the pressure of 11.5 MPa
Fig. 5. SEM micrographs of NaCS precipitated by SAA-HCM from runs 7 to 9 with dif-
ferent mass flow ratio, at (a) R = 2.0, (b) R = 1.5, and (c) R = 0.7, Tm = 70 ◦C, P = 9.0 MPa,
Tp = 100 ◦C, C = 2.4 mg ml−1, and Mw = 633 kDa.
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.3. Effect of the mass flow ratio

The influence of the mass flow ratio R between the CO2 and
iquid solution on SAA-HCM processed NaCS particles can be qual-
tatively evaluated from Fig. 5 in the experimental conditions 7–9,

here SEM micrographs of processed material at various R were
eported. It can be seen that most particles were smaller than
.0 �m with well-defined spherical morphology and smooth sur-
ace at R = 2.0 or 1.5. The PSDs of different mass flow ratio R in terms
f particle number are given in Fig. 6. The mode of these distribu-
ions moved to smaller diameters and the PSD became narrower
ith the increasing R.

Undoubtedly, the operating points in this work always fell into a
apor–liquid coexistence region using water as a solvent. The anti-
olvent effect of the SC-CO2 could be ignored and the effect of the
ass flow ratio on the solubility of the CO2 in the liquid was also

egligible. However, with the decrease of the mass flow ratio R, the
ass flow rate of the liquid solution increased, which led to the

ncrease of the liquid film thickness [27]. When the amount of the
C-CO2 was reduced to certain degree, the droplets formed with
arger size because of the weak atomization and the final precipi-
ates became larger and non-uniform. In addition, the phenomenon
f the blocking in the nozzle and the lack of heat supply in pre-
ipitator may result in the inconvenience of the whole operation.
n this section, R = 2.0 was the suitable process condition for the
reparation of the NaCS microspheres.

.4. Effect of the precipitator temperature

In the precipitator, a two-step atomization is obtained: the pri-
ary droplets produced at the outlet of the injector (pneumatic

tomization) are further divided into secondary droplets by CO2
xpansion from the inside of the primary ones (decompressive
tomization) [12]. The evaporation of the primary and secondary
roplets in the precipitator can be established as a coupled heat and
ass transport process. The optimization of the precipitator tem-

erature is helpful to understand the particle formation mechanism
nd improve the morphology of the microparticles. This experi-

ent was initiated at a lower precipitator temperature to avoid

articles sintering or degradation. As shown in Fig. 7(a), collapsed
nd coalescing particles, which can be attributed to a partial recon-
ensation of the solvent on the precipitates, or even an inefficient
vaporation of the droplets caused by low precipitator tempera-

ig. 6. Particle size distributions of micronized NaCS at different mass flow ratio R
ith the solution concentration of 2.4 mg ml−1 in terms of particle number.

Fig. 7. SEM micrographs of NaCS precipitated by SAA-HCM from runs 10 to 12 with

different precipitator temperature, (a) Tp = 80 ◦C, (b) Tp = 120 ◦C, water as the sol-
vent, C = 1.0 mg ml−1, and (c) Tp = 100 ◦C, water and ethanol (2:1) as the cosolvent,
C = 12.0 mg ml−1, the other parameters set at R = 2.0, Tm = 70 ◦C, and Mw = 633 kDa.

ture of 80 ◦C, were obtained. When the precipitator temperature
was increased up to 100 ◦C, the well-defined spherical dried parti-
cles were collected as discussed in the previous section. In addition,
most of the particles were formed as deflated balloons. It indi-
cates that the particles were possibly hollow with the increase of

the precipitator temperature from 100 to 120 ◦C in Fig. 7(b). The
appearance of the toroidal particles was possible due to the hydro-
dynamic effect and the loss of structural stability of a droplet in a
two-phase flow field [28].
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properties of the polymer and the state of the precipitates. One
of the most significant properties of the NaCS is the substitution
degree (DS) of the sulfate group [22], which depicted the num-
ber of sulfate groups at every glucose ring. The higher the DS of
ig. 8. The mechanism of the particle morphology development during dry process

Fig. 8 shows the mechanism of the transformation on the
article morphology during the dry process. According to the “one-
roplet-one-particle” mechanism, a two-step atomization was
erformed: the primary pneumatic atomization and the secondary
ecompressive atomization. During the secondary atomization
rocess, the velocity difference between the vapor and liquid phase
esulted in the drag force. This force went against with the restor-
ng force supplied by the surface tension. If the drag force was
arger than the restoring force, the distortion would present on
he surface of the secondary droplets. Due to the increase of the
olute concentration during the subsequent dry process, the ability
f restoring the spherical shape became weaker. Finally, the parti-
les were formed by deflated balloons. It was also proved in Fig. 5.

hen the mass flow ratio R decreased to 0.7, there were several
oncavities on the surface of the powder. The reason is that with the
ecrease of R, the mass flow rate of the liquid mixture increases and
hus leads to the increase of thickness of the liquid film. Therefore,
he droplets formed by the SAA-HCM process became large resulted
n the reduction of the droplets’ structural stability. Similarly, when

measured amount of ethanol was added to the solution in the
un 12, it acted as the surfactant to change the interfacial forces
n the SC-CO2–water system [29]. Besides, the evaporation of the
thanol was faster than that of water as a solvent. Consequently,
he stability of the droplets decreased and the morphology of pre-
ared particles showed an unstable shape in Fig. 7(c). In this section,
00 ◦C was chosen as the suitable precipitator temperature, since it
an make solvent volatilize completely without any change of the
articles morphology.

.5. Effect of the liquid solution concentration

The influence of the liquid solution concentration C on SAA-
CM processed NaCS particles were investigated in the series of

uns 13–16. When the solute concentration C was confined at
.0 mg ml−1, the particles treated successfully by SAA-HCM were
uite small with a very sharp PSD between 0.1 and 1.5 �m and a
oncoalescing spherical morphology. From the quantitative mea-
urement of PSDs in terms of particle number in Fig. 9, it is obvious
hat the particle size became larger and the PSD became wider with
he increase of the solution concentration. While the solution con-

entration was set at 12.0 mg ml−1, the particle size distribution of
recipitates ranged from 0.4 to 6.0 �m.

The viscosity and the surface tension of the ternary mixture
ere enhanced notably with the increase of the solution concentra-

ion. Hence, the insufficient atomization resulted in the formation
e precipitator of the SAA-HCM process (fd: the drag force; fs: the surface tension).

of larger primary droplets, insufficient subsequent atomization and
the non-uniform particles. By adjusting these parameters properly,
SAA-HCM was considered as one of the most promising microniza-
tion methods which can prepare the microparticles with perfect
surface and controlled particle size distribution in a desired range.
In this part, the solution concentration of 2.0 mg ml−1 is suitable
for the preparation of the NaCS particles with PSD between 0.3 and
3.0 �m.

3.6. Effect of the molecular weight of NaCS

The morphology and size of the precipitated particles were not
only influenced by the process parameters in the SCF-based atom-
ization, but also dependent upon the physicochemical properties of
the material to be treated. It has been reported that various species
of the particles morphology, such as spherical [16], needle-like
[9], crystal [9], doughnut-like [15], etc., presented in different sub-
stances micronization under the similar process conditions. Hence,
it is necessary to get a correlation between the physicochemical
Fig. 9. Particle size distributions of micronized NaCS at different solute concentra-
tion C in terms of particle number.
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ysis was preformed on the untreated and SAA-HCM processed
NaCS to evaluate the effect of the SAA-HCM process on the solid
state of the polymer. In the literature [36], NaCS is an amorphous
polysaccharide in the dry state and the main chain motion of
NaCS is not observed due to strong intermolecular interaction. The
Fig. 10. Particle size distributions of micronized NaCS at different molecular w

he NaCS polymer, the shorter sulfated cellulose chains with lower
olecular weight Mw and higher polarity will get. Different molec-

lar weights of NaCS polymer, obtained by controlling the DS of
he sulfate groups, were micronized by SAA-HCM process in runs
7–19. Fig. 10 shows the particle size distribution curves measured
t different Mw in the terms of particle number. When the Mw of
aCS was 633 kDa, well-defined spherical microparticles were pre-
ared with the size distribution between 0.5 and 3.5 �m. With the
ecrease of the molecular weight, basically no change occurred on
he morphology of the particles with spherical shape; however, the
article size distribution curves tended to be sharper and moved
owards small diameter region. In the run 19, a very sharp PSD
etween 0.3 and 2.0 �m were obtained when the Mw of NaCS was
et at 5 kDa.

With the increase of the molecular weight, the soluble rate of the
aCS polymer reduced, hence the viscosity and the surface tension
f the corresponding solution increased obviously. These factors
ill result in the insufficient mixing and atomization which is in

avor of the formation of larger microparticles. Otherwise, when
he viscosity is increased to a certain value, the blocking of the noz-
le will result in the discontinuity and unsuccessful micronization.
onsequently, the Mw should be chosen carefully in order to sat-

sfy the request of the successful polymer micronization process
nd the drug delivery system.

.7. FITR characterization

Fig. 11 shows the FTIR spectra of untreated NaCS and SAA-HCM
rocessed NaCS with the Mw of 633 kDa and 120 kDa, respectively.
he representative bands for sodium cellulose sulfate could be
ummarized as follows: the broad absorption at 3419–3440 cm−1

elated to the stretching of H-bonded OH groups, and those at
895–2921 cm−1 to C–H stretching [30–32]. The absorption peak at
641–1644 cm−1 appeared in cellulose main structure itself and did

ot vary in intensity in the sulfation process [33]. The strong peaks
t 1065–1073 cm−1 were indicative of C–O stretching at C-3, C–C
tretching and C–O stretching at C-6 [34,35]. As the derivative of
ellulose, NaCS showed the following characteristic peaks: as a sul-
ate it showed strong absorption bands of S O at 1233–1260 cm−1
Mw with the solute concentration of 2.4 mg ml−1 in terms of particle number.

and C–O–S at 811–817 cm−1. These main absorption bands all pre-
sented similarly in Fig. 11(a)–(d), which demonstrated that no
significant change occurred in the NaCS main structure after SAA-
HCM processed. With the increase of the substitution degree, the
absorption bands of S O and C–O–S became much stronger because
of the enhancement of the sulfate group. Hence, it is proven that
the SAA-HCM process has no effect on NaCS main structure.

3.8. XRD characterization

Since drying can also affect the NaCS morphology, X-ray anal-
Fig. 11. The FTIR analysis of the untreated NaCS material (a) Mw = 633 kDa, (b)
Mw = 120 kDa and the NaCS microparticles (c) Mw = 633 kDa, (d) Mw = 120 kDa pre-
pared by SAA-HCM.
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Fig. 12. The XRD analyses of (a) the unprocessed NaCS material and (b) the NaCS
microparticles prepared by SAA-HCM with the molecular weight of 633 kDa.
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ig. 13. The TGA analyses of (a) the unprocessed NaCS material and (b) the NaCS
icroparticles prepared by SAA-HCM with the molecular weight of 633 kDa.

RD-analysis results, reported in Fig. 12, both unprocessed NaCS
aterial and the NaCS precipitates after SAA-HCM processing were

ompletely amorphous.

.9. TGA characterization

The NaCS material showed no phase transition until the ther-
al decomposition occurred by differential scanning calorimetry

ecause of the amorphous state. Therefore, the thermal properties
f the NaCS microparticles and the untreated NaCS material were
nvestigated by the thermo-gravimetric analysis (TGA) showed in
ig. 13. After initial loss of moisture and desorption of gases at about
0–202 ◦C, a major decomposition proceeded from 202 to 259 ◦C for
ntreated NaCS. For modified NaCS by SAA-HCM, there was a major
ecomposition initiated at 252 ◦C. That meant the thermal stability
f the NaCS material was enhanced by SAA-HCM treated because
aCS was pre-disposed by heated to 100 ◦C.

. Conclusions
The hydrophilic biodegradable polymer NaCS was successfully
icronized to well-defined spherical microparticles via the novel

rocess of SAA-HCM with pure water as the sole solvent. The
nfluences of the process parameters on particle size and parti-

[

[
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cle size distributions were investigated. It was found that using
higher mixer pressure P and the lower solute concentration C were
favorable to reduce the average size of the resultant precipitates.
As also evidenced from the experimental results, the molecular
weight Mw of the NaCS should be one of the crucial factors to
control the uniformity of the particulates. When the molecular
weight Mw was set at 5 kDa, the uniform microspheres with narrow
PSD (0.3–2.0 �m) and perfect spherical morphology were obtained.
High precipitator temperature Tp could make the presence of the
deflated balloons in the precipitates. This transformation of the
spherical droplet was caused by the hydrodynamic effect and the
loss of structural stability of the droplet in a two-phase flow field.
Compared with unprocessed material, there was no significant
change on the main structure and the stability of the NaCS pow-
ders prepared by SAA-HCM as shown by the FTIR spectra. The
XRD patterns revealed that both the unprocessed NaCS and the
samples after SAA-HCM processing were completely amorphous.
Besides, the results from TGA analysis indicated that the thermal
stability of the NaCS was enhanced after processed by this tech-
nique. In summary, the successful micronization of NaCS allowed
the extension of SAA-HCM applications to the hydrophilic material.
In addition, these results manifested the potentials of producing
protein pharmaceutical NaCS composites with controlled size dis-
tributions for sustained-release in various drug delivery strategies
using this supercritical fluid process without any organic solvent
residual.
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