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Abstract

To study the feasibility of producing nanoparticles of organic pharmaceuticals using a novel high-gravity reactive precipitation
(HGRP) technique, reactive precipitation of benzoic acid as a model compound was carried out in a rotating packed bed under
high gravity. The main factors such as the rotating bed speed, concentration and volume flow rate of the reactants (sodium
benzoate and HCI) affecting the particle size of the precipitate were studied. Particle size was measured by transmission
electron microscopy. Benzoic acid was precipitated as nanoparticles as fine as 10 nm. The particle size was decreased with
increasing rotating bed speed, concentration and volume flow rate of the reactants. The formation of ultrafine particles was due
to intensified micro-mixing of reactants in the rotating bed to enhance nucleation while suppressing crystal growth. The results
have demonstrated the feasibility to produce nanodrugs by the principle of acid—base precipitating reaction using HGRP.
© 2003 Elsevier B.V. All rights reserved.
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Nanomaterials have immense potential in the area as small as a few microns to submicron sizes can be
of pharmaceuticals; it has been estimated that aboutdelivered to site-specific areas such as target organs
half of all production will be dependent on nanotech- by parenteral injections and the respiratory tract by
nology, affecting over US$ 180 billion per year in the inhalation aerosols. The production of particles by
next 10-15 yearsRoco, 200 micronisation is also one of the most widely used

The availability of pharmaceutical particles in the approaches for enhancing solubility and dissolution
micron and nanometer size range, and with a nar- rates of solid pharmaceutical formulations.
row particle size distribution, provides considerably Particle size reduction has been carried out mainly
greater flexibility and convenience in the methods of by mechanical milling in the past. Milling, however,
both formulation and drug delivery. Drug particles is of limited efficiency and produces materials in

partially amorphous state. Broad particle size distri-
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to the pharmaceutical industry. Crystallisation pro-

cesses assisted by ultrasound based on sonochemistry

principles have been developedlifasound, 200R
Techniques using supercritical fluids have also been in
their advanced stage of development and commercial-
isation (York and Hanna, 1996; Bustami et al., 2000;
Eiffel Technologies, 2002 In an effort to produce an
efficient and cost effective method, a novel precipita-
tion method involving high-gravity micro-mixing (i.e.
mixing on the molecular scale) to control nucleation
and crystallisation of pure drug particles is utilised
(Chenetal., 1995, 1996, 1998, 2000; Guo et al., 2000
High-gravity technology in the form of a rotating
packed bed on the earth has been used to intensify
mass transfer and heat transfer by several orders of
magnitude in multiphase systenitogvler, 1989; Chen
etal., 2000. The method has successfully been used to
produce nanomaterials including Cag&(@5-40 nm),
Al(OH)3 (1-10nm), and SrC&®(40 nm), and is cur-
rently used for commercial scale production of CaCO
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Fig. 1. Schematic diagram of the high-gravity reactive precipi-
tation set-up. (1) RPB, (2) benzoic acid storage container, (3)
sodium benzoate storage container, (4) sodium benzoate trans-
portation pump, (5) sodium benzoate flowmeter, (6) HCI storage
container, (7) HCI transportation pump, (8) HCI transportation
flowmeter, (9) circulation water storage container, (10) circulation
water transportation pump, (11) circulation water flowmeter.

space between the rotator and shell, and finally leaves
the equipment through the liquid exit for collection.
In this study, the experiment was initiated with the

at 10,000 tonnes per year. These nanomaterials havevalve at the inlet to the RPB closed. With the recir-

a narrow particle size distribution, consistent quality,
specific crystal shape and morphology at significantly

culating valve opened, the volume flow ratio of HCI
(Analytical grade, Beijing Yili Fine Chemical Co.,

lower production cost than conventional nanomate- China) and sodium benzoate (Analytical grade, Wuhan
rial production methodsGhen et al., 1996 Despite Shenshi Fine Chemical Co., China) agueous solutions
the success with inorganic nanomaterials, application at fixed concentrations was adjusted accurately until
of the technique for organic drugs is lacking. In this steady state was reached. After setting the rotating fre-
communication, the applicability of the technique on quency to a known value, the RPB was switched on.
organic pharmaceutical compounds is explored using As the recirculating valve was closed, the inlet valve
benzoic acid as a model. to the RPB was opened simultaneously to start precip-
The experimental set-up for the high-gravity precip- itation of benzoic acid by reaction between the HCI
itation is shown schematically iRig. 1 The key com- and sodium benzoate. The HCl/benzoate flow ratio,
ponent is a rotating packed bed (RPEB)hen et al., rotating speed, or the reactant solution concentration
1996, 2000, with inner and outer diameters of 50 and ratio was varied at a fixed time interval, and after equi-
150 mm, respectively. The axial width of the rotating librium was established samples were taken for parti-
bed is 50 mm. The distributor consists of two pipes cle sizing by transmission electron microscopy (Model
(10 mm in outer diameter and 1.5mm in wall thick- H-800, Hitachi, Japan).
ness), each having a slot (1 mm in width and 48 mm
in length) which just covers the axial length of the
packing section in the rotator. The rotator is installed 1. Effect of rotating speed
inside the fixed casing and rotates at the speed of sev-
eral hundreds to thousands times per minute. Liquid As the rotating frequency of the packed bed was
is introduced into the eye space of the rotator from the increased, the mean particle size decreased rapidly at
inlet pipe and then sprayed by the slotted pipe distrib- frequencies below 20Hz. A steady particle size was
utor onto the inside edge of the rotator. The two liquid reached at higher frequencidsid. 2). It is worth to
streams entered the bed mix and react together to yieldnote that after 25 Hz, any further increase in the rotat-
particles. The mixture flows in the radial direction un- ing speed did not affect the particle size as shown in
der centrifugal force, passing the packing and outside Fig. 3.
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Fig. 2. The influence of rotating speefd,on mean particle size.
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Fig. 3. The influence of rotating speed on mean patrticle size (graphical representation).

Precipitation consists of several main steps: chem-

ical reaction (and subsequent supersaturation), nucle-

ation, solute diffusion and crystal growtBitken and
Ring, 199). Nucleation rate (N/dt) can be expressed
as

dNn i
— = Kn(C;i = C7)

1
0 1)
where K,, is the solute nucleation constar@; and
C* are the solute concentration on the crystal surface
and saturation concentration, respectively. The value
of the parametea is usually between 5 and 18.
The diffusion rate of solute to the crystal surface is
n
— = Kd(C—=Cy)

& (@)

whereKy is the solute diffusion rate constant a@d
is the supersaturated concentration.
The growth rate of crystal is

d

d
g 3

& 3)
whereKg is the crystal growth rate constant. The value
of b is usually between 1 and 3, and increases with

temperature.

Kg(C; — C*)P

suppressing crystal growthEgs. (1)—(3) indicate
that both the nucleation and crystal growth depend
on the level of supersaturation. In particul&; is
closely related to the level of micro-mixing. Thorough
micro-mixing leads to the sam@; for all the nuclei

in the liquid, resulting in uniform growth and particle
size. On the other hand, insufficient micro-mixing
will lead to growth disparity among different nuclei,
resulting in a wide particle size distribution. There
are two characteristic time parameters in crystalli-
sation: the induction timez§ and the micro-mixing
time (tm). The induction timez, which is to establish

a steady-state nucleation rate (normallyuis to ms),

is given by @°n/[DIn(C;/C*)] (Dirken and Ring,
1991 whered is the molecular sizey is the number

of molecule in a nucleu®) is the diffusion coefficient

of the molecule. When,, « 7, the nucleation rate
will be nearly uniform spatially, and the particle size
distribution can be controlled at a uniform level. This
is achieved in the present study by the high-gravity
technology which utilises a rotating packed bed to
intensify mass and heat transfer in multiphase sys-
tems Chen et al., 1996, 2000During rotation, the
fluids going through the packed bed are spread and

Particles in nanosize range can be obtained by rapid split into thin films, threads and very fine droplets

micro-mixing of reactants to enhance nucleation while

under the high shear created by the high gravity. This
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results in intense micro-mixing between the fluid ele- 2. Effect of reactant flow rate

ments by 1-3 orders of magnitude. The micro-mixing

time (tm) in this process is estimated to be around the At a fixed volume flow of sodium benzoate, the
magnitude of the order of 10-1Q® in the present  particle size of the precipitated benzoic acid was de-
study. creased with increasing volume flow of H&ig. 4).
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Fig. 4. The influence of HCI flow rate on mean particle size.
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Fig. 5. The influence of sodium benzoate flow rate on mean particle size.

This was due to the higher initial supersaturation level 3. Effect of reactant concentration

leading to high nucleation rate which depleted the so-

lute rapidly, thus many small nuclei instead of large  The patrticle size of benzoic acid was inversely pro-
crystals were formed. A similar trend in particle size portional to the concentration of HOFig. 6). Similar
was obtained when the volume flow of sodium ben- to the effect of increased volume flow, a high reactant
zoate was increased at a fixed volume flow of HCI concentration will create a high supersaturation level
(Fig. 9. and nucleation rate, resulting in small sized crystals.
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Fig. 6. The influence of HCI concentration on mean particle size.
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