1 METHOD AND APPARATUS FOR THE FORMATI ON OF PARTI CLES The present gjopstqls ks
relates to methods and apparatus 5 for the manufacture of products of a
partudulate nature, and to the products of such methods. In particular,
theinvention relates to such nethods and apparatus using supercritical
~fluids to enable the controlled formation of particul ate products, such as
10 pharmaceutical products for exanpl & The use of supercritical fluids
(SCFs) and the properties thereof has been extensively docunented; see for

i nstance, J.W Tom and P. G Debenedetti, 15 "Particle Formation wth
Supercritical Fluids -A Review', J. Aerosgl. Sci., 22 (5), 555-584
(1991). Briefly, a supercritical fluid can be defined as a
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METHOD AND APPARATUS FOR THE FORMATION OF PARTICLES

The present invention relates to methods and.apparatus

5 for the manufacture of products of a particulate
' nature, ahd to the prqducts.of such methods. In
particular, the invention relates to such methods and
ai)paratus using supercritical fluids to enable the
 controlled formation of particulate prbducts, such as

10 pharmaceutical products for example.

The use of supercritical £luids (SCFs) and the
properties thereof has been extensively documentéd;
see for instance, J.W. Tom and P.G. Debenedetti,
15 "pParticle Formation with Supercritical Fluids -A
Review", J. Aerosol. Sci., 22 (S), '555-584 (1991) .
Briefly, a supercritical fluid can be defined as a
fluid at or above its critical pressufe (Pc) and
critical temperature (Tc) simultaneously. Such fluids
20 have been of considerable interest, not least because
of their unique properties. These characteristics

*

include:

* High diffusivity, low viscosity and low surface
25 tension compéred with liquids. .

* Large compressibility of supercritical fluids

compared with the ideal gas - implies large changes in

fluid density for slight changes in pressure, which in

turn results in highly controllable solvation power.
30 Supercritical fluid densities typically range £from

0.1-0.9 g/ml under nqrmal working et-:ondit"i'o.ns. Thus,

selective extraction with one supercritical fluid is
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fluid at or above its critical pressure (Pc) and critical tenperature (Tc)
si-mul t greously. Such fluids 20 have been of considerable interest, not

| east.‘because of their unique properties. These characteristics include:
* Y Hiogh diffusivity, low viscosity and | ow surface 25 tension conpared
with liquids. * Large conpressibility of supercritical fluids conpared

with the ideal gas -
changes in pressure,

inmplies |large changes in fluid density for slight
which in turn results in highly controll able sol vation

power. 30 Supercritical fluid densities typically range fromO0.1-0.9 g/m
under normal working conditions. Thus, sélective extraction with one
supercritical f|UIdM yp055|b

under

supercritical fluids are normally gases
amb;ent conditions, which eliminates the

10

15

20

25

30

evaporation/concentration step needed in conventional
liquid extraction.

* Most of the commonly used supercritical fluids
create non-oxidising or non-degrading atmospheres for

sensitive and thermolabile compounds, due to their

inertness and the moderate temperatures used in

routine working conditions. Ca:bon'dioxide is the .
most extensively used SCF due to its cheapness, non-
toxicity, non-flammability and low critical
temperature. '

These characteristics have led to the development of
several techniques of extraction and ‘particle
formation utilising supercritical fluids. In
particular, two processing methods have been
-identified for particle formation.

Rapid Expansion of Supercritical Solution (RESS) (see,
for instance, J.W. Tom and P.G. Debenedetti, supra)
involves the dissolution of the solute of interest in
the supercritical, fluid, followed by rapid expansion
of the supercritical solution to atmospheric pressure,
resulting in the précipitation'of particles.

Gas Anti Solvent (GAS) Recrystallisation (P.M.
Gallagher et al, Supercritical Fluid Science and
Technology, ACS Symp. Ser., 406, p334 (1989)) is
particulariy useful in situations when the solid of
interest does not dissolve in, or has a very low
" solubility in, a supercritical fluid or a modified

- supercritical fluid. In this technique, the solute of



2 * Many supercritical fluids are normally gases under anbient
conditisons, which elimnates the evaporation/concentration step needed
in conventional liquid extraction. 5 * Most of the comonly used
supercritical fluids create non-oxidising or non-degradi ng at nospheres for
sensitive and thernol abile conmpounds, due to their inertness and the

noder at e 't enperatures used in routine working conditions. Car bon di oxi de
is the 10 nost extensively used SCF due to its cheapness, non- toxicity,
non-fl ammabi l'ity and low critical
3
interest is dissolved in a conventional solvent. A

supercritical fluid such as carbon dioxide is
introduced into the solution, leading to a rapid
expansion of its volume. As a result, the solvent
5 power decreases dramatically over a short period of
time, triggering the precipitation of particles.

Both of these techniques, when applied to particle
formation, have their limitations. When using RESS,
10 the product yield is wusually low due to the low
solubility ,of many polar' solutes (e.g. many
pharmaceutical products) in supercritical carbon
dioxide under normal working conditions. This,
together with difficulties in collecting the products,
15 makes the technique time consuming and unattractive as
a method of routine particle formation. In practice,
the combination of the high energy requirements of
RESS and its low yield has greatly limited the
application of this technique.
20 ' _
Regarding GAS,'the selection of solutes, solvents and
the supercritical fluid requires careful
consideration. The solubility of the solute in the
sub/supercritical fluid should be low whilst, at the
25 same time, the sub/supercritical fluid should expand
;he-solvent appreciably. These operating criteria, in
addition to experimental difficulties and high energy
costs, have limited the use of this technique, as have
problems with product recovery and . solvent
30 recovery/recycling every time the system is
depressurised; see for instance P.M. Gallagher et.
al., J Supercritical Fluids, 5, 130-142 (1992).



tenperature. These characteristics have.led to the devel opment of 15
severals techniques of extraction and particle formation utilising
supercritical fluids. In particular, two processing nethods
have been identified for particle formation. 20 Rapi d Expansi on of
Supercritical Solution (RESS) (see, for instance, J.W Tom and P.G
Debenedetti, supra) involves the dissolution of the solute of interest in
the supercritical fluid, followed by rapid expansion of the supercritical
solution to atnospheric pressure, 25 resylting in the precipitation of
particles. Gas Anti Solvent (GAS) Recrystallisation (P.M G@Gllagher et
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(1989)) is ]
such that it is generally considered that these

approaches to routine particle'formation should only
be used when all conventional methods prove
.5 1inadequate.

The concept of spraying liquid wixtures into
supercritical fluids such as carbon dioxide, ©Or vice
versa, has been employed in extraction procedures

10 involving solvents for a decade (see for instance.R.J.
Lahiere & J.R. Fair in Ipd. Eng. éhem. Res., 26,
2086-2092 (1987)). '

More recently, US Patent Number 5,043,280 describes a

15 method for the manufacture of a éreparation comprising
a substance or substances, such as a medically useful
substance, and a carrier oxr carriers, such as a
pharmaceutically acéeptable carrier, which avoids or
lacks a solvent residue, or at least reduces the

20 solvent residue to a toxicologically harmless amount.
The method essentially involves the use of a fluid, at

a supercritical'state when introduced into a spray
tower, to extract a solvent from sprayed solution(s)

of a 'substance and a carrier, to form a sterile

25 product containing the substance embedded in the
' ~ carrier. It should be noted, however, that the method
" has no means for controlling the physical properties

of the particulate products formed.

30 In many fields, and especially in the fields of
pharmaceuticals, photographic materials, ceramics,
explosives and dyés, there is a need for techniques
whereby a product méy be obtained with consistent and



30 particularly useful in situations when the solid of interest does not
dissolve in, or has a very low solubility in, a supercritical fluid or a
nodi fied supercritical fluid. In this technique, the solute of 3
interest is dissolved in a conventional solvent. A supercritical fluid
such as carbon dioxide is introduced into the solution, leading to a
rapi d expansion of its vol une. As a result, the solvent 5 power decreases
dramatically over a short period of tinme, triggering the precipitation of
particles. Both of these techniques, when applied to particle -

S

controlled physical criteria, including particle size
and shape, quality of the crystalline phase, chemical
purity and enhanced handling and fluidising

properties.

In addition, it would be advantageous to be able to
prepare micron-sized particles directly without the
need to mill products to this size range. Such
milling leads to associated problems such as increased

10 static charge and enhanced particle cohesiveness, as
well as reduced yield of product. '

There is therefore provided, in a first aspect of the
preseﬁt invention, .an apparatus for wuse in the

15 formation of a particulate product in a controlled
manner utilising a supercritical £luid particle
formation system. The apparatus comprises a particle
formation Qessel with means for controlling the
temperature in said vessel and means for controlling

20 the pressure in said vessel, together with a means for
the co-introduction, into said vessel, of a
supercritical fluid and a vehicle containing at least
one substance in solution or suspension, such that
dispersion and extraction of the vehicle occur

25 substantially simultaneously by the action of the
supercritical fluid.

As used herein, the term “"supercritical fluid" means
a fluid substantially at or above its critical

30 pressure ' (Pc) and critical temperature {Tc)
simultaneously. In practice, the pressure -of the
fluid is likely to be in the range 1.01Pc - 7.0Pc, and
its temperature in the rang=s 1.01Tc - 4.0Tc.



formation, have their linmitations. Wwen using RESS, 10 the product yield is
usual L.y low due to the low solubility of nmany polar solutes (e.q.
many pharmaceutical products) in supercritical carbon dioxide under
normal working conditions. This, together wi-th difficulties in
collecting the products, 15 makes the techni que tinme consum ng and
unattractive as a nethod of routine particle formation. In practice, the
conbi nati on of the high energy requirenents of RESS and its | ow yield has
greatly limted the application of this technique. 20 Regarding GAS, the
sel ection of solutes, solvents and the - gsupercritical fluid

requires careful consideration. The solubility of the solute in the

The term *"vehicle" means a fluid which dissolves a
solid or solids, to form a solution, or which forms a
suspension of a solid or solids which do not dissolve
‘or have a low solubility in the fluid. The vehicle

5 can be composed of one or more fluids.

As used herein, the term "supercritical solution"
means a supercritical fluid which has -extracted and
dissolved a vehicle as defined above.

10
The term "dispersion" means the formation of droplets
of the vehicle containing at least one substance in

solution or suspension.

15 The term "particulate product" includes products in a
single-component or fnulti-component (e.g. intimate
mixtures or one component ‘in ‘a matrix of another)
form.

20 It_: will be appreciated that, where necessary, the
apparatus of the present invention may additionally
comprise a means for the collection of the particulate
product, for example, a means, such as a filter, for
the retention of the product in the particle formation

25 vessel, thus to reduce loss of the product together

with the resultant supercritical solution. An
alternative means may involve a, cyclone separating
device.

30 In one embodiment of the invention, the apparatus may
include - means for recovering the supercritical
solution formed on extraction of the vehicle into the

supercritical fluid; means “for separating the



sub/supercritical fluid should be | ow whilst, at the 25 sane tinme, the
sub/supercritical fluid should expand the sol vent appreciably. These
operating criteria, in addition to experinental difficulties and high
energy costs, have limted the use of this technique, as have problens

W th pr oduct recovery and sol vent 30 recovery/recycling every
tinme t he system is depressurised; see for instance P.M @Gl l agher et.
al ., J Supercritical Fluids, 5, 130-142 (1992). 4 The limtations of the
RESS and GAS techni ques are such that it is generally considered that these

7

components 'of the supercritical solution; and
bptionally means for recycling one or more of said
components back into the apparatus, so as to increase
its overall efficiency. '

It will be further appreciated that the apparatus may
comprise more thap one particle formation vessel
and/or means for the collection of the particulaﬁe
product, thereby allowing for the substantially
10 continuous operation of the apparatus through simple
switching from one particle formation vessel orx
collection vessel to another as required.  such
adaptation . for continuous operation represents a
further embodiment of the present invention.
15
The apparatus described above, and its use, provide
the opportunity for manufacturing dry particulate
products with controlled particle size and shape, by
offering control over the working conditions,
20 especially the pressure, utilising, for example, an
automated back-pressure regulator such as model number
880-81 produced by dJasco Inc. Such an improved
control eliminates pressure fluctuation acress the
barticle formation vessel and ensures a more uniform
25 dispersion of the vehicle by the supercritical fluid,
with- narrow droplet size distribution during the
particle formation process. There is little or no
chance that the dispersed droplets will reunite to
form larger droplets since the dispersion occurs by
30 the action of the supercritical fluid which also
ensures thorough mixing with the vehicle and rapidly
removes the vehicle from the substance (s} of interest,
leading to particle formation.



approaches to routine particle formation should only be used when al
conventFonal nethods prove 5 inadequate. The concept of spraying
liquid mxtures into supercritical fluids such as carbon di oxide, or vice
versa, has been enployed in extraction procedures 10 involving solvents for
a decade (see for instance RJ. Lahiere & J.R Fair in Ind. Eng. Chem

Res., 26, 2086-2092 (1987)). More recently, US Patent Nunmber 5,043,280
describes a 15 nmethod for the manufacture of a preparation conprising a
substance or substances, such as a nedically useful substance, and a
carrier or carriers, such as a pharnaceutiscal | y acceptable carrier, which

avoi ds or. | acks a sol vent residue, or at |east reduces the
The simultaneous co-introduction of the wvehicle

_containing at least one substance in solution or
suspension and the supercritical f£fluid, achievable
using the apparatus of the invention, allows a high

5 degree of control of parameters such as temperature,
pressure and flow rate, of both +vehicle and
supercritical fluid, at the exact point when they come
into contact with one another.

10 Further advantages for ©particles ;formed using
apparatus according to the present invention includé
control over the quality of the crystalline and
polymorphic phases, since the particles will
experience the same stable conditions of temperature

15 and pressure when formed, as well as the potential for
enhanced purity. This latter feature can be
attributed to the high selectivity of supercritical
fluids under different working conditions, enabling
the extraction of one or more impurities from the

20 wvehicle containing the substance of interest.

Moreover, the co-introduction of the wehicle and
supercritical fluid, leading to simultaneous
dispersion and particle formation, allow particle
25 'formation to be  carried out, if desired, at
temperatures at or above the boiling point of the
vehicle, something not possible using known
supercritical -fluid particle formation techniques.
This enables operation in temperature and pressure
30 domains which were previously inaccessible, which in
turn can allow the formation of products, or’
particular forms of products, that previously could
not have been achieved. This, together with the high



20 solvent residue to a toxicologically harm ess anmount. The net hod
essentially involves the use of a fluid, at a supercritical state when
i ntroduced into a spray tower, to extract a solvent from sprayed
solution(s) of a substance and a carrier, to forma sterile 25 product
contai ning the substance enbedded in the carrier. It should be noted,
however, that the nethod has no nmeans for controlling the physical
properties of the particulate products forned. 30 In many fields, and
especially in the fields of pharnmaceuticals, photographic materials,
ceram cs, explosives and dyes, there is a qieed for techniques whereby a
product may be obtained with consistent and

degree - of control of the operating conditions made
possible by the present invention, means that its uses
could be extremely wide-ranging and its versatility of
.value in many fields. |

A further advantage of the apparatus of the invention
is that it can allow particle formation to occur in a
completely closed environment, i.e. in a closed
particie formation vessel. The apparatus can be

10 sealed from the atmosphere; making it easy to maintain
sterile operating conditions and reducing the risk of
environmental pollution, and it can also be kept free
of oxygen, moisture or other relevant contaminants.
The particle formation vessel can alsc easily be made

15 1light-free, of particular use for the prepération of
photosensitive products such as for wuse in the
photographic industry.

The means for the co-introduction of the supercritical
20 fluid and the vehicle into the particle formation
vessel preferably allows for them to be introduced
with concurrent directions of flow, and more
preferably takes the form of a coaxial nozzle as
‘described below. This ensures no contact between the
25 formed parti¢1es and the vehicle around the nozzle tip
area. Such contact would reduce control of the final
product size and shape. Extra control over the
dispersed droplet size, in addition to that provided
by the nozzle design, may be achieved by controllin§
30 the flow rateg of the supercritical fluid and the
vehicle into the particle formation vessel. At the
same time, retaining the particles in the vessel
eliminates the potential for contact with the vehicle



5 controll ed physical criteria, including particle size and shape,
of the crystalline phase, chem cal purity and enhanced handl
fIU|d|S|ng properties. In addition, it would be advantageous to be

prepare mcron-sized particles directly without the need to mll
to this size range. Such mlling | eads to associ ated probl ens suc
I ncreased 10 static charge and enhanced particl e cohesiveness,

quality
ng and
able to.

products
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as wel | as

reduced yield of product. There is therefore provided, in a first aspect of
the present invention, an apparatus for use in the 15 formation of
particul ate product in a controlled 10

10
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that might otherwise take place on depressurising the
supercritical solution. Such contact would affect the
shape and size, and. potentially the yield, of the
product.

Thus, in the apparatus of the pfesent invention, the

means for the co-introduction of the supercritical

fluid and the vehicle into the particle formation

vessel preferably comprises a nozzle the outlet end of
which communicates with the interior of the vessel,
the nozzle having coaxial passages which terminate
adjacent to one another at the outlet end, at least

"one of the passages serving to carry a flow of the

supercritical fluid, and at least one of the passages
serving to carry a.flow of the vehicle in which a

substance is dissolved or suspended.

Preferably, the opening at the outlet end (tip) of the
nozzle will have a diameter in the range of 0.05 to
2mm, more preferably between 0.1 and 0.3mm, typically
about 0.2mm. The angle of taper of the outlet end
will depend on the desired vélocity of the fluids
introduced through the nozzle ; an increase in the
'angle may be used, for instance, to increase the
veloc1ty'of the supercritical fluid introduced through
the nozzle and hence to increase the amount of
physical contact between the.supercritical fluid and
the vehicle. Typically (although not necessarily),
the angle of taper will be in the range of about 10°
to about 50°, preferably between about 20° and about
40°, more preferably about 30°. The nozzle may be
made of any appropriate material, for example
stainless steel.

a



manner utilising a supercritical
apparatus conprises a particle formati on vessel

fluid parti'cle formati on system The
with nmeans for controlling

the tenperature in said vessel and neans for controlling 20 the pressure

in said vessel
said vessel
one subst ance

extraction of the vehicle occur 25 substantially simnmultaneously by the

together with a means for the co-introduction, - into
of a supercritical fluid and a vehicle containing at

n solution or suspension, such that dispersion and

| east

action of the supercritical fluid. As used herein, the term "supercritical
fluid substantially at oriabove its critical 30 pressure
(Pc) and critical t enperat ure (Tc) sinultaneously. In practice,

fluid" neans a

the pressure of

i0

15

20

25

30

Inhene embodiment of the invention, the nozzle has two
coaxial passages, an inner and an outer. In another,
preferred, embodiment, the nozzle has three coaxial
passages, an inner, an intermediate and an outer.
This latter design allows greater versatility in use
of the apparatus, since if necessary two vehicles may
be introduced into the particle formation vessel with
the supercritical fluid. Improved dispersion and

finer particles can also be obtained if such a nozzle

is used to introduce a flow of the vehicle sandwiched .

between an inner and an outer flow of the
supercritical £luid, since this ensures that both
sides of the vehicle are exposed to the supercritical
fluid. It is, however, to be appreciated that the
nozzle may have any appropriate numbér of coaxial

passages.-

The internal diameters.of the coaxial passages may be
chosen as appropriate for any particular use of the
apparatus.  Typically, the ratio of the internal
diameters of the outer and the inner passages may be
in the range of from 2 to S, preferably between about
3 and S. Where an intermediate passage is included,
the ratio of the internal diameters of the outer and
intermediate passages may be in the range of from 1 to
3, preferably between about 1.4 and 1.8.

Particular examples of such coaxial nozzles, and their:-

typical dimensions, are illustrated in Figures 3A, 3B
and 4.

The temperature of the particle formation vessel may
be maintained (preferably +0.1°C) by means of a



fluid is likely to be in the range 1.01Pc - 7.0Pc, and its tenperature in
the range 1.01Tc - 4.0lc. . 6 The term"vehicle" means a fluid which

di sselves a solid or solids, to forma solution, or which fornms a
suspensi on of a solid or solids which do not dissolve or have a | ow
Solubility in'the fluid. The vehicle 5 can be conposed of one or nore
fluids. As used herein, the term"supercritical solution" neans a

supercritical fluid which has extracted and di ssolved a vehicle as defined
above. 10

12

heating jacket or, more preferably, an oven. The
pressure of the particle formation vessel is
conveniently wmaintained (preferably +2 bar) by means
of a back-pressure regulator. It will be appreciated

5 that such apparatus will be.readily_available from,
for example, manufacturers of supercritical fluid
extraction equipment, for instance, from Jasco Inc.,
Japan.

10 In a second aspect of the present invention, there is
provided a nozzle having coaxial passages as described
above, for use in apparatus according to theée first
aspéct of the invention, for co-introducing a
supercritical fluid and a vehicle containing at least

15 one substance in solution or suspension inté the
part{cle formation vessel.

In a third aspect of the present invention, there is
providéd a method for the formation of a particulate
20 product which comprises the co-introduction of a
supercriticél fluid and a vehicle containing at least
one substance in solution or suspension into a -
particle formation  vessel, the temperature and
pressure in which are controlled, such that dispersion
25 and extraction of the vehicle occur substantially
simultaneously by the action of the supercritical
- fluid. Dispersion and extraction will also typically
occur substantially immediately on introduction of the
fluids into the particle formation vessel.
30
In a particularly preferred embodiment of the third
. aspect, co-introduction of the supercritiéal fluid and

the vehicle containing a substance in solution or



The term "di spersion"” neans the formation of droplets of the vehicle
containing at | east one substance in solution or suspension. 15 The term
"particul ate product” includes products in a single-conponent or -
mul'ti - conponent (e.g. intinmate m xtures or one conponent in a matrix of
another) form 20 It wll be appreciated that, where necessary, the
apparatus of the present invention may additionally conprise a neans for
.the collection of the particul ate product, for exanple, a neans, such as a
filter, for the retention of the product in the particle formation 25
vessel, thus to reduce |oss of the produci3together with the resultant
supercritical solution. An alternative neans may involve a cycl one
separati ng suspension is effected using a nozzle of coaxial

design. Generally, the method of the third aspect is
preferably carried out using. apparatus according to

the first aspect of the present invention.

Suitable chemicals for use as supercritical fluids in
, the present invention include carbon dioxide, nitrous
oxide, sulphur hexafluoride, ienon, ethylene,
chlorotrifluoromethane, ethane and trifluoromethane.

10 Particularly preferred is carbon dioxide.

The.superCritical fluid may optionally contain one or
more modifiers, for example, but not limited to,
' methanpl, ethanol, isopropanol.or acetone. When used,
15 the modifier preferably constitutes not more than 20%,
and more particularly constitutes between 1 and 10%,
of the supercritical fluid.

‘The term “"modifier" is well known to those persons

20 skilled in the art. A modifier (or co-solvent) may be
described as a fluid which, when added to a
supercritical fluid, changes the intrinsic properties
of the supercritical fluid in or around the critical
point.

25 ,
It will be appreciated that the choice of vehicle for
the substance(s) of which the product is to be formed
will be dependent upon the particular substance(s).
Thus, where the substance is to be handled as a

30 solution it should be soluble in the chosen vehicle,
and the chosen vehicle should be soluble in the chosen
supercritical fluid. The choice of a suitable
combination of supercritical -fluid, modifier (where



device. 30 In one enbodi nent of the invention, the apparatus may incl ude .
means _ for recovering the supercritical solution formed on extraction of
the vehicle into the supercritical fluid;, nmeans for separating the
components of the supercritical solution; and optionally neans for
recycling one or nore of said conponents back into the apparatus, so as to
I ncrease its overall efficiency. 51t wll be further appreciated that the
apparatus may conprise nore than one particle fornmati on vessel-

14

desired) and vehicle for any desired product will be
well within the capabilities of a person of ordinary
skill in the art.

S In one embodiment of the present invention, the
product to be formed is a pharmaceutical compound.
For example, as illustrated herein, the solid may be
salmeterol xinafoate, in which case a suitable solvent
may be, for example, methanol, ethanol, isopropanol,

10 acetone or any mixture thereof. However, the product
may in fact be any desired'particulate product, fof
instance a product of use in the ceramics, explosives
or photographic industries; a foodstuff; a dye; etc...

15 Control of parameters such as size and shape in the
particulate product will be dependent upon the
operating conditions used when carrying out the method
of the invention. Variables include the flow rates of
the supercritical fluid and/or the vehicle containing

20 the substance (s8), the concentration of the
substance(s) in the vehicle, and the temperature and
pressure inside the particle formation vessel.

It will. also be appreciated that the precise
25 - conditions of operation will be dependent upon the
choice of supercritical fluid and whether or not
modifiers are present.' Table 1, for instance, lists
the critical pressures and temperatures for some .
selected fluids: '
30 ’



and/ or nmeans for the collection of the particul ate product, thereby
allowing for the substantially 10 continuous operation of the apparatus

t hrough sinple switching fromone particle formati on vessel -or collection
vessel to another as required. Such adaptation for continuous operation
represents a further enbodi nent of the present invention. 15 The apparatus
descri bed above, and its use, provide the opportunity for manufacturing dry
particulate products with controlled particle size and shape, by offering
control over the working conditions, 20 especially the pressure,
utilising, for exanple, an autonmated back:iPpressure regul ator such as node
nunmber 880-81 produced by Jasco Inc. Such an i nproved

Table 1
Fluid Pc (bar) Tc(°C) “
carbon dioxide 74 31 “
5 nit:ous oxide 72 ) _ 36 “
sulphur hexafluoride 37 45 “
xenon S8 16
ethylehe 51 : 10
chlorotrifluoromethane 39 29
10 ethane 1 48 32
* trifluoromethane . 47. 26

In practice, it may be preferable to maintain the
pressure inside the particle formation . vessel

15 substantially in excess of the Pc (for instance, 100-
300 bar for carbon dioxide) whilst the temperature is
slightly above the Tc (e.g. 40-60°C for carbon
dioxide) .

20 The flow rates of thé supercritical fluid and/or the
vehicle may also be controlled so as to achieve a
desired particle size, shape and/or form. Typically,
the ratio of the wvehicle flow rate to the
supercritical fluid flow rate will be between 0.001

25 and 0.1, preferably between 0.01 and 0.07, more
preferably around 0.03. '

The method of the invention preferably additionally
involves collecting the particulate product following



control elimnates pressure fluctuation across the particle formation
vessel ;and ensures a nore uniform 25 dispersion of the vehicle by the
supercritical fluid, with narrow droplet size distribution during the
particle formati on process. There is little or no chance that the.

di spersed droplets wll reunite to formlarger droplets since the

di spersion occurs by 30 the action of the supercritical fluid which also
ensures thorough mxing with the vehicle and rapidly renoves the vehicle

fromthe substance(s) of interest, |leading to particle formation. 8
16
its formation. It may also involve recovering the
supercritical solution formed, separating the

components of the solution and recycling'one or more

of those components for future use.

5
According to a fourth aspect of the present invention,
there is provided a particulate product made using the
apparatus of the first aspect of the invention, and/or
the method of the third aspect. ' |

10

The present invention will now be described, by means
of examples, with reference to the accompanying
illustrative figures, in which:

1S Figure 1 shows a schematic design of an apparatus
according to the first aspect of the present
invention.

Figures 2A and 2B show schematic designs of
20 alternative apparatuses according to the first aspect.

Figure 3A shows a cross-section of a coaxial nozzle

for use in the apparatus of the present invention.

25 Figure 3B shows a longitudinal section of the tip of
the coaxial nozzle of Figure 3A. '

Figure 4 shows a longitudinal section of the tip of an
alternative coaxial nozzle for use in the apparatus of
30 the invention.

Figure S is a differential scanning calorimetry (DSC)
profile of conventionally crystallised salmeterol



The sinultaneous co-introduction of the vehicle containing at |east
one substance i'n solution or suspension and the supercritical fluid,

achi evabl e usi ng the apparatus of the invention,

control of paranmeters such as tenperature, pressure and flow rate,
both vehicle

formed using apparatus according to the present

over the

the particles

purity.

allows a high 5 degree of

of

and supercritical fluid, at the exact point when they cone
into contact with one another. 10 Further advantages for ©particles

quality of the crystalline and pol ynorphic phases,
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i nvention include control

si nce

wi || experience the sanmeistable conditions of tenperature
15 and pressure when forned, as well as the potential for enhanced
Thi inhfibaee. feature can be

Figure 6 is a DSC.préfile of Polymorph I of salmeterol
xinafoate, as prepared in Example 2.

Figure 7 is an X-ray powder diffraction (XRD) pattern
of Polymorph I of salmeterol xinafoate, as prepared in
Example 2.

Figure 8 is a DSC profile of Polymorph II of

salmeterol xinafoate, as prepared in Example 2.

Figure 9 is an expanded XRD pattern of Polymorph II of
salmeterol xinafoate, as prepared in Example 2.

Figures 10 to 13 ‘are DSC profiles and XRD patterns
showing a mixed phase status of Polymorph I and II of
salmeterol . xinafoate, obtained by varying the

operating conditions in Example 2.

Figures 14 to 18 are scanning electron microscopy
(SEM) photographs of salmeterol xinafoate, as prepared
4in Example 3.

Figures 19 to 21 are SEM photographs of salmeterol
xinafoate, as prepared in Example 4.

Figure 22 is a DSC profile of salmeterol xinafoate
deposited onto silicon dioxide fumed particles, as
prepared in Example 5.

Figure 23 is a DSC profile of salmeterol xinafoate,_as
prepared in Example S, for comparison.



attributed to the'high sel ectivity of supercritibal fluids under different
wor ki ng~condi ti ons, enabling the extraction of one or nore inpurities from
the 20 vehicle containing the substance of interest. Moreover, the

co-introduction of the vehicle and supercritical fluid, leading to
si nmul t aneous di spersion and particle formation, allow particle 25

formation to be carried out, if desired, at tenperatures at or above
the boiling point of the vehicle, somet hi ng not possi bl e usi ng

known supercritical fluid particle formation techniques. This enabl es
operation in tenperature and pressure 30 ®mai ns which were previously

i naccessible, which in turn can allow the formation of products, or
particul ar formFiguns RMicis, anh&RDpratitarsl i oshineterol xinafoate

deposited onto silicon dioxide fumed particles, as
prepared in Example S.

5 Figure 25 is an XRD pattern of salmeterol xiﬁafoate,
as prepared in Example S5, for comparison.

Figure 26 is a longitudinal croés-section.through a
particle formation vessel for use in apparatus

10 - according to the first aspect of the present
invention.

Figures 27A-F show the components of the vessel of
Figure 26.

15
Figures 28 and 29 are SEM photographs of salmeterol
xinafoate, prepared according to Example 6.

Figure 30 is an XRD pattern for the salmeterol
20 xinafoate prepared according to Example 6.

Figures 31-33 are graphs showing the effects of

operating conditions on product particle size, when

carrying out a wmethod in accordance with "the
25 invention. '

Figure 34 is an XRD pattern for salmeterol xinafoate
prepared according to Example 8.

30 Figures 35 and 36 are XRD patterns for matrices of
salmeterol xinafoate and hydroxypropylcellulose
prepared according to Example 10.



not have been achi eved. Thfs, together wth the high

of the .operating conditions nade possible by the present

9 degree of control
i nventi on, means

that its uses could be extrenely wide-ranging and its versatility of val ue
inTany fields. 5 A further advantage of the apparatus of the invention is
that it can allow particle formation to occur in a conpletely closed
environnent, i.e. in a closed particle formation vessel. The appar at us

can be 10 sealed fromthe atnosphere, nmaking it easy to maintain
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Figures 37 and 38 are HPLC chromatograms for pure
salmeterol xinafoate and pure salicylic  acid
respectively, as used in Example 13.

Figure 39 is a HPLC chromatogram for the sample of
salmeterol xinafoate and salicylic acid used in
Example 13.

Figure 40 is a HPLC chromatogram for the product
prepared according to Example 13. '

Figure 41 is an SEM micrograph of lactose prepared
according to Example 14, at 270 bar and 70°C.

Figure 42 is an XRD pattern for the sample shown in
Figure 41.

Figure 43 is an SEM micrograph of lactose prepared
according to Example 14, at 150 bar and 50°C.

Figure 44 is an XRD pattern for the sample shown in
Figure 43.

Figures 45 and 46 are XRD patterns for matrices of
salmeterol xinafoate and hydroxypropylcellulose
prepared according to Example 16.

Figures 47 and 48 are SEM photographs of salmeterol

xinafoate produced éccording to Example 17.

There follows a detailed description of preferred
embodiments of the present invention with reference to



sterile operating conditions and reducing the risk of environnental

pol lutjon, and it can also be kept free of oxygen, noisture or other

rel evant contam nants. The particle formati on vessel can also easily be
mede 15 |light-free, of particular use for the preparation of

phot osensitive products such as for use in the photographic industry. The
means for the co-introduction of the supercritical 20 fluid and the vehicle
into the particle formation vessel preferably allows for themto be

i ntroduced with concurrent directions of flow, and nore preferably
takes the formof a coaxial nozzle as de2@ribed bel ow. This ensures no
contact between the 25 fornmed particles and the vehicle around the nozzle
tip area. Such Edanres wbuhd redfdeurestradl @hd h@ fiars simplified

diagrammatic flow sheets of apparatus according to the
present invention, and Figures 3A, 3B and 4 _show

nozzles which may be used therein.

Referring firstl& to Figure 1, the apparatus shown
includes a particle formation vessel 6. This is
typically a standard reaction vessel, for instance of
the type available from Keystone Scientific Inc., of
10 an appropriate capaéity for thé particular use to
which it is to be put. The temperature and pressure
of the vessel are maintained at a constant desired
level, by means of an oven 7 and back-pressure
regulator 8, respectively.
15 '
In use, the system is initially pressurised and stable
working conditions' are met. A suitable gas, for
example, carbon dioxide, is fed from source 1 via
conduit 11 to a cooler 2, to ensure liquification, and
20 is fed by conduit 12 to a pump 4. From there it is
fed by conduit 13 to the vessel 6 via a nozzle 20. A
solution or dispersion of a solid of interest, for
example, salmeterol xinafoate, in a suitable vehicle,
fbr example methanol, is drawn from source 5 by a
25 conduit 14 to a pump 3 and is fed by conduit 15 to the
vessel 6 via nozzle 20.

The nozzle 20 may be as shown in either Figure 3 (A
and B) or Figure 4. That shown in Figure 3 comprises
30 coaxial inner and outer tubes 30 and 40, respectively.
These define an inner passage 31 and an outer passage
'41. The tubes 30 and 40 have conically tapering end
portions 32 and 42, respectively. The-tips of the end



product size and shape. Extra control over the dispersed droplet size,
I n addistion to that provided by the nozzle design, nmay be achi eved by
controlling 30 the flow rates of the supercritical fluid and the vehicle

info the particle formation vessel. At the same tinme, retaining the
particles in the vessel elinmnates the potential for contact with the
vehicl e 10 that m ght otherw se take place on depressurising the

supercritical solution. Such contact would affect the shape and size, and
potentially the yield, of the product.

21

portions 32 and 42 define respective orifices 33 and

43, with the orifice 43 being a short distance

downstream of the orifice 33. As indicated in Figure

3B, the angle of taper of the end portion 42 is about
5 30° in this (non-limiting) example.

The alternative nozzle illustrated in Figure 4
comprises three coaxial tubes 50, 60 and 70 which
define an inner passage 51, an intermediate passage 61

10 -and an outer passage 71 respectively. Tubes 60 and 70
have conically tapering end portions 62 and 72, the
angle of taper of the end portion 72 being about 30°
in this example.

15 The nozzle of Figure 4 allows three fluids to be

introduced into the vessel 6 at the same time, leading
- to greater versatility in use of the apparatus. For .

instance, it is possible to add through one of the
three passages a desired carrier or other additive

20 intended to form part of, or be mixed with, the final
particulate product. The additive is then dispersed
simultaneously with the substance of primary interest.
Also, in situ reactions may be carried out immediately
prior to dispersion by the supercritical f£luid, by

25 introducing two or more reactants in two separate
vehicles through two of the nozzle passages, the
reaction occurring at the péssage outlets either
immediately prior to, or on, dispersion.

30 Alternatively, the nozzle of Figure 4 may be used to
introduce a flow of the wvehicle (passage 61)
sandwiched between an inner and an outer flow of the
supercritical fluid (passages 51 and 71). This leads



5 Thus, in the apparatus of the present invention, the nmeans for the
.co-introduction of the supercritical fluid and the vehicle into the _
particle formati on vessel preferably conprises a nozzle the outlet end of
10" which comunicates with the interior of the vessel, the nozzle having
coaxi al passages which term nate adjacent to one another at the outlet end,
at | east one of the passages serving to carry a flow of the supercritical
fluid, and at | east one of the passages 15 serving to carry a flow of the
vehicle in which a substance is dissolved or suspended. Preferably, the
opening at the outlet end (tip) of the nozzle will have a dianeter in the
range of 0.05 to 20 2mm nore preferably between 0.1 and 0.3mm typically
to improved dispersion of the wvehicle, and hence to

greater control over, and upiformity of, particle size

in the final product; indeed it makes possible the

formation of finer products than may be achieved using
5 a two-passage nozzle.

In the nozzle shown, inner tube 50 has an internal
diameter of 0.25mm; intermediate tube 60 has an
internal diameter of 0.53mm; and outer tube 70 has an
10 internal diameter of 0.8mm and an outside diameter of
1.5mm. The tip opening (73) has an internal diameter

of 0.2mm. The tubes are all made of stainless steel.

However, the nozzle may be made of any appropriate

15 material and have any suitable dimensions. For
instance, the internal diameters may be in the ranges
0.05 - 0.35mm (inner); 0.25 - 0.65mm ({(intermediate);
and 0.65 ~ 0.95mm (outer), preferably between 0.1 and
0.3mm (inner); 0.3 and 0.6mm (intermediate); and 0.7

20 and 0.9 mm (outer). The tip opening is likely to have
an interxrnal diameter in the range 0.1 - 0.3 mm,
preferably between 0.18 and 0.25 mm.

In the apparatus of Figure 1, the supercritiéal fluid7
25 is fed under pressure {at a high flow rate when
compared with the flow rate of the vehicle) through
for example the inner nozzle passage 31 of the nozzle
shown in Figure 3, and the solution or suspension of
the .solid of interest in a vehicle (hereinafter
30 referred to as the "liquid") is simultaneously fed
under pressure through the outer passage 41. It is
believed that the high velocity supercritical fluid
emerging from the orifice 33 causes the 1liquid



about 0.2mm "~ The angl'e of taper of the outlet end.will depend on the
desired*velocity of the fluids introduced through the nozzle; an increase
in the angle may be used, for instance, to increase the 25 velocity of the
supercritical fluid introduced through the nozzle and hence to increase the
anount of physical contact between the supercritical fluid and the vehicle.

Typically (although not necessarily), the angle of taper will be in the
range of about [err] 30 to about [err], preferably between about [err] and
about [err], nore preferably about [err]. The nozzle nay be'made of any
appropriate material, for exanple staiphess steel.

emerging from the end of the outer passage 41 to-be
broken up into droplets from which the vehicle is
substantially simultaneously extracted by the
supercritiéal fluid to result in the formation of
5 particles of the solid previously held in the vehicle.
It is to be understood, however., that although it is
believed that this is what occurs, we do not wish to
be bound by this theoretical explanation, and the
actual physical processes occurring may not be
10 precisely as just indicated. 1

Also, although a configuration has been described in
which the supercritical fluid passes through the inner
passage 31 and the vehicle passes through the outer
15 passage 41, the configuration may be reversed, with
the supercritical fluid in the outer passage 41 and
the vehicle in the inner passage 31. Similarly, in
thée nozzle of Figure 4, any one of the three passages
may be used to carry any one of a number of desired
20 fluids, as appropriate.

The nozzle 20 ensures dispersion of the vehicle
containing the solid of interest by the shearing
action of the high velocity supercritical fluid, and
25 also thorough mixing of the dispersed vehicle with the
supercritical fluid which simultaneously extracts the
vehicle from the dispersed liquid, resulting 'in
substantially immediate particle formation of the
solid of interest. Because the supercritical fluid
30 and vehicle are introduced coaxially, and dispersion
occurs substantially simultaneously with vehicle
extraction, a very high degree of control is possible

of the conditions (e.g. pressure, temperature and flow



I n one enbodi nent of the invention, the nozzle has two coaxi al passages; an
i nner and an outer. In another, preferred, enbodi nent, the nozzle has three
coaxi al passages, an inner, an internediate and an outer. 5 This |atter
design allows greater versatility in use of the apparatus, since if
necessary two vehicles may be introduced into the particle formati on vessel
with the supercritical fluid. | nproved di spersion and finer particles
can al so be obtained if such a nozzle 10 is used to introduce a flow of the
vehi cl e sandwi ched between an inner and an outer flow of the '
supercritical fluid, since this ensures that both sides of the vehicle are
exposed to the supercritical fluid. It is, however, to be appreciated

that the ‘rate) uffecting particle formation, at the exact time
' when it occurs. '

The particles formed are retained in the particle

S formation vessel by collecting means 21. The

resultant supercritical solution is fed by conduit 16

to a back-pressure regulator 8 and is then fed by

coﬁduit 17 to a separation vessel 9 where it expands

to cause the supercritical fluid to separate as a gas

10 from the liquid vehicle. The gas may be fed by

conduit 18 to a tank 10 and returned by conduit 19 to

the cooler 2. The vehicle may also be collected for

subsequent re-use. ‘Means, not shown, may be provided

to smooth the flow pulse of fluids produced by pumps

15 3 and 4, so as to eliminate, or at least reduce, any
flow pulsations. |

When sufficient particle formation has occurred in the
vessel 6, it is flushed through with clean, dry
20 supercritical f£fluid, so as to ensure removal of any
residual vehicle. The .veésel can then be

depressurised and the particulate product removed.

The alternative apparatuses shown schematically in
25 Figures 2A and 2B are for use .in continuous particle

formation. That shown in Figure 2A includes two

particle formation vessels 6a and 6b, each of the type

shown in Figure 1 and each including an inlet nozzle

20 and a particle collecting means (such as a filter)
30 21. Oven 7 serves both vessels.

In the apparaﬁus of Figure 2A, valve A controls the
supply of the supercritical fluid and the vehicle



15 nozzle may have any appropriate nunber of coaxi al pasSages. The

internal diameters of the coaxia

passages nmay be chosen as appropriate for

any particular use of the 20 apparatus. Typically, the ratio of the
internal .dianeters of the outer and the inner passages may be in the range
of from2 to 5, preferably between about 3 and 5. Were an internediate
passage is included, the ratio of the tnternal dianeters of the outer
25 intermedi ate passages nmay be in the range of from1l to 3, preferably

between about 1.4 and 1.8. Particular exanples of such coaxial
di nensi ons,

their typica

t enperature of. the partlcle formation vessel may
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(containing the substance of interest) to the two
vessels 6a and 6b, and one-way valves E and F control
the outlets from the two vessels to the back-pressure
regulator 8. Valve D controls the supply of the
vehicle to valve A. Valves B and C are needle valves,

and items 80 and 81 are vents.

The apparatus may be “continuously" operated as
follows. Valve A is firstly set to supply fluids to
vessel 6a, in which particle formation is allowed to
occur, as described in connection with Figure 1.
Valve E is set so that the resultant supercritical

' solution may drain from vessel 6a to the back-pressure

regulator 8 for subsequent recycling.

When sufficient particle formation has occurréd, valve
D is closed to-stop the flow of vehicle, whilst the
supercritical fluid continues to flow through vessel
6a to dry (flush) the product. Valve A is then set to
supply fluids to the empty vessel 6b, and valve D re-
opened, whilst valve B is opened so as slowly to
depressurise vessel 6a. One-way valve E eliminates
aﬁy chance of a 'back-fléw from vessel 6b or of

disruption of the particle formation process now

occurring in vessel 6b. Vessel 6a is removed for
~ collection of the product, and then refitted and re-

pressurised ready for re-use. Supercritical solution
drains from vessel 6b via valve F, which is set
appropriately.

Once particle formation in vessel 6b is complete, the
valves are set back to allow it to continue in vessel
6a, whilst 6b is flushed and emptied. 1In this- way,

nozzl es,
are illustrated,in Figures 3A 3B 30 and 4. The

and

and



be maintained (preferably. [err]) by neans of a 12 heating jacket

or, nore preferably, an oven. The pressure of the particle formation
vessel is conveniently maintained (preferably [err] "bar) by nkans of a
back-pressure regulator. It will be appreciated 5 that such apparatus w ||
~be readily available from for exanple, manufacturers of supercritical
fluid extraction equi pnment, for instance, fromJasco Inc., Japan. 10 In a
second aspect of the present invention, there is provided a nozzle having
coaxi al passages as descri bed :

26

particle formation in the apparatus can continue

uninterrupted.

Thé apparatus shown in Figure 2B includes only one

S particle formation vessel 6, which does not contain
any particle collecting means, and two particle'
collection vessels 25a and 25b downstream of vessel 6.
The supercritical fluid carries the formed particles -
to the collection vessels 25a and 25b.

10
_ihe apparatus also includes an inlet nozzle 20, two
vents 26, a back pressure regulator 27, an oven 7 and
valves A - H. Supercritical f£fluid and solution
(vehicle) are fed to the nozzle 20 where shown.
15

The apparatus might be used as follows. Initially,
(valves C,D,E and F closed) the SYStem is pressurised

and stable working'conditions'are met; valves B and H
are then closed, driving the flow of supercritical

20 fluid through valve A only. The vehicle ana substance
of interest are introduced into vessel 6 and the
particles formed are transported by the supercritical
fluid wvia wvalve A to collection vessel 25a which
contains a particle retention device. The retention

25 device is placed at the outlet of the vessel to ensure
maximum collection volume. The solid-free
supercritical solution (the supercritical fluid and
the vehicle) flows across valve G to the back pressure
regulator 27. On emerging from the back pressure

30 regulator the supercritical solution expands into a
large pressure resistant vessel (not shown), where the
vehicle separates from the gas and both can be

recycled.



above, for use in apparatus according to the first aspect of the

i nventi-on, for co-introducing a supercritical fluid and a vehicle
containing at |east 15 one substance in solution or suspension into the
particle formation vessel. In a third aspect of the present invention,
there is provided a nethod for the formation of a particulate 20 product

whi ch conprises the co-introduction of a supercritical fluid and a vehicle
containing at | east one substance in solution or suspension into a particle
formati on vessel, the tenperature and pressure in which are
control l ed, such that dispersion 25 and gxtraction of the vehicle occur
substantially simultaneously by the action of the supercritical fluid.

Di spersion and axtd@Cth@n Whlleddfoht ¥Riseah! Y25a is full, switching
takeé place, closing valves A and G and simultaneously
opening valves B and H. This allows the flow of the
supercritical solution, emerging from vessel 6, into

5 the second collection vessel 25b. Valves C and G are
opened after flow switching to ensure a high flow of
supercritical fluid to flush the full collection
vessel 25a, i.e. the supercritical solution volume is
replaéed. by a supercritical £luid volume. It is

10 estimated that 1-2 times the volume of the collection
vessel, of the_ supercritical f£fluid, ensures a dry
powder. The flushing time is generally short owing to
the fact that the particles are occupying the volume
of the collection vessel. After flushing, valves C

15 and G are closed and valve F (a needle wvalve) is
- slowly opened to depressurise the full collection
vessel 25a. Since the particulate product takes up
the vessel volume only a small amount of supercritical
fluid is discharged, mainly the internal volume of the

20 fittings involved. |

The full collection vessel 25a is removed and the dry
powder collected. After refitting and repressurising
via valve C, the vessel is ready for re-use as soon as

25 the second collection vessel 25b, which has meantime
been collecting product from vessel 6, is full.

The benefits of using the apparatus of Figure 2B
include: '
30
1. The elimination  of depressurising and
pressurising steps of. the reaction vessel every
time product is collected. This could mean



occur substantially inmrediately on introduction of the fluids into the

particle formation vessel.
third aspect,

30 In a particularly preferred enbodi nent of the

co-introduction of the supercritical fluid and the vehicle

cont ai ning a substance in solution or 13 suspension is effected using a
design. Cenerally, the nethod of the third aspect is

nozzl e of coaxi al

preferably carried out using apparatus according to the first aspect of the

pr esent

i nventi on.
5 .
2.
10
15
3.
20
25

5

28
considerable reductions in the amounts of fluids
being discharged, in particular ‘when using a
large volume particle formation vessel (scaling

up) or expensive high purity gases.

Significant time saving during the flushing
(drying) procedure. ' In a batch particle
formation process only a rather small volume of
the reaction vessel is occupied by the product
and the remaining volume (where dispersion takes
place) is taken up by the supercritical solution.
This mixture will eventually be.replaced by at
least the same volume of the supercritical fluid
in the flushing procedure, which can therefore
take a long time when scaied up.

The environment and workers arée less exposed to
the products during the recovery step. In some
cases it is difficult to collect products
directly from a large reaction vessel due to
handling inconvenience or because the products of
interest are light, oxygen or humidity sensitive
which might affect their characteristics or
purity;

It is to be understood that the apparatuses of both

Figures 2A and 2B are within the scope of the presént

invention, and that they may both be used to carry out

30

the method of the inventipn.

The invention will now be further illustrated by the

following non-limiting examples.



Suitable chem cals for use as supercritical fluids in the present invention
i ncl ude carbon di oxi de, nitrous oxide, sul phur hexaf | uori de, xenon,

et hyl ene, chlorotrifluoronethane, ethane and trifl uoronethane. 10
Particularly preferred is carbon di oxide. The supercritical fluid may
optionally contain one or nore nodifiers, for exanple, but not limted to,
nmet hanol , et hanol, isopropanol or acetone. Wen used, 15 the nodifier
preferably constitutes not nore than 20% and nore particularly constitutes
between 1 and 10% of the supercritical fluid. The term"nodifier" is well
known to those persons 20 skilled in the art. A nodifier (or co-solvent)
may be described as a fluid which, when adfled to a supercritical fluid, -

changes the intrinsic_properties )
Examples 1-5 (Introduction

Examples 1-8 and 17 relate to the prepa-ration of the
compound 4 ~-hydroxy-at*-[{[([6-1(4-
phenylbutoxy)hexyl]l]amino]lmethyl)}-1,3-
5 benzenedimethanol(salmeterol),l-hydroxy-2-
naphthalenecarboxylate (xinafoate) using a method and
apparatus according to the present invention.
Salmeterol xinafoate is a pharmaceutical generally
delivered by inhalation methods, which needs to be
10 prepared in a crystalline form. The present
invention, as illustrated below, may be used to
prepare the pharmaceutical in an easiiy handled and
easily fluidised crystalline form, with a controlled
particle size and shape, witli_extremely high purity
15 and in a particular desired polywmorphic form.
Conventionally crystallised salmeterol xinafoate, even
‘after micronisation (fluid milling), exists in a form
with poor flow characteristics, for example it is
20 cohesive and statically charged, which results in
difficulties in handling the drug substance in
pharmaceutical formulation processes.

In  contrast, the present invention may be used to

25 prepare salmeterol xinafoate in'a form with a dynamic

bulk density of less than 0.1 g.cm™®, for instance in

the range between 0.01 and 0.1 g.cm™3, in particular
between 0.01 and 0.075 g.cm™3. '
30 The dynamic bulk density (W) is indicative of a
substance’s fluidisability and is defined as:
W = (P-A)C + A

100
- 35



of the supercritical fluid in or around the critical point. 25 It wll be
apprecj ated that the choice of vehicle for the substance(s) of which the
product is to be formed will be dependent upon the particul ar substance(s).
Thus, where the substance is to be handled as a 30 solution it should be
soluble in the chosen vehicle, and the chosen vehicle should be soluble in

t he chosen supercritical fluid. The <choice of a suitable
conbi nati on of supercritical fluid, nodifier (where 14
30

where P is the packed bulk density (g.cm™3), A is the
aerated bulk density (g.cm™®) and C is the
compressibility (%) where C 1is calculated by the

equation:
5 C = P-A X 100
P

Clearly, therefore, a low figure for W corresponds to
10 a high degree of fluidisability.
Thus, when compared against conventionally
crystallised salmeterol xinafoate, both before and
after micronisation, salmeterol xinafoate prepared
15 wusing the present invention exhibits a significantly
lower dynamic bulk density than the conventionally
crystallised salmeterol xinafoate (see Table 2 in
Example 1 below). |

20 It will be appreciated that in the case of an inhaled
pharmaceutical, such as salmeterol xinafoate, it is
particularly desirable to produce a drug substance
which is readily fluidisable, thereby potentially
improving its inhalation properties.

25 - | :

The salmeterol xinafoate prepared using the present
invention is also observed to have improved handling
and’ fluidising characteristics compared with
conventionally crystallised salmeterol xinafoate.

30 Furthermore, its particle size and shape can be
readily controlled, as illustrated by the electron-
microgfaphs accompanying the examples.

it has = also been found that conventionally

'35 crystallised salmeterol xinafoate, when studied by



desired) and vehicle for any desired product will be well within the
capabiltties of a person of ordinary skill in the art. 5 In one enbodi nent
of the present invention,. the product to be fornmed is a pharnmaceuti cal
conpound. For exanple, as illustrated herein, the solid nay be sal neterol

xi nafoate, in which case a suitable solvent may be, for exanple, nethanol

et hanol, isopropanol, 10 acetone or any m xture thereof. However, the
product may in fact be any desired particulate product, for instance a
product of use in the ceram cs, explosives or photographic industries; a
foodstuff; a dye; etc... 15 Control of p?{aneters such as size and shape in
the particulate product will be dependent upon the operating conditions

used when carrysgrOHind 18 "ei0hing calorimetry (DSC). shows a
transition between two forms (hereinafter *Polymorph

I* and "Polymorph II") occurring; between 120 and

140°C. A DSC profile for conventionally crystallised

5 salmeterol xinafoate showing the characteristic two

peaks for Polymorphs I and II is shown in Figure 5.

However, using the present invention, and as described
below, salmeterol xinafoate may be prepared in the

10 form of pure Polymorph I, characterised by a single
endotherm at about 123.5°C recorded by DSC - see
Figure 6 and Example 2. Similarly, it may be prepared
in the form of pure Polymorph II, characterised by a
single endotherm at about 135.8°C recorded by DSC -

15 see Figure 8 and Example 2. Mixtures of the twb
polymorphs, in controlled proportions, were also
achieved in Example 2.

The prepared polymorphs are also stable, meaning that
20 there is no transition from one polymorph to another
observed under the DSC conditions.

' Examples 1-5, illustrating: the preparation of such
forms of salmeterol xinafoate and their physical
25 properties, were carried out using apparatus
substantially the same as that illustrated in Figures
1-4, using a 32 ml particle formation vessel and a
Ewo—passage coaxial nozzle having the following
dimensions: _
30 outer diameter inner diameter .
outer tube: , 1.58mm 0.7Smm
inner tube: 0.63mm 0.20mm



of the invention. Variables include the flow rates of the supercritical

fluid and/or the vehicle containing 20 - the subst ance(s), the
concentration of t he substance(s) in the vehicle, and the tenperature
and pressure inside the particle formation vessel. It wll also be

appreciated that the precise 25 conditions of operation will be
dependent upon the choice of supercritical fluid and whether or not

nodi fiers are present. Table 1, for instance, lists the critical pressureé
and tenperatures for sone selected fluids: 30
32

The tip orifice (43 in Figure 3B) was 0.32mm in
diameter, and both the inner and outer tubes were made
of stainless steel. '

5 Example 1 ,
Conventionally crystallised salmeterol xinafoate, both
before and after micronisation, was compared against
salmeterol xinafoate prepared using the method of the
present invention, as described above. For sample 1,

10 the conditions used were a 0.63% w/v solution of
salmeterol xinafoate in acetone, 300 bar and 45°C.
For sample 2, the conditions were a 0.50% w/v solution
of salmeterol xinafoate in acetone, 100 bar and 55°C.
In each case, the solution flow rate was 0.4 wml/min,

15 and supercritical CO, was co-introduced into the

particle formation vessel at a flow rate of 9 ml/min.

The dynamic bulk densities for all the samples are
shown below in Table 2:
20



15 Table 1 Fluid Pc (bar) [err] carbon dioxide

74 . 31 5 nitrous oxide 72 - 36.

sul phur hexaf | uori de _ 37 45 xenon

58" 16 et hyl-ene 51 10

chl orotrifl uoronet hane 39 29 10 et hane

48 32 trifluoronethane 47 26 I n practice,

it may be preferable to maintain the pressure inside the particle
formati on vessel 15 substantially in excess of the Pc (for instance,
300 bar for carbon dioxide) whilst the t%gperature S

10

15

20

25

-30

Table 2
Sample Dynamic Bulk
Densit
W (g.cm™)
conventionally crystallised 3 0.312
*salmeterol xinafoate (non- .
micronised) l
conventionally crystallised 0.137
salmetexrol xinafoate
I (micronised)
salmeterol xinafoate prepared 0.033
using the present invention
(sample 1)
salmeterol xinafoate prepared 0.059
using the present invention
(sample 2)

(The cohventionally crystallised salmeterol xinafoate
was prepared using the methodology described in
International Patent Specification No. WO 92/09557.)

Example 2

Control of Formation of the Polymorphs of Salmeterol
Xinafoate ' '

A solution of salmeterol xinafoate in methanol (0.6%
w/v) was co-introduced into the particle formation
vessel with CO, at 300 bar and 45°C via a coaxial
nozzle. A dry, easily handlable powder without
significant static charge was formed. The product was
characterised by differential scanning calorimetry
(DSC) and by X-ray powder diffraction (XRD), and data
are shown in Figures 6 and 7. A highly crystallihe
product with well defined melting point (peak heat
flow = 123.5°C) was obtained. Major intensities in
the XRD pattern were obsérved at 4.2, 17.3 and 24.5

100-



slightly above the Tc (e.g. [err] for carbon dioxide). 20 The flow rates of

t he supercritica

achieve a desired particle size, shape and/or form Typically, the
of* the vehicle flow rate to the supercritical fluid flowrate wll

between 0.001 25 and 0.1, preferably between 0.01 and 0. 07,

rati o

around 0.03. The net hod of the invention preferably addltlonally |nvolves

collecting the particul ate product follow ng 16
34
degrees 2 theta. This material was defined as
Polymorph I.

10

15

20

25

30

In another experiment, a solution of salwmeterol
xinafoate in acetone (0.6% w/v) was co-introduced into
the particle formation vessel with CO, at 250 bar and
90°C. A dry, easily handlable powder without
significant static charge was formed. The data from

DSC and XRD are shown in Figures 8 and 9. A second

polymorph was obtained, defined as Polymorph II. This
form was crystalline with a well defined melting point
(peak heat flow = 135.8°C). A different XRD pattern

from Polymorph I was obtained with,k6 a new major

intensity at 2.9 degrees 2 theta. The change in
working conditions led to the formation of a pure,

- higher melting point phase (Polymorph II) which had

previously only been observed, in prior known methods -

of preparing salmeterol xinafoate, after -heating
Polymorph I at temperatures which caused heat induced
transition.

Controlled formation of mixtures of Polymorph I and
Polymoxrph II was also achieved by varying the worklng
condltlons. DSC and XRD data (see Figures 10 to 13)
confirm the mixed phase status of these products with
increasing Polymorph II component as the working
temperature was increased.

Example 3
Control of Particle Size and Size Distribution

A solution of salmeterol xinafoate in acetone (0.6%
w/v) was co-introduced into the particle formation
vessel with CO, at 200 bar and S§S°cC. A series of

fluid and/or the vehicle may al so be controlled so as to

be

nore preferably



Its formation. It may al so involve recovering the supercritical

sol ution f or med, separati ng t he, conponents of the solution and
recycling one or nore of those conponents for future use. 5 According to a
fourth aspect of the present invention, there is provided a particulate
product made using the apparatus of the first aspect of the invention,
and/or the nethod of the third aspect. 10 The present invention wll nom/be
descri bed, by neans of exanples, with reference to the acconpanyi ng
illustrative figures, in which: 15 Figure 1 shows a schematic design of an
apparatus accordingto the first aspect ff t he present

products was obtained by changing the flow rate ratio
of salmeterol xinafoate solution/supercritical C02[

- where the flow rate ratio is defined as:

5 (flow rate of vehicle containihg the solute)

{(flow rate of supercritical fluid)

10 The flow ratio was changed between 0.01 and 0.07, with
a flow rate of 9ml/min for the supercritical CO,.

The resultant: dry, easily handlable products without
significant static charge were examined by scanning
15 electron microscopy (SEM) and by laser diffraction
(Malvern Mastersizer E) for particle size analysis
(see Figures 14 to. 17). It was found that by
decreasing the flow rate ratio of salmeterol xinafoate
solution/ supercritical CO,, finer particles could be
20 obtained (see Figures 14 and 15) than for higher fluid
flow rate ratios (see Figures 16 and 17). The
particle size analysis data is shown in Taple 3 below.



i nventi on.

i Avent i on.
coaxi al

i nventi on.

Fi gures

2A and 2B

25 Figure 3B shows a | ongitudina
nozzl e of Figure 3A. Figure 4 shows a | ongitudinal
tip of an alternative coaxial nozzle for

Figure 5is a differential

conventionally crystallised sal neterol

show schematic
al ternative apparatuses according to the first aspect.
cross-section of a coaxi al

Table 3

desi gns

of 20
Fi gure- 3A shows a
nozzle for use in the apparatus of the present
section of. the tip of the
section of the
use in the apparatus of 30 the _
scanning calorinmetry (DSC) profile of

Mean
Particle
Size (um)

$<Sum

%<10um

Uni-
formity
Index

Conventionally
crystallised
salmeterol:
xinafoate

Typi-
cally
. >90

Typi-
cally
>95

13.1

(micronised)

- Salmeterol
10 xinafoate 3.85
prepared using
the present
invention
(sample 1)

66.0 94.5 " 10.2

15 Salmeterol
xinafoate
prepared using
the present -
invention

20 (sample 2) .

18.84 5.7 16.1 19.2

The uniformity index is defined as:

25 100 X [particle size at 10% cumulative undersize]
: [particle size at 90% cumulative undersize]

In another experiment, a solution of salmeterol
xinafoate in isopropanol (0.2% w/v) was co-introduced
30 into the particle formation-vessel with CO, at 150 bar
and 60°C.
significant static charge was examined by SEM (see

Figure 18) and found to be composed of needle shaped

The dry, easily handlable product without

particles with a maximum particle dimension of up to
35 300 microns.
'working

Thus; by changing the

conditions of the particle formation process of the

controlling and

present invention, salmeterol xinafoate products



17 xinafoate. Figure 6 is a DSC profile of Polynorph | of sal neterol

xi naf oate, as prepared in Exanple 2. 5 Figure 7 is an X-ray powder
diffraction (XRD) pattern of Polynorph: I of sal neterol xinafoate, as
prepared in Exanple 2. 10 Figure 8 is a DSC profile of Polynorph |
of salneterol xinafoate, as prepared in Exanple 2. Figure 9 is an expanded

XRD pattern of Polynorph Il of sal neterol xinafoate, as prepared in Exanple
2. 15 Figures 10 to 13 are DSC profiles and XRD patterns showi ng a m xed
phase status of Polynorph I and Il of
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composed of particles with different particle sizes

and size distributions were produced.

Example 4

5 Control of Particle Shape
A solution of salmeterol xinafoate in 96% ethanol
(0.8% w/v) was co-introduced into the particle
formation vessel with CO, at 300 bar and either 50°C
or 60°C. The dry, easily handlable proéucts without

10 significant static chérge_were examined by SEM. The

produét obtained at 50°C was composed of blade-like

shaped particles with reduced elongation (seé Figure

19) compared with the acicular, needle shéped

particles produced at 60°C (see Figure - 20).

15 '
In another experiment, a solution of salmeterol
xinafoate in acetone (0.6% w/v) was co-introduced into
the particle formation vessel with CO, at 200 bar and
50°C. The dry, easily handlable product without

20 significant static charge was examined by SEM (see
Figure 21) and the particles were found to be plate-
like microcrystalline accretions.

Thus by controlling the working conditions of the

25 'particle formation process, salmeterol xinafoate
products having different particle shapes may be
produced; ' '

Example 5
30 Formation of Particles with Salmeterocl Xinafoate

Deposited onto a Solid Substrate
A solution of salmeterol xinafoate in methanol (0.6%

w/v), also containing a dispersion of silicon dioxide



sal neterol xinafoate, obtained by varying the operating conditions in
Exanple 2. 20 Figures 14 to 18 are scanning el ectron m croscopy (SEM

phot ographs of sal neterol xinafoate, as prepared in Exanple 3. 25 Figures
19-to 21 are SEM phot ographs of sal neterol xinafoate, as prepared in
Exanple 4. Figure 22 is a DSC profile of sal neterol xinafoate deposited
onto silicon dioxide funed particles, as 30 prepared in Exanple 5. Figure
23 is a DSC profile of salnmeterol xinafoate, as prepared in Exanple 5, for
conpari son
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fumed B.P. (0.06% w/v), was co-introduced with Co, at

300 bar and 45°C into the particle formation vessel.

‘A second wmethanol solution, as above but without

dispersed silicon dioxide fumed B.P.,.was éimilarly

5  co-introduced into the particle formation vessel ynder

. equivalent working conditions. The resultant dry,

easily handlable powdered products without significant

static charge were examined by differential scanning

calorimetry (DSC) (see Figures 22 and 23) and X-ray

10 powder diffraction (XRD) (see Figures 24 and 25). The

DSC profile for the sample with salmeterol xinafoate

deposited onto the silicon dioxide fumed particles

(Figure 22) showed a wider melting endotherm with a

lower peak heat flow temperature than that for the

15 salmeterol xinafoate sample without silicon dioxide

fumed, prepafed under equivalent conditions (Figure

23). The XRD pattern for the sample with salmeterol

xinafoate deposited onto the silicon dioxide fumed

particles (Figure 24) exhibited reduced crystallinity,

20 as indicated by the reduction in weasured intensity

values, compared to that for the salmeterol xinafoate

sample without silicon dioxide fumed prepared under
9quivalent conditions (Figure 25).

25 These data ‘indicate the deposition of salmeterol
xinafoate onto silicon dioxide particle substrates,
using the method' of the preseﬁt invention, with
changes in the degree of crystallinity of salmeterol
xinafoate, compared with samples of  salmeterol

30 xinafoate prepared under equivalent working conditions
without silicon dioxide particles as a wsdlid
_substrate. The example illustrates how the invention

- may be used to prepare multi-component particulate



18 Figure 24 is an XRD pattern of sal neterol xinafoate deposited onto
silicon dioxide fumed particles, as prepared in Exanple 5. 5 Figure 25 is
an_XRD pattern of sal meterol xinafoate, as-prepared in Exanple 5, for
corparison. Figure 26 is a |longitudinal cross-section through a particle
formation vessel for wuse in apparatus 10 according to the first aspect
of the present invention. Figures 27A-F show the conponents of the vessel
of Figure 26. 15 Figures 28 and 29 are SEM phot ographs of sal neterol

39

N products, in this case containing a substance of
interest on a carrier substrate.

Example 6
5 Use of Larger Scale Apparatus
Figures 26 and 27 A - F show the construction of a

relatively large-scale particle formation vessel 90
which may be used in apparatus according to the
present invention. The vessel includes an inner
10 reaction chamber 91 and vessel wall 92 and a screw-
threaded end cap 93 engageable with the upper end of
wall 92, A 1lid 94 has a central opening 95 for a
nozzle assembly and a peripheral opening 96 for an
outlet, which will contain a particle retainihg device
15 (e.g. a filter). '

In the Figure 27, A - C show the main vessel with its
outer wall 92; D shows the end cap 93; E shows the 1lid
94 and F an O-ring seal 97 used to seal_ the upper end

20 of the reaction chamber 91. Dimensions in mm are
shown for the various components.

Vessel 90 was used with a two-passage nozzle to carry
_ out the method of the present invention to produce
25 salmeterol xinafoate. Two SEM photographs (Figures 28
and 29) and an X-ray . powder diffraction pattern
(Figure 30) are provided for the sample obtained.
Operating conditions were a 1.25% w/v solution of
salmeterol xinafoate in acetone, at 100 bar and 60°C.
30 ' _
Clearly, the present invention may be carried out
using relatively large-scale apparatus and still be
effective in the controlled formation of particle



xi naf oate, prepared according to Exanple 6. Figure 30 is an XRD pattern for
the sal meterol 20 xi nafoate prepared according to Exanple 6. Figures 31-33
are graphs showing the effects of operating conditions on product particle
si*ze, when carrying out a nethod in accordance with the 25 invention.
Figure 34 is an XRD pattern for sal neterol xinafoate prepared according to
Exanpl e 8. 30 Figures 35 and 36 are XRD patterns for matrices of sal neterol
xi naf oat e and hydr oxypr opyl cel | ul ose prepared according to Exanple 10.

40

products.

Example 7
Effect of Operating Conditions on Particle Size
'S The invention was carried out in a similar manner to -
that described in Examples 1 - 5, using a particle
formation vessel of 50 ml capacity and a two-passage
nozzle, in order to produce particles of salmeterol
-xinafoate. The effects of changing temperature,
10 pressufe and supercritical fluid flow rate, on the
mean size of the product particles, were investigated.
The results are shown in Figures 31 - 33. | .

Figure 31 is a graph of mean particle size diameter

15 .(microns), - measured uéing the Malvern sizing

technique, versus temperature (°C) in the particle

formation veésel. The salmeterol xinafoate was

precipitated at 300 bar from acetone. The quoted flow

. rates represent acetone/salmeterol solution flow rates
20 at a constant CO, flow of 9 ml/min.

Figure 32 shows the effect of vessel pressure on

_pafticle size at four different temperatures. Flow

rates were 0.1 ml/min for the acetone solution and
25 9 ml/min for the CO,.

Figure 33 shows a graph of CO, ("SF") flow rate versus -
particle 'size, the salmeterol xinafoate being
precipitated from acetone at an acetone./salmeterol
30 solution flow rate of 0.3 ml/min and a 1.25% w/v
concentration. The operating temperature was 60°C,

the pressure 120 bar.



19 Figures 37 and 38 are HPLC chromatograns for pure sal neterol xi naf oat e
and pure salicylic acid respectively, as used in Exanple 13. 5 Figure
39 is a HPLC chromat ogram for the sanple of sal neterol xinafoate and
sallcyllc acid used in Exanple 13. Figure 40 is a HPLC chromatogram for the
product 10 ‘prepared according to Exanple 13. Figure 41 is an SEM m crograph
of lactose prepared according to Exanple 14, at 270 bar and [err]. 15
Figure 42 is an XRD pattern for the sanple shown in Figure 41. Figure 43 is
an SEM m crograph of |actose prepared according to Exanple 14, at 150 bar
and [err]. 41

Example 8

Use of Three-Passage Nozzle

The above examples were all carried out using

apparatus siﬁilar to that shown in Figure 1, and a
S two-passage inlet nozzle of the type shown in Figures

3A and 3B. In contrast, the present example was

carried out using a three-passage inlet nozzle of the

type shown in Figure 4, having the following

dimensions:
10
External , Internal
diameter diameter
Outer tube 70 1.54 mm 0.75 mm
15 Intermediate tube 60 0.70 mm 0.35 mm
Inner tube 50 0.30 mm 0.15 mm

Nozzle opening: 0.22 mm- internal diameter.

All tubes of the nozzle were made of stainless steel.
20 The particle formation vessel used had a capac1ty of
32 ml.

A sample of salmeterol xinafoate was prépared from a
0.5% w/v acetone solution at 200 bar and 50°C, using
25 an acetone/salmeterol solution flow rate of 0.2 ml/min
through the intermediate nozzle passage, and a CO,
flow rate through the inner and outer nozzle passages
of 5 ml/min. Figure 34 shows X-ray data for the
sample obtained.
30
- Other samples have been prepared using the same three-
passage nozzle. '



20 Figure 44 is an XRD pattern for the sanple shown in Figure 43. Figures

45 and, 46 are XRD patterns for matrices of 25 sal neterol Xi naf oat e

and

hydr oxypropyl cel | ul ose prepared according to Exanple 16. Figures 47 and 48

are SEM phot ogr aphs of sal neterol

xi naf oat e produced according to Exanpl e

17. 30 There follows a detailed -description of preferred enbodlnents of the
I nvention with reference to 20

pr esent

10

15

20

25

30
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Example 9

Preparation of Particulate Polystyrene -

This example illustratés the use of the present

invention to prepare particulate samples of polymers.

A polystyrene powder (molecular weight 280,000;
Aldrich Chemicals) was dissolved in toluene to prepare
a 0.18% w/v solution. Apparatus similar to that shown
in Figure 1, using a two-passage nozzle and a 50 ml
particle formation vessel, was operated at 100 bar and
40°C. using CO, at a flow rate of 7 ml/min and a
toluene/polystyrene solution flow rate of 0.2 ml/min.

A fine, white powder was obtained as a product.

A similar product was -obtained wusing a second
polystyrene powder (molecular weight 450,000, Aldrich
Chemicals) as the starting material.

Example 10

'Preparation. of a Salmeterol Xinafoate and Polymer
Matrix | _

An acetone solution containing 0.45% w/v of salmeterol
xinafoate and 0.05% w/v hydroxypropylcellulose (Klucel
SL) was prepared and fed into apparatus similar to
that shown in Figure 1, using a two-passagé nozzle and

a 50 ml particle’ formation vessel. The operating '

conditions were 120 bar and 60°C, with flow rates of
0.4 ml/min for the salmeterol/polymer solution and 9
ml/min for. the supercritical CO,. A fine, white
powder containing 10% w/w hydroxyprolecellulose in

salmeterol xinafoate was obtained as a product.

A product of similar appearance, but containing 20%



Fi gures ™ 1-4. Figures 1 and 2 are sinplified diagranmatic flow
sheets of apparatus according to the present invention, and Figures 3A 3B
and-4 show nozzl es which nay be used therein. 5 Referring firstly to Figure
1, the apparatus shown includes a particle formation vessel 6. This is
typically a standard reaction vessel, for instance of the type avail able
from Keystone Scientific Inc., of 10 an appropriate capacity for the
particular use to which it is to be put. The tenperature and pressure of
the vessel are maintained at a constant desired | evel, by means of an oven
7 and back-pressure regul ator 8, respectixgly. 15

w/w hydroxypropylcellulose, was also prepared from a
second solution, using the same operating conditions
as for the first product. '

S Figures 35 and 36 are X-ray powder diffraction
patterns for the first and second  samples
respectively. Increasing disturbance of the
crystalline salmeterol =xinafoate can be seen with
increasing hydroxypropylcellulose content, confirming

10 the inclusion of the polymer matrix material into the
sample.

-This example thus illustrates how the present
invention may be used to prepare multi-component
1S particles, in this case of a pharmaceutical with a
polymer matrix. The incorporated second componént may
be a pharmaceutically acceptable carrier such as a
polymer (eg. starch or hydroxypropylcellulose),
silicon dioxide, sorbitol, mannitol or lactose. It
20 may be used to modify the dissolution performance or
other properties of a drug or similar substance.

Example 11 _
Preparation of Cobaltous Nitrate
25 This example demonstrates the use of the present
invention to prepare particulate inorganic, as well as
organic, products. This suggests the usefulness of
the invention in preparing, for example, dyestuffs,
explosives, photographic materials and other inorganic
30 products where improvéd control over particle

properties may be required.

A 0.25% w/v solution of cobaltous nitrate



In use, the systemis initially pressurised and stabl e working conditions
are net. A suitable gas, for exanple, carbon dioxide, is fed from source
1 via conduit 11 to a cooler 2, to ensure liquification, and 20 is fed by
conduit 12 to a punp 4. Fromthere it is fed by conduit 13 to the vessel 6
via a nozzle 20. A solution or dispersion of a solid of interest, for
exanpl e, sal neterol xinafoate, in a suitable vehicle, for exanple nethanol,
is drawn fromsource 5 by a 25 conduit 14 to a punp 3 and is fed by conduit
15 to the vessel 6 via nozzle 20. The nozzle 20 may be as shown in either
Figure 3 (A and B) or Figure 4. That showa4ain Figure 3 conprises 30 coaxi al
I nner and outer tubes 30 and 40, respectively. These define an inner '
passage 31 and atColN@j) paisaje (BDH Chemicals) in acetone was prepared

and fed to a 50 mwl particle formation apparatus
similar to that shown in Figure 1, using a two-passage
nozzle. The operating conditions were 100 bar and -
S 35°C, ‘a solution flow rate of 0.2 ml/min through the
intermediate nozzle passage and a supercritical CO,
flow rate through‘the outer and inner nozzle passages
of 9 ml/min. The product obtained was a free-flowing
pink powder. :
10
Example 12
Preparation of Nickel Chloride Hexahydrate
This example again illustrates the prepaiation of an
inorganic compound using the method of the invention.
15
A 0.85% w/v solution of nickel chloride hexahydrate,
. NiCl,.6H,0 (Sigma Chemicals) in absolute ethanol was
introduced into a 32 ml particle formation vessel
using a three-passage nozzle. - The operating
20 conditions were 100 bar and 60°C, a solution flow rate
of 0.3 ml/min in the intermediate nozzle passage and
a supercritical CO, flow rate (in the inner and outer
nozzle passages) of 6.5 ml/min. The product collected’
was a very fine, free flowing powder.
25 |
Example 13

Enhancement of Purity of a Particulate Product
This example shows how the method of the invention may

be used to enhance the purity of a particulate
30 product, on precipitation of the product from a
solution containing impurities.

0.2022 g of salmeterol xinafoate was mixed with 0.0242



41. The tubes 30 and 40 have conically tapering-end portions 32 and 42,
respectively. The tips of the end 21 portions 32 and 42 define -
respective orifices 33 and 43, with the orifice 43 being a short distance
downstream of the orifice 33. As indicated in Figure 3B, the angle of taper
of the end portion 42 is about 5 [err] in this (non-limting) exanple. The
alternative nozzle illustrated in Figure 4 conprises three coaxial tubes
50, 60 and 70 which define an inner passage 51, an internmedi ate passage 61
10 and an outer passage 71 respectively. Tubes 60 and 70
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‘g of salicylic acid, analar grade (BDH Chemicals Ltd,
UK) {(the "impurity"), dissolved in 60 ml of absolute
ethanol and fed to a 50 ml particle formation vessel
through a two-passage nozzle. The operating
5 conditions were 200 bar and 50°C; a solution (10.69%
w/w salicylic acid in salmeterol) flow rate of 0.3
ml/min; and a supercritical CO, flow rate of 9 ml/min.

The product, a white fluffy powder, was collected and

10 analysed using HPLC. The analysis was carried out
utilising a Pye Unicam PU401S5 HPLC system (Pye Unicam
Ltd, UK), and a column 150 x 4.6 mm packed with 5
micron Spherisorb O0ODS2 (Jones Chromatography, UK) .
The mobile phase consisted of acetonitrile, 0.1M

15 aqueous ammoniu@ acetéte and 0.1M aqueous sodium
dodecyl sulphate (52:24:24 v/v) and the pH was
adjusted to 3.8 with glacial acetic acid. The flow
rate of the mobile phase was 2.0 ml/min. The
injection volume of the sample solutions prepared (5

20 wmg/ml + 0.5 wmg concentration) was 20 ql and the UV
detector was set at 278 nm and the integrator (Hewlett
Packard HP3394A) at an attenuation of 8.

Figure 37 is an HPLC chromatogram for the pure

25 salmeterol xinafoate used in the experiment. Figufé
38 is an HPLC chromatbgram for the pure salicylic acid
used. Figure 39 is an HPLC chromatogram for the
salmeterol/salicylic acid solution fed into the
particle formation vessel, and Figure 40 an HPLC

30 chromatogram for the product obtained through carrying
out the method of the invention.

Figures 39 and 40 reveal a significant improvement,



have conically tapering end portions 62 and 72, the angle of taper of the
end portion 72 being about [err] in this exanple. 15 The nozzle of Figure
4 agllows three fluids to be introduced into the vessel 6 at the sane tine,

| eading to greater versatility in use of the apparatus. For instance, it
I's possible to add through one of the three passages a desired carrier or
other additive 20 intended to formpart of, or be mxed wth, the final
particul ate product. The additive is then dispersed sinultaneously with the
substance of primary interest. Also, in situ reactions may be carried out

I medi ately prior to dispersion by the sug%rcritical'fluid, by 25

I ntroducing two or nore reactants in two separate vehicles through two of

the nozzle passagegiloWi®g use of the method of the invention, in the
purity of the salmeterol xinafoate, and an important
reduction in the salicylic acid concentration from
10.69% w/w to less than 0.8% w/w. This confirms the
S ability of the techniQue provided by the invention to
extract, selectively; one oOr more impurities from a
sample and hence to ehhance the purity of a desired
particulate product.

10 Example 14
Preparation of Lactose
In this example, the method of the invention was used
to prepare lactose, but using two vehicles instead of
one. Lactose is a water-soluble sugar, but water
15 would be unsuitable as the only vehicle because it is
insoluble in, and hence could not be extracted into,
supercritical CO,. Instead, a solution of lactose in
a relativelx small amount of water and a relatively
large amount of a second vehicle, methanol, which is
.20 both miscible with water and soluble in supercriticéi
CO,, was used. The solution was introduced with
supercritical CO, through a three-passage nozzle. It
is thought that the miscible water and methandl are
extracted together into the supercritical CO,, despite
25 the'insolﬁbility of water in the supercritical fluid.

0.3 g of alpha-lactose monohydrate was dissolved in 2
ml de-ionised water, 98 ml of methanol was added to
the aqueous solution and introduced into a 32 ml
30 particle formation vessel through a three-passage
nozzle. The operating conditions -were 270 bar and
"70°C, a solﬁtion flow rate (in the intermediate nozzle
paséhge) of 0.5 ml/min and a supercritical CcO, flow



reaction occurring at the passage outlets either imediately prior to, or
on, dispersion. 30 Alternatively, the nozzle of Figure 4 may be used to
introduce a flow of the vehicle (passage 61) sandw ched between an
i nner and an outer flow of the supercritical fluid (passages 51 and 71).
This | eads 22 to inproved dispersion of the vehicle, and hence to
greater control over, and uniformty of, particle size in the final
product; indeed it rmakes possible the formation of finer products than nmay
be achi eved using 5 a two-passage nozzl e. '
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‘rate (in the inner and outer passages) of 7.5 ml/min.

The product (a fine white powdef) was collected at the

‘end of the experiment. An SEM micrograph and XRD

‘patﬁern for the product are shown in Figures 41 and 42
S respectively.

In another similgr experiment, a 0.5% w/v solution of
alpha-lactose monohydrate in methanol:water (95:5 v/v)
was prepared and delivered to a 50 ml high pressure
10 particle formation vessel via a two-passage nozzle.
' The working conditions were 150 bar and 50°C, with a
flow rate of 0.7 ml/min for the solution and 9 ml/min
for the supercritical CO,.- The collected product was
a free flowing, fine white powder. Figures 43 and a4
15 show an SEM wmicrograph and XRD pattern respectively
for this product.
The SEM micrographs reveal a marked difference in the
shape of the lactose particles prepared under the
20 differeﬁt operating conditions. The XRD patterns
indicate the crystalline nature of the products.

Lactose is commonly wused as a carrier for
pharmaceuticals, in particular for drugs to be

25 delivered by inhalation methods. It is thus extremely
useful to be able to use the method of the present
invention to prepare lactose particles in a controlled
manner, despite the difficulty of dissolving lactose
in organic solvents.

30

Example 15

Preparation of Protein Particles
In this example, the method of the invention was used



In the nozzl e shown, inner tube 50 has an internal dianeter of 0.25mm
internmedi ate tube 60 has an internal diameter of 0.53mm and outer tube 70
has an 10 internal diameter of 0.8mm and an outside dianmeter of 1.5mm The
tip opening (73) has an internal dianeter of 0.2nm The tubes are all nade
of stainless steel. However, the nozzle may be nade of any appropriate 15
material and have any suitable dinensions. For instance, the internal
dianeters may be in the ranges 0.05 - 0.35mm (inner); 0.25 - 0.65mm
(internediate); and 0.65 - 0.95mm (outer), preferably between 0.1 and-0.3nm
(inner); 0.3 and 0.6mm (internediate); and 0.7 20 and 0.9 mm (outer). The
tip opening is likely to have an internal "dianeter in the range 0.1 - 0.3

mm  preferably b@&“eﬁPeBaéé agﬁk(ldgéépﬂsoluble protein R-TEM beta-
lactamase, again using two vehicles but in a different
manner. An aqueous protein solution was co-introduced
into a particle formation vessel with a second

5 vehicle, ethanol, which is both miscible with water
and soluble in supercritical CO,. The two fluids were
introduced, with the supercritical CO,, through a
three-passage nozzle, in such a way that contact
between the aqueous solution and the ethanol,

10 .dispersion of the solution and the ethanol and
‘extraction of the water and the ethanol all occurred
substantially simultaneously. It is thought that the
aqueous solution ard the ethanol "mixed" on contact,
and that the water and ethanol were then extracted
15 together into the supercritical CO,, despite the

insolubility of water in the supercritical fluid.

A 0.25% w/v solution of R-TEM beta-lactamase (kindly
provided by the Centre for Applied Microbiology,

20 .Porton Down, Salisbury SP4 0JG, batch number 1TEM1L88)
in de-ionised water"was fed to a 32 ml particle
formation vessel via the inner passage of a three-
passage nozzle, at a flow rate of 0.04 wml/min.
Absolute ethanol was co-introduced through the

25 intermediate nozzle passage at a rate of 0.4 wml/min
and supercritical CO, through the outer passage at a
rate of 8 ml/min.

Here, the use of a three-passage nozzle allowed the
30 aqueous protein solution to be mixed with the ethanol
' immediately prior to dispersion of the two vehicles by
the supercritical fluid. The contact time between the
équeous and the organic fluids was so short that the



In the apparatus of Figure 1, the supercritical fluid 25 is fed under
pressure (at a high flow rate when conpared with-the flow rate of the
vehicl e) through for exanple the inner nozzle passage 31 of the nozzle
shown in Figure 3, and the solution or suspension of the solid of interest
in a vehicle (hereinafter 30 referred to as the "liquid") is simultaneously
fed under pressure through the outer passage 41. It is believed that the
hi gh velocity supercritical fluid energing fromthe orifice 33 causes the
l'iquid 23 energing fromthe end of the outer passage 41 to be
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risk of protein unfolding or denaturing was minimal.

The particulate product formed retained substantial
enzymatic activity when tested colorimetrically using
5 the chrombgenic cephalosporin - Nitrocefin - (Oxoid,
Unipath Limited, Basingstoke, Hampshire, England) and
the assay method of 0O‘Callaghan {O’Callaghan, C.H.,
Morris, A.; Kirby, S. and Shingler, A.H.,
Antimicrobial Agents and Chemotherapy Vol. 1, pp 283-
10 288 (1972)]}. This illustrates the use of the method
and apparatus of the invention in prepariﬁg
particulate protein products in a controlled manner,
even where the proteins are insoluble in organic
solvents. ~
15
Example 16
Preparation of a Salmeterol Xinafoate and Polymer
Matrix (Alternative Method)
A similar experiment to Example 10 was carried out,
20 but using a three-passage nozzle to co-introduce
separate solutions of the salmeterol xinafoate and
hydroxypropylcellulose, so as to allow mixing of the
two compohents immediately prior to particle

formation.
25
Two separate solutions in acetone were prepared:
hydroxypropylcellulose (Klucel SL) at 0.05% w/v and
salmeterol xinafoate at 0.45% w/v. These were co-
introduced with supercritical CO, into a 32 ml
30 particle formation vessel. The working conqitions

were 120 bar and 60°C. The flow rates were 9 ml/min
for the CO, {(inner nozzle passage); 0.2 ml/min for the
polymer solution (intermediate passage); and 0.2



broken up into droplets from which the vehicle is substantial ly

sinmul t

forrmation of 5 particles of the solid previously held in the vehicle.

arieously.

extracted by t he supercritical fluid to result

to be understood, however-, that although it is believed that this

occurs,.
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i ndi cated. Al so,

superc

with t
i nner

we do n
physi cal

ot. wsh to be bound by this theoretical explanation,
processes occurring may not be 10 precisely.as just

in the
It is
s what
and the
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passes through the outer 15 passage 41, tfe configuration nmay be reversed,
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This use of the three-passage nozzle allows the two
reactants (drug and polymer) to be rapidly mixed in

situ prior to their dispersion by the supercritical
fluid.

A white fluffy powder was obtained as a product. A

product of similar - appearance was obtained using a

0.1% w/v solution of hydroxypropylcellulose and a 0.4%

w/v solution of salmeterol xinafoate. Figures 45 and
46 are XRD patterns for the first and second products
respectively. Increasing disturbance of the
crystalline salmeterol xinafoate can be seen with
increasing polymer content, cohfirming the inclusion

of the polymer matrix material into the product.

- The XRD patterns are comparable to those obtained in

20

25

30

Example 10. This supports the belief that rapid
mixing of the two materials takes place in situ,
before dispersion by the supercritical £fluid, when
using the'three—passage‘nozzle in this way.

Example 17

Reproducibility of the Invention
Two different solutions of salmeterol xinafoate in

acetone (0.6% w/v) were made. Each solution was co-
introduced with CO, at 300 bar and 35°C via a coaxial
nozzle into apparatus of the type shown in Figure 1,
on two different days. The flow rates used were 0.2

ml/min for the salmeterol solution and 6 ml/min for -

the supercritical CO,. The crystallised salmeterol
xinafoate provided from each solution was examined for



the nozzle of Figure 4, any one of the three passages nmay be used to carry
any one of a nunber of .desired 20 fluids, as appropriate. The nozzle 20
ensures dispersion of the vehicle containing the solid of interest by the
shearing action of the high velocity supercritical fluid, and 25 al so

t horough m xi ng of the dispersed vehicle with the supercrltlcal fluid which
si mul t aneously extracts the vehicle fromthe dispersed liquid, resulting in
substantially i mediate particle formation of the solid of interest.
Because the supercritical fluid 30 and vehicle are introduced coaxially,
and di spersion occurs substantially sinul$aneously with vehicle extraction,
a very high degree of control is possible of the conditions (e.g. pressure,
tenperature and paowicle size, size distribution, crystal shape and

twin impinger performance.

a) Particle size and distribution

B The particle size and distribution was determined
by laser diffraction (Malvern Mastersizer), see
Table 5.
Table 5 .,
.10
" Mean :
Particle %<5 %<10 Uniformity
Size microns | microns Index
(Microns)
SSample 7.2 - 31.6 | 67.8 9
A
SSample 7.7 28.3 64.5 9
15 B ‘
b) Crystal shape
The crystal shape was examined by SEM, see
20 - Figures 47 and 48.
c) Twin Impinger Performance
The particle size distribution of the salmeterol
25 xinafoate may be measured using conventional
techniques, for example by laser diffraction or
by the "Twin Impinger" analytical process. As
used herein reference to the "Twin Impinger"
assay means "Determination of the deposition of
30 the emitted deose in pressurised inhalations using

apparatus A", as defined in British Pharmacopoeia
1988, pages A202-207, Appendix XVII C, as applied



24 rate) affecting particle formation, at the exact tinme when it occurs.
are retained in the particle 5 formation vessel
1. The resul tant supercritical solution is fed by

The particles forned
collecting neans 2

by

conduit 16 to a back-pressure regulator 8 and is then fed by conduit 17 to
9 where it expands to cause the supercritical fluid to

a separation vesse
separate as a gas 10

vehi cl e may al so be

10

15

20

25

30

fromthe liquid vehicle. The gas may be fed by
conduit 18 to a tank 10 and returned by conduit 19 to the cooler 2. The

coll ected for
52

to a dry powder inhalation formulation. Such
techniques enable the "respirable fraction" of
the particulate substance to be calculated. As
used herein reference to “respirable fraction®
means the amount of active ingredient collected
in the lower impingement chamber per actuation
expressed as a percentage of the total amount of
active ingredient delivered per actuation_using

the twin impinger method described above.

In this experiment, a small quantity of drug was
filled into each blister of ‘a 4-blister dry
powder pack (Rotadisk™). The contents of each
blister were emptied, via a dry powder inhaler
device (Diskhaler™), into the Twin Impiﬂger
apparatus set to an airflow rate of 60 litres per
minute. Each stage of the Twin Iﬁpinger
apparatus contained a quantity of dissolving
agent, methanol (stage 1, 7ml and stage 2, 30ml).
The .blister and inhaler device were washed with
methanol and the resultant solution made up to
50ml. The stage 1 of the Twin Impinger apparatus
was washed with methanol and the resultant
solution made up to 100ml. The stage 2 of the
Twin Impinger apparatus was washed with methanol
and the resultant solution made up to 100ml. The
solutions were diluted by 10:1 with methanol.
The diluted solutions were assayed by UV
spectrophotometry and - the quantity of drug
delivered to each stage of the Twin Impinger
apparatus was calculatéd. The results dre shown
in Table 6. ;



subsequent re-use. Means, not shown, may be provided to snooth the flow
pul se of fluids produced by punps 15 3 and 4, so as to elimnate, or at-

| east reduce, any flow pul sations. Wen sufficient particle formation has
occurred in the vessel 6, it iis flushed through with clean, dry 20
supercritical fluid, so as to ensure renoval of any residual vehi cl e.

The vessel can then be depressurised and the particul ate product
renoved. The alternative apparatuses shown schematically in 25 Figures 2A
and 2B are for use in continuous particle formation. That .shown in Figure
2A includes two particle formation vessel £36a and 6b, each of the type

shown in Figure 1 and each including an iniet nozzle 20 and a particle
col l ecting means (such as a filter) Table 6

" Drug Deposition as a % of
Total Drug Recovered

P Sample Device | Stage 1 | Stage 2 “
Co

nventionally
crystallised salmeterol | 17.0 72.8 10.2
xinafoate (micronised)

Salmeterol xinafoate
prepared according to 24.4 57.6 18.0
10 the present invention,
Sample A '

Salmetexrol xinafoate
prepared according to 20.7 56.2 23.1
the present invention,
15 Sample B

The stage 2 deposition represents the fine particle
'mass (respirable dose) reaching the deep lung.
20 Salmeterol xinafoate prepared using the present
invention shows supérior stage 2 deposition. This
indicates the improved flow properties, fluidisability
and reduced static of the superdritical fluid
crystallised salmeterol xinafoate.
25
An interesting feature of the drug prepared using the
present invention is that the supercritical fluid
crystallised salmeterol xinafoate with .a particle size
greater than that of conventionally crystallised
30 salmeterol xinafoate (micronised) gives higher
deposition (respirable dose) in the stage 2 of the

Twin Impinger.

The results from the particle size analysis, crystal
35 shape and Twin Impinger show that the process of the



.30 21. Oven 7 serves both vessels. In the apparatus of Figure 2A, valve A
controls the supply of the supercritical fluid and the vehicle 25
(containing the substance of interest) to the two vessels 6a and 6b, and
ene-way valves E and F control the outlets fromthe two vessels to.the
back- pressure regul ator 8. Valve D controls the supply of the 5 vehicle
to valve A. Valves B and C are needle valves, and itens 80 and 81 are
vents. The apparatus nay ~ be "continuously" operated as follows. Valve
Ais firstly set to supply fluids to
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invention is essentially reproducible when using the

same crystallising parameters.

S The above examples show how the apparatus and method
of the present invention can be uéed to produce
particulate products of various types in a highly
controlled manner. It will be appreciated that the
invention can have much wider applications,

10 including for instance:

* to produce controlled size and shape particles
of products for use in the pharmaceutical,
photographic, ceramics, explosives/propellants,

15 dyestuffs and food industries and others, especially
of products which decompose or are otherwise
compromised when subjected to conventional particle
formation and milling techniques.

20 *  to produce solid, stable forms of molecules and
macromolecules which are difficult to process or
freeze dry (e.g. proteins, peptides and polymers
generally).

25 % to produce-a particular polymorphic form of a
compound or to separate and/or enrich mixtures of
isomers (including optical isomers) or polymorphs.

* to purify drugs and other products, by removal
30 of trace impurities (including solvents) using
' controlled selective precipitation (i.e. using the
iﬁvention to precipita;e the impurities themselves).



10 vessel 6a, in which particle formation is allowed to occur, as described
in connéction with Figure 1. Valve Eis set so that the resultant
supercritical solution may drain fromvessel 6a to the back-pressure

regul ator 8 for subsequent recycling. 15 When sufficient particle formation
has occurred, valve Dis closed to stop the flow of vehicle, whilst the
supercritical fluid continues to flow through vessel 6a to dry (flush) the
product. Valve Ais then set to 20 supply fluids to the enpty vessel 6b,
and valve D re-.opened, whilst valve Bis opened so as slowy to
depressurise vessel 6a. One-way valve E elgdgri nates any chance of a
back-fl ow from vessel 6b or of disruption of the particle fornation process

now * to coat substrates in a controlled manner,

including with thin film liquid coatings. -

* to control "doping" of compounds in products
5 based on crystal lattices, or to produce intimate
blends of two or more products.

* to prepare completely new phases or materials
under conditions not achievable using conventional
10 particle formation techniques.



25 occurring in vessel 6b. Vessel 6a is renoved for collection of the
product, and then refitted and re- pressurised ready for re-use.
Supercritical solution drains fromvessel 6b via valve F—whi-ch—s—set-

appropriately. 30 Once particle formation in vessel he
valves are set back to allowit to continue in vessefﬂﬂlﬂ"ﬂﬂiﬁ!ﬁﬂlﬁ“ﬂ,s
flushed and enptied. In this way, 26 particle formatronel *
apparatus can conti nue uninterrupted.

56
Claims
1. Apparatus for use in the formation of a.

particulate product, comprising a particle formation
vessel; means for controlling the temperature in
5 said vessel; means for controlling the pressure in
said vessel; and means for the co-introduction, into
.said vessel, of a supercritical fluid and a vehicle
‘containing at least one substance in solution or
suspension, such that dispersion and extraction of
10 the vehicle may occur substantially simultaneously
by the action of the supercritical fluid.
2. Apparatus according to claim 1, additionally.
comprising means for the collection and/or retention
of the particulate product ‘in the particle formation
‘15 vessel. |
3. Apparatus according to claim 1 or claih 2,
additionally comprising means for recovering the
supercritical solution, formed on extraction of the
vehicle into the supercritical fluid, from the '
20 particle formation vessel; means for éeparating the
components of the supercritical solution; and
optionally means for recycling one or more of said
components back into the apparatus.
4. Apparatus according to an? one of the preceding
25 claims, comprising more than one particle formation
vessel and/or more than one means for the collection
of the particulate product either in the particle
formation vessel or downstream therefrom, to allow
for substantially continuous operation of the
30 apparatus through switching from one particle
formation vessel or collection means to another as
required.

5. Apparatus according to any one of the preceding



The apparatus shown in Figure 2B includes‘only one 5 particle formation
vessel 6, which does not contain any particle collecting neans, and two
particle collection vessels 25a and 25b downstream of "V '

vesset—6—The
supercritical fluid carries the forned particles to th n_vessel s
25a and 25b. 10 The apparatus al so includes an inlet nlﬂ"ﬂ”ﬁﬁ"’ﬂ ””"It
26, a back pressure regulator 27, an oven 7 and val ves

Supercritical fluid and sol ution (vehicle) are fed to the nozzle 30 where
shown. 15 The apparatus m ght be used as follows. Initially, (valves CDE

and F cl osed) the systemis pressurised angy stable working conditions are
net; valves B and H

claims, wherein at least the particle formation
vessel may be substantially completely sealed from
the external environment during use of the
apparatus. '

5 6. Apparatus accordin§ to any one of the preceding
claims, wherein the means for the co-introduction of
'a supercritical fluid and a vehicle into the
particle formation vessel allows them to be
introduced with concurrent directions of flow.

10 7. Apparatus according to claim 6, wherein the
means for the co-introduction of the supercritical
fluid and the vehicle comprises a coaxial nozzle,
the outer end of which communicates with the
interior of the vessel, the nozzle having coaxial

15 passages which terminate adjacent to one another at
the outlet end, at least one of the passages serving
to carry a flow of the supercritical fluid, and at
least one of the passages serving to carry a flow of
the vehicle in which a substance is dissolved or

20 suspended.

8. Apparatus according to claim 7, wherein the
nozzle has two coaxial passages, an inner and an
outer. ) ‘
9. Apparatus according to.c1aim 7, wherein the.

. 25 nozzle has three coaxial passages, an inner, an
intermediate and an outer.
10. BApparatus according to any one of claims 7-9,
wherein the opening at the outlet end of the nozzle
has a diameter in the range of 0.05 to 2mm.

30 11. Apparatus according to any one of claims 7-10,
wherein the angle of taper at the outlet end of the
nozzle is approximately 30°. .

12. Apparatus according to any one of claims 8-11,



are then closed, driving the flow of supercritical 20 flu hr ough val ve
only. _The vehicle and substance of interest are mtroduceHimtﬂl’mﬂfmuﬁ
and’ t he particles formed are transported by the supercrit 'ﬂ
valve A to collection vessel 25a which contains a particle retenti &

device. The retention 25 device is placed at the outlet of -the vessel to

ensure maxi mum col |l ection vol une. The solid-free supercritical
solution (the supercritical fluid and the vehicle) flows across valve Gto
t he back pressure regul ator 27. On enmerging fromthe back pressure 30

regul ator the supercritical solution expandsggnto a |arge pressure
resi stant vessel (not shown), where the vehicle separates fromthe gas and
bot h can be recycl atherein the ratio of the internal diameters of the

outer and the inner passages is between about 3 and
S.
13. Apparatus according to claim 9, wherein the

S ratio of the internal diameters of the outer and
intermediate passages is between about 1.4 and 1.8.
14. Apparatus according to .any one of the preceding
claims, wherein the means for controlling the
temperature in the particle formation vessel

10 comprises an oven. ,

15. Apparatus accordiﬁg to any one of the preceding
claims, wherein the means for controlling the
pressure in the particle formation vessel comprises
a back-pressure regulator.

15 16. Method for the formation of a particulate
product which comprises the co-introduction of a
supercritical fluid and a vehicle containing at
least one substance in solution or suspension into a
particle formation vessel, the temperature and

20 pressufe in which are controlled, such that
dispersion and extraction of the vehicle occur
substantially simultaneously by the action of the
éupercritical fluid.

;17. Method according to claim 16, wherein the co-

25 introduction of the supercritical f£fluid and the
vehicle is effected using a coaxial nozzle the
outlet end of which communicates with the interior
of the particle formation vessel, the nozzle having
coaxial passages which terminate adjacent to one

30 another at the outlet end, at ‘least one of the
passages serving to carry a flow of the
supercritical fluid, and at least one of the.
passages serving to carry a flow of the vehicle.



27 \When the collection vessel 25a is full, switching takes place, closing
val ves A and G and si nul t aneously openi ng val ves B and H_This—attows—the

flow of the supercritical solution, enmerging fromvessel 6, i '
second col l ection vessel 25b. Valves C and G are opened afsﬁﬂ m! ﬁ“!“““
* e wulsl *

switching to ensure a high flow of supercritical fluid to

coll ection vessel 25a, i.e.-the supercritical solution volune is replaced

by a supercritical fluid vol une. It is 10 estimated that 1-2 tines the

vol une of the collection vessel, of the supercritical fluid, ensures a dry
' 59

18. Method according to claim 16 or claim 17,
carried out using apparatus according to any one of
claims

1-1S5.

5 19. Method according to any one of claims 16-18,
wherein the supercritical fluid is carbon dioxide.
20. Method'according to any one of claims 16-19;
wherein the supercritical fluid contains one or more
modifiers. -

10 21. Method according to any one of claims 16-20, ‘
wherein the product to be formed is a pharmaceutical .
compound.. .

22. Method according to any one of claims.16-21,
additionally comprising the control of one or more

15 of: the flow rate of the supercritical fluid and/or

" the vehicle; the concentration of the substance(s)
in the vehicle; and the temperature and pressure
inside the particle formation vessel.

23. Method according to any one of claims 16-22,

20 wherein the pressure in the particle formation
vessel is maintained substantially in excess of the
critical pressure for the supercritical f£luigd,
whilst the temperature in the vessel is maintained
at slightly above the critical temperature for the

25 supercritical fluid.

24. Method according to any one of claims 16-23,
wherein the ratio of the vehicle flow rate to the
supercritical fluid flow rate is between 0.001 and
0.1. _

30 25. Method according to any one of claims 16-24,
additionally'comprising the step of recovering and
optionally recycling the vehicle and/or the

supercritical fluid following pafticle formation.



powder. The flushing tinme is generally short owing to the fact that the

particles are ogsup¥png—Lhe~¥eLune of the collection vessel. After

flushi ng, val ves G-are closed and valve F (a needle valve) is
st oWl y opened to @ﬂ ﬁll l“ m,m full coll ecti on vessel 25a. Since the
particul ate prodd vessel volunme only a small anount of
supercritical fluid is di scharged mai nly the internal volune of the 20

fittings involved. The full collection yessel 25a is remved and the dry
powder collected. After refitting and r ?)ressurisi ng via valve C, the

Wi oh has marts i et SaTT SreT oy st o, SREOHRR o T R
benefits of -udelgheheoQppy QN Q)ﬁ‘g FHiajre 168 25.

27. Apparatus for use in the formation of a

particulate product, the apparatus being

S substantially as herein described with reference to

the accompanying illustrative’drawings. '

28. Method for the formation of a particulate

product, the method being substantially as herein

described with reference to the accompanying

10 illustrative drawings.



I ncl ude: 30 1. The el imnation of depressuri si ng and
pressurising steps of the reaction vessel every tinme product 1is collected.
This coul d nean 28 considerabl e reductions in the amunts of fluids
bei ng di scharged, in particular when using a |arge volune particle
formati on vessel (scaling up) or expensive high purity gases. 5 2.
Significant time saving during the flushing -
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Abstract

Title: METHOD AND APPARATUS FOR THE FORMATION
OF PARTICLES

The invention provides a method for the formation of
5 a partieculate product which comprises the co-

introduction of a supercritical fluid and a vehicle
containing at least one substance in solution or
suspension into a particle formation vessel, the
temperature and pressure in which are controlled,

10 such that dispersion and extraction of the vehicle
occur substantially simultaneéusiy by the action of
the supercritical fluid. The invention also
provides a particulate product of such a method; .
apparatus for use in carrying out the method; and a

15 nozzle for use in the apparatus for co-introducing
fluids into a particle formation vessel.

Figure 1



(drying) procedure. In a batch particle formation process only a
rather small volunme of the reaction vessel is occupied by the product 10
and the remaining volume (where dispersion takes place) is taken up by the
supercritical solution. This mixture will eventually be replaced by at

| east the sanme volunme of the supercritical fluid in the flushing procedure,
whi ch can therefore 15 t ake alﬂéﬁg ti me when scal ed up. 3. The

envi ronment and workers are | ess gﬁgﬁﬁﬁggig¥the products during the
recovery step. In sone cases it i f to collect products 20
directly froma large reaction vessel due to handling inconveni ence or
because the products of interest are light, oxygen or humdity sensitive
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whi ch m ght affect their characteristics or purity. 25 It is to be
under st ood that the apparatuses of both Figures 2A and 2B are within the
scope of the present invention, and that they may both be used to carry out
the met hod of the invention. 30 The invention will now be further
illustrated by the following non-limting exanples. 29 Exanples 1-5
(I'ntroducti on)
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Exanples 1-8 and 17 relate to the preparation of the conpound

4-hydroxy [err] - | 16- (4- phenyl but oxy) hexyl]am nol nethyl]-1,3- 5
benzenedi net hanol (sal neterol), 1-hydroxy-2 -

napht hal enecar boxyl at e( xi naf oate) using a nethod and apparatus according
to the present invention. Sal meterol xinafoate is a pharnmaceutica
general ly delivered by inhalation nmethods, which needs to be 10 prepared
in a crystalline form The pBédent invention, as illustrated

bel ow, nmay be used to prepare the pharnmaceutical in an easily handl ed and
easily fluidised crystalline form wth a controlled particle size and
shape, with extrenely high purity 15 and in a particul ar desired
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after mcronisation (fluid mlling), exists in a formwth poor flow
characteristics, for exanple it is 20 cohesive and statically charged,
which results in difficulties in handling the drug substance in
pharmaceutical fornulation processes. In contrast, the present invention
may be used to 25 prepare salnmeterol 4xjpafoate in a formwth a dynamc
bul k density of less than O .1 g. [err?, for |nsw%nce I n the range bet ween
0.01 and 0.1 g [err], in particular between 0.01 ah@UWE753 rr] 30 The
dynam ¢ bul k density (W is indicative of a substance's fluidisability and
Is defined as: [err]

Flow Direction

Figure 3A

30
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_————\\ _—

30 where P is the packed bulk density [err], Ais the aerated bulk
density [err] and C is the conpressibility (%9 where Cis calculated
by the equation: 5 [err] P Cearly, therefore, a
|l ow figure for Wcorresponds to 10 a high degree of fluidisability. Thus,
when conpar ed agai nst conventionally crystallised sal neterol

xi naf oate, both before and after micromMéation, salneterol xinafoate
prepared 15 using the present invention exhibits a significantly |ower
dynam ¢ bul k density than the conventionally

Flow Miredion

.
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crystallised sal neterol xinafoate (see Table 2 in Exanple 1 below). 20 It
w Il be appreciated that in the case of an inhal ed pharmaceutical, such as
sal neterol xinafoate, it is particularly desirable to produce a drug
substance which is readily fluidisable, thereby potentially inproving its
I nhal ati on properties. 25 The sal neterol xinafoate prepared using the
present invention is al so observed gshave i nproved handl i ng and
fluidising characteristics conparepyy pbt s conventionally crystallised
sal neterol xinafoate. 30 Furthernnre—ﬂzrrS“pa?tlcle si ze and shape can

be readily controlled, as illustrated by the el ectron- m crographs
acconpanyi ng the exanples.
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It bhas al so been found that conventionally 35 crystallised

sal net erol xi nafoate, when studi ed by 31 differential scanning
calorinmetry (DSC), shows a transition between two forns (hereinafter

"Pol ynorph 1" and "Pol ynorph 11") occurring between 120 and [err]. A DSC
profile for conventionally crystallised- 5 salneterol xinafoate show ng the
characteristic two peaks for Polymorfd¥2 | and 11 is shown in Figure 5.
However, using the present inventiqn, and as_ described bel ow, sal neterol

xi naf oate nmay be prepared in the 18 /G6HE of6 pure Pol ynorph I,
characterised by a single
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endot herm at about [err] recorded by DSC - see Figure 6 and Exanple 2.
Smlarly, it may be prepared in the formof pure Pol ynorph |

characterised by a single endothermat about [err] recorded by DSC - 15

see Figure 8 and Exanple 2. M xtures of the two pol ynorphs, in controlled
proportions, were also achieved in Exangle 2. The prepared pol ynorphs are
al so stable, neaning that 20 there i8/ transition fromone pol ynorph to
anot her observed under the DSC conditions. Exanples 1-5, illustrating the
preparation of such forns of salnmeierol xinafoate and their physical 25
properties, were carried out .4dﬁlﬂgliaggaratus substantially the sane
as that illustrated in Figures 1-4, using a 32 m particle formation vessel
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t wo- passage coaxi al nozzle having the follow ng di nensi ons: 30

outer dianeter I nner di aneter outer tube: 1. 58mm

0. 75mm i nner tube: 0. 63mMm 0. 20mn 32 The tip
orifice (43 in Figure 3B) was 0.32mmin dianeter, and both the inner and
outer tubes were made of stainless steel. 5 Exanple 1 Conventionally

crystallised sal meterol xinafoate, bpt4gpe before and after m cronisation, was
conpar ed agai nst
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sal neterol xinafoate prepared using the nmethod of the present invention, as
descri bed above. For sanple 1, 10 the conditions used were a 0.63% wW v
solution of sal nmeterol xinafoate in acetone, 300 bar and [err]. For sanple
2, the conditions were a 0.50% w v solution of salneterol xinafoate in
acetone, 100 bar and [err]. In each 10(21'34? the solution flowrate was 0.4
m/mn, 15 and supercritical [err] o-introduced into the particle

formati on vessel at a flow rate of Mhe dynam ¢ bul k densities for

all the sanples are shown below in
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33 Table 2 Sanpl e Dynam ¢ Bul k Density conventionally
crystallised 0.312 5 sal neterol xinafoate (non- m cronised)
conventionally crystallised 0. 137 sal neterol xinafoate

(m cronised) 10 sal net erol xi nafoate prepared 0.033 using the
present invention (sanple 1) sal neterol xinafoate prepared 0. 059
using the present invention 11/42
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15 (sanmple 2) (The conventionally crystallised sal neterol xinafoate was
prepared using the nethodol ogy described in International Patent

Speci fication No. WO 92/09557.) 20 Exanple 2 Contr oltnRkyk rratlon of the
Pol ynor phs of Sal meterol Xinafoate A solution of sal gae€ in
met hanol (0.6% 25 w v) was co-introduced into the parﬁ'm% n vessel
with [err] at 300 bar and [err] viaa/£paxial nozzle |Iy
handl abl e powder w thout significant static charge was forned The pr oduct
was characterised by differential scanning calorinmetry 30 (DSC) and by

X-ray powder diffraction (XRD), andFfgiare //
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are shown in Figures 6 and 7. A highly crystalline product vvith weII
defined nelting point (peak heat flow=s[err]) was obtaine

intensities in the XRD pattern were observed at 4.2, 17. gh' S een Re afl:ed
degrees 2 theta. This material was defined as Pol ' uum '
6%

anot her experinent, a solution of salnmeterol 5 xinafoateli
w v) was co-introduced into the partizf4e2formation vessel with [err] at 250
bar and [err]. A dry, weasily handlable powder wthout significant
static charge was forned. The data froffjqure /2

o
(e ]
(Tg)
— ~
y =
n
©
- [em )
© <
™ S
-— --‘.
=
<
x
—_—— o
Q
7o)
T™
g8 §
S =
™
(O]
~
3
ES )
(i8]
b= v
- 0]
18 o
- €
~ o
~ =
@©
-
[an]
- [am]
(=]
™™
| o
Lal
E I~
N
m
[ o
O (o)
72
’e Q =
n
- Q) o N
o 1) — ~ 0~
™ o -~
NN OO~ o
— e (0 O\ — -\ [=]
. . . . =]
= - =M - =100 )
w £Qw—- EZAMO is
= Qb — Q- — =
< @ . @ -
(o' w - W - X
e x we
X W
E < G < 0o
Q ! Z \ w Zz N
73] a Q" a (o B
~—— { —+ +
o
S 8 38
o - [

(Mu) MOTJ 23BSH



DSC and XRD are shown in Figures 8 and 9. A second 10 pol ynorph was

obt ai ned, defined as Polynorph Il. This formwas crystal

defined melti ng point (peak heat flow = [err]). A di ffer1Le Srg?‘ Lshle@n laLed
from Pol ynmorph | was obtained with a new maj or intensi ty
t het a. The change in 15 working conditions led to the
pure, higher nelting point phase (Polynmorph I1) which had preV| ousl y onI y
been observed, in prior known nethodsl4of42 preparing salneterol xinafoate,
after heating Polynorph | at tenperatur.es whic aused heat induced 20
transition. Controlled formation of mE&MQm__él ynorph | and Pol ynor ph
Il was al so achi eved by varying the working conditions. DSC and XRD data
(see Figures 10 to 13)
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25 confirmthe m xed phase status of these products with increasing

Pol ynorph || conponent as the working tenperature was incf a@edHaEBéémQLp?ac
30 Control of Particle Size and Size Distribution A soluti %il
xi nafoate in acetone (0.6% w v) was co-introduced into the aw
formati on vessel with [err] at 200 bar and [err]. A series o

products was obtained by changing the flowrate ratio of sal neterol
xi naf oat e sol utlon/supercrltlcal [err]iswhere the flowrate ratio is

defi ned as: Fiaure 14

Fiqure 15




5 (flow rate of vehicle containing the solute) (flow rate of
supercritical fluid) 10 The flow rati o was changed betweeﬁnQS}Q&H@g‘ﬁL

with a flowrate of 9mM/mn for the supercritical CQ2. The ced
easi |y handl abl e products wi thout significant static charg

by scanning 15 electron mcroscopy (SEM ,apnd by laser diffra

Mastersizer E) for particle size anal yS|s (see Figures 14 to 17). It
was found that by decreasing the £] ow te7 atio of sal nmeterol xinafoate
solution/ supercritical [err], fi ng_%grfg—c—l—é could be 20 obtained (see
Figures 14 and 15) than for hi gher fluid flowrate ratios (see Figures 16
and 17). The % 2!
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the present invention (sanple 1) 15 Sal net erol xi naf oate 18. 84
5.7 ~ 16.1 19. 2 prepared using the present invention 20 (sampl e 2)
The uniformty index is defined as: 25 100 X [parti cl ethi et bis Bt Replaceq
cunul ative undersize] [particle size at 90% cumul ative u ]

anot her experinent, a solution of salneterol xinafoate i ‘ﬂ fw
wv) was co-introduced 30 into the paftdicle formation vessel W

150 bar

(0.2%
r] at

Fiqure Q0

Fiqure 2/




and [err]. The dry, easily handl abl e product w thout significant static
charge was exam ned by SEM (see Figure 18) and found t@mbﬂwawnp&&ed
needl e shaped particles with a nmaxi num particle dlnen5| 300
m crons. Thus, by controlling and changi ng the worki ng HmL
particle formation process of the present invention, salne er

products 37 conposed of particl est W44 different particle sizes and SI ze
di stributions were produced. Exanpl,e. 4
P WFEiqure 22
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5 Contr ol
et hanol
with [err]

[err].

PERK IN~ELMER

of Particle Shape A solution of sal neterol

at 300 bar and either [err] or [err].

a solution of salnetero

easi |y handl abl e product w t hout

qrgd with the acicular,
?iﬁgéyggﬁggép) 15 In another
n acetone (0.6% w v) was

with [err] at 200 bar and

xi nafoate in 96%

(0.8% w v) was co-introduced into the particle formation vesse
The dryThe&BtMﬁsB&ﬂﬂk
products without 10 significant static charge were exanln
product obtained at [err] was conposed of bl ade-1ike shap
reduced el ongation (see Figure- -19) co
shaped particles produced at [err] (
experi nment,
co-introduced into the particle formation vessel
The dry,
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20 significant static charge was exam ned by SEM (see Figure 21) and the
particles were found to be plate- like mcrocrystalline accretions. Thus by
controlling the working conditions of the 25 particle formation process,

sal neterol xinafoate products having different particle shapes may be
produced. Exanple 5 30 Formation of Particles with Sal neterol Xi nafoate
Deposited onto a Solid Substrate A solution of salneterol xinafoate in

met hanol (0.6% w' v), al so containing a1 Mxspersion of silicon dioxide

Figure 2%
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38 funmed B.P. (0.06% W v), was co-introduced with [err] at 300 bar and
[err] into the particle formation vessel. A second nethanol solution, as
above but wi thout dispersed silicon dioxide fumed B.P., was simlarly 5
co-introduced into the particle formati on vessel under equival ent working
condi tions. The resultant dry, easily handl abl e powdered products w thout
significant static charge were exam ned by differential scanning
calorinmetry (DSC) (see Figures 22 and é%)d and X-ray 10 powder diffraction
(XRD) (see Figures 24 and 25). The DS Adfile for the sanple with

sal neterol xinafoate deposited ontg the silicon dioxide funmed particles
(Figure 22) showed a wider nelti ngf@ﬂtﬁ&neﬁﬁw’th a | ower peak heat flow
tenperature than that for the
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15 sal meterol xinafoate sanple wi thout silicon dioxide funed, prepared
under equivalent conditions (Figure 23). The XRD pattern for the sanple
with sal net er gy iaalaate Rgmesi t ed onto the silicon dioxide fumed
particles (Figu flied reduced crystallinity, 20 as indicated by
t he reduction |HMBME% lmitnsi ty values, conpared to that for the

sal neterol xina I"'e"Wi t hout sjidjgon dioxide fumed prepared under
equi val ent conditions (Figure 25). 25 These data indicate the deposition
of salnmeterol xinafoate onto silicon dioxide particle substrates, using
the nethod of the present invention, with changes in the degree of
crystallinity of salneterol xinafoate, conpared wth sanples of sal neterol
30 xi naf oate prepared under equival ent working conditions
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W thout silicon dioxide -particles as a solid substrate. The exanple
illustrates how the invention nay be used to prepare nmulti -conponent
particul ate 39 products, in this case containing a substance of interest
on a carrier substrate. Exanple 6 5 Use of Larger Scal e Apparatus Figures
26 and 27 A - F show the construction of a relatively large-scale particle
formati on vessel 90 which may be usedxq g2apparatus according to the present
i nvent i on. The vessel includes an inner
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10 reaction chanber 91 and vessel wall 92 and a screw threaded end cap 93
engageable with the upper end of wall 92. A lid 94 has a central opening
95 for a nozzle assenbly and a peripheral opening 96 for an outlet, which
will contain a particle retaining device 15 (e.g. a filter). In the Figure
27, A - Cshowthe nain vessel with its outer wall 92; D shows the end cap
93; E shows the |lid 94 and F an O ring seal 97 used to sealthe upper end 20
of the reaction chanber 91. Di nensigﬁd4?n nm are shown for the various

conponents. Vessel 90 was used with a two-passage nozzle to carry out the

method of the present 353w 15KU WD:6MH  $:606000 P:e0023 NN

SEM phot ographs (Fig LGB emmmrvmae oo m e o n pattern
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(Figure 30) are provided for the sanple obtained. Operating conditions were
a 1.25% w v solution of salneterol xinafoate in acetone, at 100 bar and
[err]. 30 Cearly, the present invention may be carried out using

rel atively | arge-scal e apparatus and still be effective in the controlled
formation of particle 40 products. Exanple 7 Effect of Operating
Conditions on Particle Size 5 The in¥&mM3aon was carried out in a simlar

manner to
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that described in Exanples 1 - 5, using a particle formation vessel of 50
nil capacity and a two-passage nozzle, in order to produce particles of

sal net erol xi naf oat e. The effects of changing tenperature, 10 pressure
and supercritical fluid flow rate, on the nmean size of the product
particles, were investigated. The results are shown in Figures 31 - 33.
Figure 31 is a graph of nean particle size dianeter 15 - (mcrons),

nmeasured wusing the Mal ver n si zi n2tdcdhni que, versus tenperature [err]
in the particle formation vessel. The sal neterol xinafoate was
precipitated at 300 bar from acetone. The quoted flow rates represent
acetone/sal neterol solution flow rates 20 at a constant [err] flow of 9

m/min. Figure 32 shows themfépach OSYiSédD)fg?ﬂ”eetg}- (micron)
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particle size at four different tenperatures. Flow rates were 0.1 ml/mn
for the acetone solution and 25 9 m/mn for the [err]. Figure 33 shows a
graph of [err] ("SF") flow rate versus particle size, the sal neterol
xi naf oate being precipitated fromacetone at an acetone/sal meterol 30
solution flowrate of 0.3 m/mn and a 1.25% w v concentration. The
operating tenperature was [err], the %%fure 120 bar. 41 Exanple 8 Use
of Three-Passage Nozzl e
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The above exanples were all carried out using apparatus simlar to that
shown in Figure 1, and a 5 two-passage inlet nozzle of the type shown in
Fi gures 3A and 3B. In contrast, the present exanple was carried out

using a three-passage inlet nozzle of the type shown in Figure 4,
having the follow ng dinensions: 10 External I nternal dianeter
di ameter Quter tube 70 1. 529 ma 0.75 mm 15

I nt er nedi at e tube 60

0. PeEm size [Didmmetenndmicho @)

0.30 mMm 0.15 mm Nozzl e opening: 0.22 mminternal diameter. Al tubes
of the nozzle were nmade of stainless steel. — — —
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20 The particle formation vessel used had a capacity of 32 m. A sanple of
sal neterol xinafoate was prepared froma 0.5% w v acetone solution at 200
bar and [err], using 25 an acetone/sal neterol solution flowrate of 0.2
m/mn through the internedi ate nozzl e passage, and a CO2 flow rate through
the inner and outer nozzle passages of 5 ml/mn. Figure 34 shows X-ray
data for the sanple obtained. 30 O her3¢esampl es have been prepared using the
same three- passage nozzle.
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42 Exanple 9 Preparation of Particul ate Polystyrene This exanple
illustrates the use of the present invention to prepare particul ate sanpl es
of polyners. 5 A polystyrene powder (nolecular weight 280,000, Aldrich
Chem cal s) was dissolved in toluene to prepare a 0.18% w v sol ution.
Apparatus simlar to that shown in Figure 1, using a two-passage nozzle and
a 50 mM 10 particle formation vessel, was operated at 100 bar and [err]
using [err] at a flowrate of 7 ml/mn3dnd2a tol uene/ pol ystyrene sol ution
flowrate of 0.2 m/mn. A fine, whitentndey (RS obtai ned as a product. 15
A simlar product was obtained using a .second
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pol ystyrene powder (nol éecul ar wei ght 450,000, Al drich Chemicals) as the
starting material. Exanple 10 20 Preparation of a Sal neterol Xi nafoate and
Pol ymer Matrix An acetone solution containing 0.45% w v of sal neterol

xi naf oate and 0. 05% w' v hydroxypropyl cel |l ul ose (Kl ucel SL) was prepared
and fed into apparatus simlar to 25 that shown in Figure 1, using a

t wo- passage nozzle and a 50 m partichg ormation vessel. The operating
conditions were 120 bar and [err], wth flow rates of 0.4 m/mn for the
sal meterol /pol yner solution and 9 m/mn for. the supercritical [err]. A

fine, white 30 powder containing 10% w w hydr oxypropyl cel | ul ose in B
sal neterol xi nafoate was obtai ned as a product.
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A product of simlar appearance, but containing 20% 43 W w
hydr oxypr opyl cel | ul ose, was al so prepared froma second sol ution, using the
same operating conditions as for the first product. 5 Figures 35 and 36 are
X-ray powder diffraction patterns for the first and second
sanpl es respectively. I ncreasing disturbance of the crystalline
aal neterol xinafoate can be seen wt h3%pg%easi ng hydr oxypropyl cel | ul ose

t

content, confirmng 10 the inclusion o e polymer matrix material into
t he sanpl e.
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-This exanple thus illustrates how the present invention nmay be used to
prepare mul ti-conponent 15 particles, in this case of a pharmaceutical with
a polymer matrix. The incorporated second conponent nmay be a
pharmaceutically acceptable carrier such as a polynmer (eg. starch or
hydr oxypr opyl cel l ul ose), silicon dioxide, sorbitol, mannitol or |actose.

It 20 may be used to nodify the dlssolgtlon performance or ot her properties
of a drug or simlar substance. 11 Preparation of Cobaltous Nitrate
25 Thi s exanpl e denonstrates the use of the present invention to prepare
particul ate inorganic, as well as organic, products. This suggests the
useful ness of the invention in preparing, for exanple, dyestuffs,
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expl osi ves, photographic materials and other inorganic 30 products where
inproved control over particle properties may be required. A 0.25%

w v sol ution of cobal t ous nitrate 44 [err] (BDH Chem cals) in
acetone was prepared and fed to a 50 ml particle formati on apparatus
simlar to that shown in Figure 1, using a two-passage nozzle. The

operating conditions were 100 bar and 5 [err], a solution flowrate of 0.2

m /mn through the internediate nozA¥® 4assage and a supercritical C02 flow
rate through the outer and inner nozzl e passages
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of 9 m/mn. The product obtained was a free-flow ng pink powder. 10
Exanple 12 Preparation of N ckel Chloride Hexahydrate This exanple again
illustrates the preparation of an inorganic conmpound using the nmethod of
the invention. 15 A 0.85% w v solution of nickel chloride hexahydrate,

[err] (Sigma Chem cals) in absolute ethanol was introduced into a 32 m
particle formation vessel using a tgéee passage nozzle. The
operating 20 conditions were 100 bar ot err] a solution flowrate of 0.3
m/mnin the intermedi ate nozzl e passage and a supercritical [err] flow
rate (in the inner and outer
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nozzl e passages) of 6.5 m/mn. The product collected was a very fine, free
fl owi ng powder. 25 Exanple 13 Enhancenent of Purity of a Particul ate
Product This exanpl e shows how the nethod of the invention nay be used to
enhance the purity of a particulate 30 product, on precipitation of the
product froma solution containing inpurities. 0.2022 g of sal neterol

xi naf oate was m xed with 0.0242 45 gj”df“sal icylic acid, analar grade
(BDH Chemi cal s Ltd,
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UK) (the "inmpurity"), dissolved in 60 m of absolute ethanol and fed to a
50 m particle formation vessel through a two-passage nozzle. The
operating 5 conditions were 200 bar and [err]; a solution (10.69% w w
salicylic acid in salneterol) flowrate of 0.3 m/mn; and a supercritica
[err] flowrate of 9 m/mn. The product, a white fluffy powder, was
collected and 10 anal ysed using HPLC. The analysis was carried out
utilising a Pye Unicam PU4015 HPLC systygq@Pye Unicam Ltd, UK), and a
colum 150 x 4.6 mm packed with 5 m cron Spherisorb ODS2 (Jones

Chr omat ogr aphy, UK). The nobil e phase pgmnssredcr$) acetonitrile, 0.1M 15
aqueous ammoni um acetate and 0. 1M aqueous sodi um dodecyl sul phate
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rate of the nobile phase was 2.0 m/mn. The injection volume of
the sanple solutions prepared (5 20 ng/m [err] 0.5 ng concentration) was
20 ul and the UV detector was set at 278 nmand the integrator (Hew ett
Packard HP3394A) at an attenuation of 8. Figure 37 is an HPLC chronat ogram
for the pure 25 salneterol xinafoate used in the experinent. Figure 38 is
an HPLC chromatogram for the pure salicylic acid used. Figure 39 is an
HPLC chromat ogram for the sal neterol /s¥44%1ic acid solution fed into the
particle formation vessel, and Figur N‘} erryHEg) 30 chromat ogram for the
product obtained through carrying out t e met hod of the |nvent|on F| gures
39 and 40 reveal a sigmificant inprpvenment- ‘F’ 8.
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46 followi ng use of the nethod of the invention, in the purity of the

sal neterol xinafoate, and an inportant reduction in the salicylic acid
concentration from 10.69% w w to |less than 0.8% ww. This confirns the 5
ability of the technique provided by the invention to extract, selectively,
one or nore inpurities froma sanple and hence to enhance the purity of a
desired particul ate product. 10 Exanple 14 Preparation of Lactose In this
exanpl e, the nmethod of the invention #8<%ésed to prepare | actose, but using

two vehicl es instead of
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one. Lactose is a water-soluble sugar, but water 15 would be unsuitable
as the only vehicle because it is insoluble in, and hence could not be
extracted into, supercritical [err]. Instead, a solution of |actose in a
relatively small anount of water and a relatively |arge amount of a second
vehicle, methanol, which is 20 both mscible with water and soluble in
supercritical C02, was used. The solu i pfy was I ntroduced with

supercriti cal [err] t hrough a three-passdge nozzle. It is thought that the
m sci bl e water and nethanol are extracted together into the supercritical
[err], despite 25 the insolubility of wRIEBNSITY (CRS) supercritical fluid. 0.3

g of al pha-lactgsg non gdrate was di ssolved in 2 de-ioni sed water, 98
m  of met hanol “to t R aqueldtrd solffftd on H’Kﬁ’ i nt A ucedint o Bo3I2
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30 particle formation vessel through a three-passage nozzl e. The
operating conditions were 270 bar and [err], a solution flowrate (in the

i nternmedi ate nozzl e passage) of 0.5 m/mn and a supercritical [err] flow
47 rate (in the inner and outer passages) of 7.5 m/mn. The product (a
fine white powder) was collected at the end of the experinent. An SEM

m crograph and XRD pattern for the product are shown in Figures 41 and 42 5
respectively. In another simlar expe#?ﬁéﬁt, a 0.5% w v solution of

al pha-| act ose nonohydrate in nethanol :water (95:5 v/v)
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was prepar e#®arfdelivered to a 50 nl high pressure 10 parti e4eestofPati on
vessel via a two-passage nozzle. The working conditions were 150 bar and
[err], with a flowrate of 0.7 m/mn for the solution and 9 m/mn for the
supercritical [err]. The collected product was a free flowing, fine white
powder. Figures 43 and 44 15 show an SEM m crograph and XRD pattern
respectively for this product. The SEMyw3 ographs reveal a nmarked
difference in the shape of the | actose particles prepared under the 20

di fferent operating conditions. The XRD patterns-indicate: the. crystalline...,
nature of the products. Lactose is commonly ‘used as a carriet” for-
phar maceuticals, in particular for drugs to be 25 delivered by inhalation...
met hods. It is thus extrenel - ' -
y Fig.1. v B
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useful to be able to use the nethod of the present invention to prepare

| act ose particles in a controlled manner, despite the difficulty of

di ssolving |l actose in organic solvents. 30 Exanple 15 Preparation of
Protein Particles In this exanple, the method of the invention was used

48 to prepare the water-soluble protein R-TEM beta- | actamase, again using
two vehicles but in a different nanner.zfgzaqueous protein solution was
co-introduced
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into a particle formation vessel with a second 5 vehicle, ethanol, which is
both m scible with water and sol uble in supercritical [err]. The two fluids
were introduced, with the supercritical [err], through a three-passage
nozzle, in such a way that contact between the aqueous solution and the
ethanol, 10 dispersion of the solution and the ethanol and
extraction of the water and the ethandad/3 | occurred substantially

simul taneously. It is thought that the aqueous solution and the ethanol

"m xed" on contact, and that the water and ethanol were then extracted 15
together into the supercritical [err], despite the insolubility of

water in the supercritical fluid. A 0.25% W v sol gH=k MTEM
bet a-| actamase (kindly provided by the Centre forF;bgfi cr obi ol ogy,
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20 Porton Down, Salisbury SP4 QJG batch nunber 1TEMLL88) in de-ionised
water was fed to a 32 ml particle formation vessel via the inner passage of
a three- passage nozzle, at a flowrate of 0.04 m/mn. Absol ute ethanol
was co-introduced through the 25 internedi ate nozzl e passage at a rate of
0.4 mM/mn and supercritical [err] through the outer passage at a rate of 8
m/mn. Here, the use of a three- passaq&eh%zzl e all owed the 30 aqueous
protein solution to be mxed with the éthtthol i medi ately prior to

di spersion of the two vehicles by the supercritical fluid. The contact tine
bet ween t he aqueous and the organic fluids was so short that the

Fig.4.
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49 risk of protein unfolding or denaturing was mninmal. The particul ate
product fornmed retai ned substantial enzymatic activity when tested
colorinmetrically using 5 the chronogeni c cephal osporin N trocefin (Oxoid,
Uni path Limted, Basingstoke, Hanpshire, England) and the assay nethod of

O Cal | aghan [ O Cal | aghan, C.H., Morris, A, Ki r by, S. and

Shi ngl er, A . H , Antimcrobial Agentss?gd Chenot herapy Vol . 1, pp 283- 10
288 (1972)]. This illustrates the use of the nmethod and apparatus of the
invention in preparing particulate protein products in a controlled
manner, even where the proteins are insoluble in organic solvents.
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15 Exanple 16 Preparation of a Sal neterol Xi nafoate and Pol ynmer Mtri x
(Alternative Method) A simlar experinent to Exanple 10 was carried out, 20
but using a three-passage nozzle to co-introduce separate solutions of the
sal net erol xi naf oate and hydroxypropyl cellul ose, so as to allow m xi ng of
the two conponent s I mmedi ately prior to parti.cle formation. 25 Two
separate solutions in acetone were prepdas@d: hydroxypropyl cel | ul ose (Kl ucel
SL) at 0.05% w v and sal meterol xinafoate at 0.45% w v. These were co-
i ntroduced with superchq'g:aG [err] into a 32 m
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30 particle formati on vessel. The wor ki ng conditions were 120 bar and
[err]. The flowrates were 9 m/mn for the [err] (inner nozzle passage);
0.2 mM/mn for the polyner solution (intermnmedi ate passage); and 0.2 50
m/mn for the salneterol solution (outer passage). This use of the

t hr ee- passage nozzle allows the two reactants (drug and polyner) to be
rapidly mxed in 5 situ prior to theiryggspersion by the supercritical
fluid. Awhite fluffy poﬁfg\rgz obtai ned as a product. A product of

simlar- appeagBdce was using a
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10 0. 1% w v sol ution of hydroxypropyl-cellulose and a 0.4% w v sol ution of
sal neterol xinafoate. Figures 45 and 46 are XRD patterns for the first and
second products respectively. I ncreasing disturbance of the
crystalline sal neterol xinafoate can be seen with 15 increasing polyner
content, confirmng the inclusion of the polynmer matrix material into the
product. The XRD patterns are conparablgy32 those obtained in Exanple 10.
This supports the belief that rapid 20 m xing of the two materials takes

place in situ,2.Béflore dispersion by fhi uﬁg)critical fluid, when using the
t hr ee- passage nozzle in this way. Exanggz 25 Reproducibility of the
Invention Two difflerent skt ioowdgé/m%gl met er ol xi naf oaﬁe Max: 135.6
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acetone (0.6% w v) were made. Each solution was co- introduced wth [err]
at 300 bar and [err] via a coaxial nozzle into apparatus of the type shown
in Figure 1, 30 on two different days. The flow rates used were 0.2 m/mn
for the salmeterol solution and 6 mM/mn for the supercritical CO2. The
crystallised sal neterol xinafoate provided fromeach solution was exam ned

for 51 particle size, size distrib®i¥h, crystal shape and twi n inpinger
performance. a) Particle size and distribution The particle size and
di stributionwes deternined Flg 12
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by laser diffraction (Malvern Mastersizer), see Table 5. Table 5 Mean

Particle %<5 %10 Uniformty Size m crons ncrons | ndex

(M crons) SSanpl e 7.2 31.6 67.8 9 A [err]

SSanpl e 7.7 28.3 64.5 915 B b) Crystal shape
The crystal shape was exam ned by SEM see 20 Figures 47 and 48. c¢)
Twi n | npi nger Perfornmance 10/32 )

Fig.14.
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The particle size distribution of the sal neterol 25 xi naf oate may be
measur ed usi ng conventional techniques, for exanple by laser diffraction or
by the "Twin Inpinger" anal ytical process. As used herein reference to the
"Twi n | nmpi nger"” assay neans "Determ nation of the deposition of 30

the emtted dose in pressurised inhal ations using apparatus A', as defined
in British Pharnacopoei a 1988, pages w632 207, Appendi x XVIl1 C, as applied
52 to a dry powder inhalation formulation. Such techni ques enable the
"respirable fracti on"Fqg_‘I 6

o Fig.a7y.
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the particul ate substance to be cal cul ated. As used herein reference to
"respirable fraction" 5 nmeans the anount of active ingredient
collected in the | ower inpingenent chanber per actuation expressed as a
percentage of the total anount of active ingredient delivered per actuation
using the tw n inpinger nmethod described above. 10 In this experinent, a
smal | quantity of dFJ 8i Iled intol2&¥h blister of a 4-blister dry
powder pack [err]. hm ats of each blister were enptied, via a dry
powder inhaler 15 ' : o - ppar at us
set to an airflow t he

Tw n | npi nger
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apparatus contained a quantity of dissolving agent, nethanol (stage 1, 7m
and stage 2, 30m ). 20 The blister and inhal er device were washed

wi th nmethanol and the resultant solution nmade up to 50m . The stage 1 of
the Twi n | npi nger apparatus was washed w th met hanol and the resultant
solution made up to 100m . The stage 2 of the 25 Twi n | npi nger
appar at us was washed with nethanol andl3h®2resultant solution made up to
100m . The solutions were diluted qz' : Ath nmethanol. The diluted

sol uti ons were assayed by W spectrodkgb ry and the quantity of drug 30
delivered to eac ' ' NS B ted. The
results are sho
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53 Table 6 Drug Deposition as a % of Total Drug Recovered Sanple

Device Stage 1 Stage 2 5 Conventionally crystallised sal neterol 17.0
72.8 10. 2 xi nafoate (m croni sed) Sal neterol xinafoate prepared
according to 24. 4 57.6 18.0 10 the present invention, Sanple
A

14/32

Fig.22.

Scan Rate: 5.0°C/min. T1 117.483 °C
10.01 ‘ T2 125.983 °C
Peak 123.880 °C
9.0 Area 218.152 mJ
8.0 Delta H 86.192 J/g
< Height 7.937 mW
2 7.0
£
E 6.04
'L 5.0
>
T 4.07
3.01
2.01 T~ A
1.0 '
0.0 T T T T T |
115.0 120.0 125.0 130.0 135.0
Temperature ( °C)
Fig.23.
Scan Rate: 5.0°C/min.
16.0+ T 119.318 °C
T2 126.918 °C
14.0- Peak 124.875 °C
Area 257.317 md
—~ 12.0- Delta H 107.215 J/g
% Height 12.534 mW
; 10.01
)
L 8.0
[¢]
[}
I 6.0
4.0-
1 1 4/\_
2.0“__/ 1 {
0.0 T T T T T |
110.0 115.0 120.0 125.0 130.0 135.0

Temperature ( °C)
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Sal neterol xinafoate prepared according to 20.7 56. 2 23.1 the
present invention, 15 Sanpl e B The stage 2 deposition represents the fine
particle nass (respirable dose) reaching the deep |lung. 20

Sal neterol xinafoate prepared using the present invention shows

superior stage 2 deposition. This indicates the inproved fl ow properties,
fluidisability and reduced static qB/3ﬂhe supercritical fluid
crystallised sal neterol xinafoate. jg-lnt ting feature of the drug
prepared using thkgops gsent |nvent|on| t supercrltlcm fluid
crystallised salnmeterdl xinafoate with a particle size
437.5
375.0
¢ 312.5
S)
¢ 250.0 - )
%)
i
L 187.5
<
125.0
- _\Jw
0.0 —T T T T T T 1 1

1.50 7.35 13.20 19.05 24.90 30.75 36.60 42.45 48.30 54.15 60.00
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greater than that of conventionally crystallised 30 salneterol xinafoate
(m croni sed) gives higher deposition (respirable dose) in the stage 2 of
the Twin Inpinger. The results fromthe particle size analysis, crystal 35
shape and Twi n | npi nger show that the process of the 54 invention is
essentially reproduci bl e when using the same crystallising paraneters. 5
The above exanpl es show how t he apparatue/aad net hod of the present

i nvention can be used to produce particul ate products of various types in a
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controlled manner. It wll be appreciated that the invention can have nuch
wi der applications, 10 including for instance: * to produce controlled
si ze and shape particles of products for use in the pharnmaceutical,

phot ographi c, ceram cs, explosives/propellants, 15 dyestuffs and food

i ndustries and others, especially of products which deconpose or are

ot herwi se conprom sed when subj ected to7¢daventional particle formation and

mlling technEnﬂgg. * to produce solid, stable forns of nolecul es
and macr onol etu 1eh are difficult to process or freeze dry (e.g.
proteins, peptides and pol yners generally). 25 * to produce a

particul ar pol ynorphic formof a
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conpound or to separate and/or enrich m xtures of isomers (including
optical isoners) or polynorphs. * to purify drugs and other products, by
renoval 30 of trace inpurities (including solvents) using controlled
selective precipitation (i.e. using the invention to precipitate the

I mpurities thensel ves). 55 * to coat substrates in a controlled
manner, including with thin filmliqui 88¢33atings. * to control "doping"

of conpounds in products 5 based OE:C ié@é | attices, or to produce
intimate bl ends of two or nore pro uﬂbé .
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* to prepare conpl etely new phases or materials under conditions not
achi evabl e usi ng conventional 10 particle formation techni ques. 56
Clainms 1. Apparatus for use in the formation of a particul ate product,
conprising a particle formation vessel; means for controlling the
tenperature in 5 said vessel; nmeans for controlling the pressure in said
vessel ; and means for the co-introductib%/3%nto said vessel, of a
supercritical fluid and a vehicle cont glni t .l east one substance in
sol ution or ﬁééo
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225.0 -
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10.0+ FLOW RATE = 0.3 ml/min.

8.8

7.6

6.4 FLOW RATE = 0.2 ml/min.

5.2 FLOW RATE = 0.1 ml/min.

Mean Size Diameter (micron)

4.0

35 40 45 50 58 60
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suspensi on, such that dispersion and extraction of 10 the vehicle may occur
substantially simultaneously by the action of the supercritical fluid. 2.
Apparatus according to claim1, additionally conprising nmeans for the
collection and/or retention of the particulate product in the particle
formati on 15 vessel. 3. Apparatus according to claim1 or claim 2,
additionally conprising neans for recove2®@/mRthe supercritical solution,
formed on extraction of the vehicle into the supercritical fluid, fromthe
20 particle formation vessel; JE?QE@f eparatlng t he conponents of the
supercritical 96l on; and opti for recycling one or nore of
sai d conponents badk into the apparatus.

10.0

Mean Size Diameter (micron)

7.0 -
60°C
50°C
40°C
4.0 T 35°C
100 200 300
Pressure (bar)
15.0
%
’g 13.2
0
‘5’114_ P =120 bar
o ' T =60°C
Q
£
8
O 9.6~
[
N
(dp]
§ 7.8
=
6.0
{ 1 | | I 1
10 12 14 16 18 20

SF flow rate (ml/min)
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4. Appar atus according to any one of the preceding 25 clainms, conprising
nore than one particle formati on vessel and/or nore than one neans for the
collection of the particulate product either in the particle formation
vessel or downstreamtherefrom to allow for substantially continuous
operation of the 30 apparatus through switching fromone particle formation
vessel or collection neans to another #3/8équired. 5. Appar at us accordi ng
to any one of the preceding 57 cl ai rAin at |east the particle
formation 425.00— Fﬂicaqﬁaét'

371.87-
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266.62

159.37
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N
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0.00
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vessel may be substantially conpletely sealed fromthe external environment
during use of the apparatus. 5 6. Appar atus according to any one of the
precedi ng clains, wherein the nmeans for the co-introduction of a
supercritical fluid and a vehicle into the particle formation vessel allows
themto be introduced with concurrent directions of flow 10 7.

Apparatus according to claim®6, wherein2eid2neans for the co-introduction
of the supercritical fluid and the vehicle conprises a coaxial nozzle, the
outer end of which communicates with the interior of the vessel, the nozzle
havi ng coaxi al 15 passages which term nate adjacent to one another at the
outlet end, at |east one of the passages serving

FIG.36.
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to carry a flow of the supercritical fluid, and at |east one of the
passages serving to carry a flow of the vehicle in which a substance is

di ssolved or 20 suspended. 8. Apparatus according to claim7, wherein the
nozzl e has two coaxi al passages, an inner and an outer. 9. Appar at us
according to claim7, wherein the 25 nozzle has three coaxi al passages, an
inner, an internediate and an outer. 28/32pparatus according to any one of
claims 7-9, wherein the opening at the outlet end of the nozzle has a
diameter in the range of 0.05 togZnm 30 11. Apparatus according to any
one of clainms 7-10, wherein the @pgle of taper at the outlet end of the
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nozzle is approximately 300. 12. Apparatus according to any one of clains
8-11, 58 wherein the ratio of the internal diameters of the outer and
the i nner passages is between about 3 and 5. 13. Apparatus according to
claim9, wherein the 5 ratio of the internal dianeters of the outer and

i nternedi ate passages is between about 1.4 and 1.8. 14. Apparatus accordi ng
to any one of the preceding clains, wheréd /324 he neans for controlli ng the
tenperature in the particle formation vegsel
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10 conprises an oven. 15. Apparatus according to any one of the preceding
clains, wherein the neans for controlling the pressure in the particle
formati on vessel conprises a back-pressure regulator. 15 16. Method for the
formati on of a particul ate product which conprises the co-introduction of a
supercritical fluid and a vehicle containing at | east one substance in

sol ution or suspension into a particle Zf32ati on vessel, the tenperature
and 20 pressure in which are controlled, such that dispersion and
extraction of the vehicle occur substantially sinmultaneously by the action

of the supercritical fluid. 17. Met®od according to claim 16, wherein the
co- -
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25 introduction of the supercritical fluid and the vehicle is effected
using a coaxial nozzle the outlet end of which conmunicates with the
interior of the particle formation vessel, the nozzle having coaxi al
passages which term nate adjacent to one 30 another at the outlet end, at
| east one of the passages serving to carry a flow of the supercritical
fluid, and at |east one of the passageseygnving to carry a flow of the
vehi cl e. 59 18. Method according to claim 16 or claim 17, carried out
usi ng apparatus according to apy one of
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claims 1-15 . 5 19. Method according to any one of clains 16-18, wherein
the supercritical fluid is carbon dioxide. 20. Method according to any one
of clainms 16-19, wherein the supercritical fluid contains one or nore
nodifiers. 10 21. Method according to any one of clains 16-20, wherein
the product to be forned is a pharnmaceutical conmpound. 22. Mt hod
according to any one of clainms 16-21, gddi3a onally conprising the control
of one or nore 15 of: the flowrate of the supercritical fluid and/or the
vehi cl e; the concentration of the substance(s) in the vehicle; and the
tenperature and pressure

Fig.41.




inside the particle formati on vessel. 23. Method according to any one of
clains 16-22, 20 wherein the pressure in the particle formation vessel is
mai nt ai ned substantially in excess of the critical pressure for the
supercritical fluid, whilst the tenperature in the vessel is maintained at
slightly above the critical tenperature for the 25 supercritical fluid.

24. Method according to any one of clai»s/4$-23, wherein the ratio of the
vehicle flowrate to the supercritical fluid flowrate is between 0.001 and
0.1. 30 25. Method according to any one of clains 16-24, additionally

conprising the step of recovering and optionally recycling the vehicle
and/ or the

FIG.42.
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supercritical fluid following particle formation. 60 26. A particul ate
product made according to the nmethod of any one of clains 16-25. 27.
Apparatus for use in the formation of a particul ate product, the apparatus
being 5 substantially as herein described with reference to the

acconpanying illustrative drawings. 28. Method for the formation of a
particul ate product, the method being #®st%antially as herein described
with reference to the acconpanying 10 illustrative draw ngs.
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Fig.45.
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