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METHOD AND APPARATUS FOR THE 
FORMATION OF PARTICLES 

FIELD OF THE INVENTION 

[0001] This invention relates to the controlled formation 
of particulate products using supercritical ?uids. It provides 
a method and apparatus for the formation of a substance in 
particulate form, and the particulate product of such a 
method. 

BACKGROUND TO THE INVENTION 

[0002] The use of supercritical ?uids (SCFs) and the 
properties thereof have been extensively documented; see 
for instance J. W. Tom and P. G. Debenedetti, “Particle 
Formation With Supercritical Fluids—A RevieW”, J. Aero 
sol. Sci, 22 (5), pp555-584 (1991). Brie?y, a supercritical 
?uid can he de?ned as a ?uid at or above its critical pressure 

(Pc) and critical temperature (Tc) simultaneously. Such 
?uids have been of considerable interest, not least because 
of their unique properties. These characteristics include: 

[0003] High diffusivity, loW viscosity and loW sur 
face tension compared With liquids. 

[0004] High compressibility compared With the ideal 
gas implies large changes in ?uid density With only 
slight changes in pressure, Which in turn results in 
highly controllable solvation poWer. Supercritical 
?uid densities typically range from 0.1-0.9 g/ml 
under normal Working conditions. Thus, selective 
extraction With one supercritical ?uid is possible. 

[0005] Many supercritical ?uids are normally gases 
under ambient conditions, Which eliminates the 
evaporation/concentration step needed in conven 
tional liquid extractions. 

[0006] Most of the commonly used supercritical ?u 
ids create non-oxidising or non-degrading atmo 
spheres for sensitive and thermolabile compounds, 
due to their inertness and the moderate temperatures 
used in routine Working conditions. Carbon dioxide 
is the most extensively used SCF due to its cheap 
ness, non-toxicity, non-?ammability and loW critical 
temperature. 

[0007] These characteristics have led to the development 
of several techniques of extraction and particle formation 
utilising supercritical ?uids. In particular, tWo particle for 
mation methods have been identi?ed. 

[0008] “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 a 
supercritical ?uid, folloWed by rapid expansion of the result 
ing supercritical solution to atmospheric pressure, resulting 
in the precipitation of solute particles. 

[0009] “Gas anti solvent” (GAS) recrystallisation (P. M. 
Gallagher et al, “Supercritical Fluid Science and Technol 
ogy”, ACS Symp. Sex, 406, p334 (1989)) is particularly 
useful in situations When the solute of interest does not 
dissolve in, or has a very loW solubility in, a supercritical 
?uid or a modi?ed supercritical ?uid. In this technique, the 
solute is dissolved in a conventional solvent. Asupercritical 
?uid such as carbon dioxide is introduced into the solution, 
leading to a rapid expansion of its volume. As a result, the 
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solvent poWer decreases dramatically over a short period of 
time, triggering the precipitation of particles. 

[0010] The concept of spraying liquid mixtures into super 
critical ?uids such as carbon dioxide, or vice versa, has also 
been employed in solvent extraction procedures for a 
decade. (see for instance R. J. Lahiere & J. R. Fair in Ind. 
Eng. Chem. Res., 26, pp2086-2092 (1987)). 

[0011] More recently, US. Pat. No. 5,043,280 describes a 
method for manufacturing a preparation comprising a sub 
stance, such as a medically useful substance, and a carrier, 
such as a pharmaceutically acceptable carrier, Which avoids 
or lacks a solvent residue, or at least reduces the solvent 
residue to a toxicologically harmless amount. The method 
essentially involves the use of a ?uid, 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 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 particu 
late product formed. 

[0012] In many ?elds, and especially in the ?elds of 
pharmaceuticals, photographic materials, ceramics, explo 
sives and dyes, there is a need for techniques Whereby a 
particulate product may be obtained With consistent and 
controlled physical criteria, including particle siZe and 
shape, quality of the crystalline phase, chemical purity and 
enhanced handling and ?uidising properties. 

[0013] In addition, it Would be advantageous to be able to 
prepare micron-siZed particles directly, Without the need to 
mill products to that siZe range. Such milling can lead to 
associated problems such as increased static charge and 
enhanced particle cohesiveness, as Well as reduced product 
yield. 

[0014] A further method for forming particulate products 
using supercritical ?uids has been described more recently 
in our co-pending PCT patent application, npo. PCT/GB94/ 
01426 of Jun. 30, 1994, Which claims priority from UK 
patent application no. 93136505 of Jul. 1, 1993 and Was 
published as WO-95/01221. In the method described in that 
patent application, a substance to be produced in particulate 
form is dissolved or suspended in an appropriate vehicle. 
The resulting solution or suspension is then co-introduced 
into a particle formation vessel With a supercritical ?uid 
(preferably through a co-axial noZZle), in such a Way that 
dispersion and extraction of the vehicle occur substantially 
simultaneously by the action of the supercritical ?uid, and 
substantially immediately on introduction of the ?uids into 
the vessel. The pressure and temperature inside the particle 
formation vessel are carefully controlled during this process. 

[0015] This method alloWs a high degree of control over 
conditions such as pressure and temperature and ?uid ?oW 
rates, at the exact point Where particle formation occurs (i.e. 
at the point Where the vehicle is extracted into the super 
critical ?uid). It therefore alloWs great control over the siZe 
and shape of ;he particles formed, and over other physical 
and/or chemical properties of the particles, including the 
polymorphic form Where several are possible. The method is 
thus ideal for producing particles for use in ?elds Where such 
high levels of control are necessary, for instance in the 
manufacture of pharmaceuticals, photographic materials, 
ceramics, etc . . . The method obviates the need for milling 
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particulate products to a desired size range, thus eliminating 
the disadvantages of increased static charge, enhanced par 
ticle cohesiveness and reduced product yield, described 
above. 

[0016] The applications of this and other particle forma 
tion techniques using supercritical ?uids are, hoWever, lim 
ited. The vehicle chosen must be soluble in the chosen 
supercritical ?uid. Also, the substance itself, from Which 
particles are to be formed, must be capable of dissolution, or 
at least suspension, in the chosen vehicle. It is not alWays 
easy to select a vehicle that can both dissolve the substance 
and also itself dissolve in the supercritical ?uid being used 
(in practice, usually carbon dioxide). 

[0017] An example of a situation in Which such problems 
arise is the preparation of lactose. Lactose is commonly used 
as a carrier for pharmaceuticals, in tablets and capsule 
formulations and in particular for drugs to be delivered by 
inhalation methods. It thus needs to be prepared in the form 
of particles Which have, amongst other characteristics, a 
narroW siZe distribution, a high purity and an appropriate 
particle shape 

[0018] HoWever, lactose has very loW solubility in con 
ventional organic solvents Which might be used With super 
critical carbon dioxide in knoWn particle formation tech 
niques. Lactose dissolves readily in Water, but Water Will not 
dissolve in supercritical carbon dioxide. It has thus, previ 
ously, been very dif?cult to form lactose particles directly 
from aqueous solution using knoWn supercritical ?uid tech 
niques (including that described in WO-95/01221), since the 
supercritical ?uid (typically carbon dioxide) Would not 
extract Water from the aqueous solution, or Would do so so 
sloWly as to be impractical. Nevertheless, it Would not 
generally desirable to be able to form lactose particles in the 
controlled manner that supercritical ?uid techniques (in 
particular that described in WO-95/01221) Would alloW. 

[0019] It is generally knoWn that other sugars and many 
amino acids and proteins suffer from similar disadvantages 
to that of lactose, ie. they have very loW solubility in organic 
solvents and supercritical ?uids/modi?ed supercritical ?uids 
(see Stahl et al, “Dense Gas Extraction on a Laboratory 
Scale: A Survey of some Recent Results”, Fluid Phase 
Equilibria, 10, p269, 1983) and cannot therefore be formed 
into particles using former supercritical ?uid particle for 
mation techniques (RESS in particular). Again, as With 
lactose, it Would be desirable to be able to produce particu 
late forms of such compounds in a controlled manner, for 
instance for use in pharmaceuticals and foodstuffs. 

[0020] A related problem arises With many proteins. 
Although solutions of such proteins in organic solvents can 
be prepared, it is generally undesirable to do so because of 
the risk of the protein unfolding and denaturing (see, for 
instance, K. A. Dill & D. Shortle,Ann. Rev. Biochem, 1991, 
60, pp795-825, especially p813) Thus, it is dif?cult if not 
impossible to prepare particulate products of such proteins, 
With acceptable biological activity, using knoWn supercriti 
cal ?uid particle formation techniques. 

[0021] There are many other examples of substances 
Which might otherWise be formed into particles using super 
critical ?uids, but Which cannot be suf?ciently Well dis 
solved or suspended in an appropriate solvent Which Will 
itself dissolve in a useful supercritical ?uid. 
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[0022] There is therefore a need to solve this problem, to 
alloW the use of supercritical ?uid particle formation tech 
niques (including the extremely effective technique 
described in WO-95/01221) for substances such as lactose 
and proteins. The present invention sets out to overcome, or 
at least mitigate, the problem. 

STATEMENTS OF THE INVENTION 

[0023] According to a ?rst aspect of the present invention, 
there is provided a method for forming particles of a 
substance, the method comprising the co-introduction into a 
particle formation vessel, the temperature and pressure in 
Which are controlled, of a supercritical ?uid; a solution or 
suspension of the substance in a ?rst vehicle; and a second 
vehicle Which is both substantially miscible With the ?rst 
vehicle and substantially soluble in the supercritical ?uid, in 
such a Way that dispersion of the solution or suspension and 
the second vehicle and extraction of the vehicles by the 
supercritical ?uid occur substantially simultaneously and 
substantially immediately on introduction of the ?uids into 
the particle formation vessel. 

[0024] As Will be explained beloW, contact betWeen the 
solution or suspension and the second vehicle may occur 
either at much the same time as, or slightly before, disper 
sion and extraction by the supercritical ?uid—the timing 
Will depend on the nature of the substance from Which 
particles are to be formed, and the nature of the desired end 
product. 
[0025] In other versions of the process, useful or advan 
tageous results may still be achieved even if the ?rst and 
second vehicles meet substantially before introduction to the 
vessel. 

[0026] The substance Will typically (although not alWays) 
be one Which, as described above, is soluble or substantially 
soluble only in solvents Which are themselves substantially 
insoluble in the supercritical ?uid. It may be a substance 
Which, though soluble in an appropriate supercritical ?uid 
soluble solvent, Would suffer detrimental effects if dissolved 
in that solvent prior to particle formation (for instance, a 
hydrophilic protein), or be otherWise incompatible With such 
a solvent. It is preferably substantially soluble, hoWever, in 
the ?rst vehicle. 

[0027] As used herein, the term “supercritical ?uid” 
means a ?uid substantially at or above its critical pressure 
(Pc) and critical temperature (Tc) simultaneously. In prac 
tice, the pressure of the ?uid is likely to be in the range 
(1.01-7.0) Pc, add its temperature in the range (1.01-4.0) Tc. 

[0028] The term “vehicle” means a ?uid Which is able to 
carry a solid or solids in solution or suspension. Each vehicle 
may be composed of one or more component ?uids. Both 
vehicles may be substantially soluble in the chosen super 
critical ?uid, although it is only essential that the second 
vehicle has this characteristic. 

[0029] As used herein, the term “supercritical solution” 
means a supercritical ?uid together With a vehicle or 
vehicles, as de?ned above, Which it has extracted and 
dissolved. The solution should itself still be in the super 
critical state. 

[0030] The term “dispersion” means the formation of 
droplets, or other analogous ?uid elements, of the solution or 
suspension and/or the second vehicle. 
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[0031] The term “substance” includes substances in a 
single-component or multi-component (e. g. an intimate mix 
ture, or one component in a matrix of another) form. 

[0032] The present invention relies on the dissolution or 
suspension of the substance of interest in a ?rst vehicle, in 
Which it is preferably substantially soluble, With “dilution” 
of the resultant solution or suspension, either beforehand or 
substantially simultaneously With its dispersion by the 
supercritical ?uid, in a (conveniently) relatively large 
amount of a second vehicle specially chosen to be soluble in 
the supercritical ?uid used for particle formation. On “mix 
ing” of the substance and ?rst vehicle, With the second 
vehicle, at their point of contact, hydrogen-bonding and/or 
similar interactions (eg. dipole-dipole interactions) are 
thought to form betWeen molecules/ions of the ?rst and 
second vehicles, such that on contact With the supercritical 
?uid, the relatively small amount of the ?rst vehicle is able 
to dissolve into the supercritical ?uid With the second 
vehicle, ie. the tWo vehicles may effectively be extracted 
together by the supercritical ?uid to form a supercritical 
solution. 

[0033] It is thus preferred that the ?oW rates of the tWo 
vehicles, on introduction into the particle formation vessel, 
be such as to create an excess of the second vehicle over the 
?rst at their moment of contact. 

[0034] The advantage of the method of the invention is 
that it alloWs the preparation of particles, using a supercriti 
cal ?uid technique, of substances Which could not otherWise 
be used in such a technique because of their very loW 
solubility an, or incompatibility With, the necessary solvents. 
It therefore considerably broadens the applications available 
for supercritical ?uid particle formation techniques. 

[0035] Moreover, because “mixing” of the tWo vehicles 
may occur substantially simultaneously With, or immedi 
ately prior to, dispersion and extraction by the supercritical 
?uid, a simple solution or suspension of the substance of 
interest in the ?rst vehicle (for instance, an aqueous sugar or 
protein solution may be introduced into the particle forma 
tion vessel, Without the need to prepare complex tWo-vehicle 
systems beforehand. 

[0036] This also means that the substance of interest need 
not be mixed With any incompatible vehicle(s) until imme 
diately prior to, or at, particle formation. Thus, for instance, 
a hydrophilic protein may be introduced into the particle 
formation vessel in aqueous solution, and only comes into 
contact With the second (usually organic) vehicle at or just 
before the point of dispersion by the supercritical ?uid, thus 
minimising the risk of protein denaturing prior to particle 
formation. 

[0037] The method of the invention also retains all the 
advantages of the method described in WO-95/01221. It 
provides the opportunity for manufacturing dry particulate 
products With highly controlled particle siZe and shape, by 
offering control over the Working conditions, especially the 
pressure and temperature, at the exact point of particle 
formation. Such an improved control eliminates signi?cant 
pressure ?uctuation across the particle formation vessel and 
ensures a more uniform dispersion of the solution or sus 

pension and the second vehicle by the supercritical ?uid, 
resulting in a narroW siZe distribution for the ?uid elements 
(eg. droplets) formed during the particle formation process. 
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There is little or no chance that the dispersed ?uid elements 
Will reunite to form larger elements since the dispersion 
occurs by the action of the supercritical ?uid itself, Which 
also ensures thorough mixing of the solution or suspension 
and the second vehicle Whilst rapidly removing the vehicles 
from the substance of interest to cause particle formation. 

[0038] The simultaneous co-introduction of the solution or 
suspension, the second vehicle and the supercritical ?uid, 
into a vessel inside Which pressure and temperature are 
controlled, alloWs a high degree of control of operating 
parameters such is temperature, pressure and ?uid ?oW 
rates, at the exact point When the ?uids come into contact 
With one another and at the point of actual particle forma 
tion. Importantly, the supercritical ?uid then acts both to 
disperse and to extract the tWo vehicles, as Well as to ensure 
their thorough mixing—because of this, controlling the 
relative ?oW rates of the ?uids, into the particle formation 
vessel, alloWs accurate control over the siZe of the droplets 
(or other ?uid elements) formed on dispersion of the 
vehicles, and hence of the particles formed substantially 
simultaneously by extraction of the vehicles into the super 
critical ?uid. 

[0039] Through the pressure and temperature control, 
supercritical conditions are ideally maintained in the particle 
formation vessel at all times. The ?oW rate of the super 
critical ?uid relative to those of the other ?uids, and its 
pressure and temperature, should be suf?cient to alloW the 
supercritical ?uid to accommodate the vehicles (generally, 
the vehicles Will represent no more than around 5% v/v of 
the supercritical ?uid), so that it can extract them from the 
mixture and hence cause particle formation. Careful selec 
tion of such operating conditions ensures the existence of 
only a single supercritical phase during the entire particle 
formation process, alloWing improved control over particle 
characteristics and substantially eliminating the risk of 
residual solvent in the particulate product. 

[0040] Further advantages, for particles formed using a 
method according to the present invention, include good 
control over the quality of the crystalline and polymorphic 
phases, since the particles Will all experience the same stable 
conditions of temperature and pressure When formed, as Well 
as the potential for enhanced purity. This latter feature can 
be attributed to the high selectivity of supercritical ?uids 
under different Working conditions, enabling the extraction 
of one or more impurities from the vehicle containing the 
substance of interest. 

[0041] Moreover, the co-introduction of the solution or 
suspension, the second vehicle and the supercritical ?uid, 
leading to simultaneous dispersion and particle formation, 
alloWs particle formation to be carried out, if desired, at 
temperatures at or above the boiling point of either or both 
of the vehicles, something not possible using conventional 
particle formation techniques. This enables operation in 
temperature and pressure 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 
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 
?elds. 

[0042] The substance used in the method of the invention 
may be any substance Which needs to be produced in 
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particulate form. It typically (although not always) either is 
or comprises a substance Which is soluble, or substantially 
soluble, only in solvents Which are themselves substantially 
insoluble in the supercritical ?uid chosen for use in the 
method, or Which is incompatible With supercritical ?uid 
soluble solvents. Examples of such substances, Where the 
supercritical ?uid is carbon dioxide, may include lactose and 
other sugars, proteins, hydrophilic enZymes, inorganic mate 
rials (such as for use as dyestuffs), etc . . . HoWever, it is to 

be understood that any substance from Which particles are to 
be formed may be used in the method of the present 
invention. 

[0043] In one particular embodiment of the invention, the 
substance from Which particles are to be formed is for use in 
or as a pharmaceutical. HoWever, the end product may in 
fact be any desired particulate product, for instance a prod 
uct of use in the ceramics, explosives or photographic 
industries; a foodstuff; a dye; etc . . . In each case, the 

principle behind the method of the invention remains the 
same; the technician need only adjust operating conditions 
in order to effect proper control over the substance being 
used. 

[0044] The substance may be in a single or multi-compo 
nent form (eg. it could comprise an intimate mixture of tWo 
materials, or one material in a matrix of another, or one 
material coated onto a substrate of another, or other similar 
mixtures). The particulate product, formed from the sub 
stance using the method of the invention, may also be in 
such a multi-component form—as described beloW, such 
products may be made from solutions or suspensions con 
taining only single component starting materials, provided 
the solutions/suspensions are co-introduced With the super 
critical ?uid in the correct manner. The particulate product 
may also be a substance formed from an in situ reaction (ie. 
immediately prior to, or on, dispersion by the supercritical 
?uid) betWeen tWo or more reactant substances carried by 
the ?rst and second vehicles. 

[0045] The supercritical ?uid may be any suitable super 
critical ?uid, or instance supercritical carbon dioxide, 
nitrous oxide, sulphur hexa?uoride, xenon, ethylene, chlo 
rotri?uoromethane, ethane or tri?uoromethane (again, this 
list is not exhaustive). A particularly preferred supercritical 
?uid is carbon dioxide, due to its relative cheapness, non 
toxicity, non-?ammability and relatively loW critical tem 
perature. 

[0046] The supercritical ?uid may optionally contain one 
or more modi?ers, for example, but not limited to, methanol, 
ethanol, isopropanol or acetone. When used, the modi?er 
preferably constitutes not more than 20%, and more pref 
erably constitutes betWeen 1 and 10%, of the volume of the 
supercritical ?uid. 

[0047] The term “modi?er” is Well knoWn to those persons 
skilled in the art. A modi?er (or co-solvent) may be 
described as a chemical Which, When added to a supercritical 
?uid, changes the intrinsic properties of the supercritical 
?uid in or around its critical point. 

[0048] The ?rst and second vehicles may be any appro 
priate vehicles, and may be chosen by the skilled man from 
Within his general knowledge. The choice of vehicles in any 
particular case Will depend on the nature of the substance 
from Which particles are to be formed, on the supercritical 
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?uid to be used in forming them, and on other practical 
criteria including those governing the desired end product. 
The choice of a suitable combination of supercritical ?uid, 
modi?er (Where desired) and vehicles for any desired prod 
uct Will be Well Within the capabilities of a person of 
ordinary skill in the art. 

[0049] The ?rst vehicle is preferably one in Which the 
substance is substantially soluble, but may itself be substan 
tially insoluble in the chosen supercritical ?uid. The second 
vehicle must be substantially miscible With the ?rst, and 
substantially soluble in the chosen supercritical ?uid. For 
example, Where the substance is lactose and the supercritical 
?uid carbon dioxide, the ?rst vehicle might be Water and the 
second ethanol. 

[0050] The tWo vehicles should be chosen on the basis of 
their polarities, functionalities and other considerations, so 
that for instance one vehicle contains functional groups that 
can hydrogen-bond With an acidic proton of the other 
vehicle, or can otherWise interact With functional groups 
contained in the other vehicle. Such interactions help to 
promote the extraction of the ?rst vehicle into the super 
critical ?uid together With the second. 

[0051] In the method of the invention, the substance of 
interest and the ?rst vehicle may be substantially polar, the 
second vehicle then being substantially non-polar and both 
vehicles being substantially miscible in all proportions and 
preferably substantially soluble in the supercritical ?uid. 

[0052] In contrast, a substantially non-polar substance 
may be dissolved in a substantially non-polar ?rst vehicle, 
the second vehicle then being substantially polar and both 
vehicles being substantially miscible in all proportions and 
preferably substantially soluble in the supercritical ?uid. 

[0053] These tWo sets of conditions are of particular use in 
a version of the invention in Which the second vehicle acts 
as an anti-solvent for the substance of interest, ie. the 
substance is substantially insoluble in the second vehicle. 
This version of the invention Will be described in more detail 
beloW. 

[0054] It is to be understood that throughout this speci? 
cation, the terms “?rst vehicle” and “second vehicle” each 
encompass a mixture of tWo or more ?uids Which together 
have the necessary solubilising, miscibility and polarity 
characteristics. 

[0055] As mentioned previously, there is preferably an 
excess of the second vehicle at the point of its contact With 
the ?rst. Typically, the amount of the ?rst vehicle used Will 
be the minimum possible to solvate the substance so as to 
create a single phase solution. This is preferably less than or 
equal to about 30%, more preferably less than or equal to 
about 10%, of the total mount of the ?rst and second 
vehicles. 

[0056] The amounts of the vehicles used, and their relative 
?oW rates, may also depend on Whether it is intended that 
some of the vehicle(s) remain in the ?nal particulate product. 
For instance, if the ?rst vehicle Were Water, then the amount 
used could affect Whether the substance Were precipitated in 
an anhydrous form, or in the form of its monohydrate, 
dihydrate, or Whatever. Thus, the concentration of the ?rst, 
or indeed the second, vehicle in the eventual mixture of 
vehicles may be used to control “doping” of the ?nal 






















