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Process: Influence of Process
and Granulation Parameters
on Granules Properties

ABSTRACT High-shear wet granulation is widely used for the production of
pharmaceutical dosage forms. Different equipment is available for high-shear
granulation and drying. This review focuses on two main processes for gran-
ules production: multiphase consisting of high-shear granulation followed by
drying in a separate apparatus, and single pot granulation/drying. At present,
formulas are specifically developed with regard to the production equipment,
which raises many problems when different industrial manufacturing equip-
ment is used. Indeed, final granules properties are likely to depend on equip-
ment design, process, and formulation parameters. Therefore, a good
understanding of these parameters is essential to facilitate equipment changes.

The aim of this review is to present the influence of equipment, process,
and formulation parameters on granules properties, considering both the gran-
ulation and the drying steps of multiphase and single pot processes.

KEYWORDS Wet granulation, High-shear, Single pot, Drying, Process, Formulation,
Granules properties

INTRODUCTION

Wet granulation, which consists in the agglomeration of powder particles, is
a major unit operation in the production of most pharmaceutical dosage
forms. It is primarily used to improve the physical and rheological properties
of the powder and therefore facilitates handling and further processing into
tablets. It is also often required to achieve acceptable content uniformity.
High-shear force mixers are widely used for wet granulation because they pro-
vide short granulation time, high density, and high strength granules.

Various high-shear wet granulation/drying processes are available to phar-
maceutical manufacturers, each presenting different strengths and weaknesses.
Multiphase processes remain the most common configuration. In particular,
high-shear granulation followed by fluid bed drying is largely used for the
production of granules. However, single pot granulators-dryers, that is to say
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mixer-granulators that dry granules in the same equip-
ment, have also been seen as an interesting alternative.

At this time, pharmaceutical formulas are specifi-
cally developed with regard to the granulation equip-
ment, i.e., a formula does not generally allow for the
use of a different manufacturing equipment without
major changes. It is therefore necessary for interna-
tional industrial development with different equip-
ment to deposit several marketing authorizations.
Moreover, when switching from one equipment to
another, many problems are raised due to the numer-
ous process and formulation parameters that must be
taken into account. A good understanding of these
parameters is therefore of a high importance to facili-
tate equipment changes.

In the first part of this review, different apparatus
available for high-shear granulation and drying will be
presented. Then, in the second part, the major process
and formulation parameters affecting the quality of the
granules will be investigated as reported in the litera-
ture. This review will focus on two main production
processes used to manufacture granules via a wet granu-
lation process: high-shear mixer/fluid bed dryer and sin-
gle pot equipment. Therefore, the following subjects
will be excluded: spray drying, fluid bed granulation,
melt granulation, steam granulation, foam granulation,
processes scale-up, equipment cleanability and contain-
ment, shock pressure resistance of equipment, initial
mixing, and final treatment such as sieving or grinding
as well as sustained release formulations.

MULTIPHASE OR SINGLE POT
EQUIPMENT AND PROCESS

High-shear Granulation and
Drying Processes

High-shear Granulation

High-shear granulation can be performed in a high-
shear mixer-granulator as part of a multiphase granula-
tion process or in a single pot mixer-granulator-dryer.

During high-shear granulation, a binder solution
is added to the mechanically blended powder mix
which results in particle size enlargement by the
formation of liquid bridges between primary parti-
cles. The binder solution can also be obtained
inside the bowl when the binder is in a dry form
and a solvent is added.

K. Giry et al.

Granulation is commonly described as a combina-
tion of three different steps (Chulia, 1990; Ennis,
1996; Iveson et al., 2001a; Mort T. Tardos, 1999;
Tardos et al., 1997; Vialatte, 1998; Waruters et al.,
2002): wetting and nucleation, consolidation and coa-
lescence, attrition and breakage (Fig. 1).

e Wetting and nucleation: The binder solution dis-
tributes through the dry powder bed and nuclei are
formed.

e Macroscopic interactions between a liquid and a
powder are classically divided into four main succes-
sive states (Fig. 2) (Deleuil, 1990; Goldszal &
Bousquet, 2001; Newitt & Conway-Jones, 1958;
York & Rowe, 1994):

e The pendular state. Liquid bridges start forming
between the particles following the addition of a
binder solution or solvent.

o The funicular state. Interparticle spaces are filled with
binder solution. Particle agglomerates are formed.

e The capillary state. Interparticle spaces are satu-
rated. Further addition of liquid creates bridges
between the agglomerates.

Wenting & MNucleation

i g

FIGURE 1 Wet Granulation Steps (Iveson et al., 2001a).
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FIGURE 2 Successive States Resulting from Macroscopic Interactions Between a Liquid and a Powder (Goldszal & Bousquet, 2001).

e The dispersion state. The space between the
agglomerates has been filled and a solid-liquid dis-
persion state is finally obtained by overwetting.

e In the granulation process, wetting is stopped when
the funicular state is reached and particle agglomer-
ates are formed. Wetting is performed under high-
shear mixing and at high chopper speed to avoid the
formation of lumps.

e Consolidation and coalescence: Collisions between
nuclei, between nuclei and native agglomerates, or
between nuclei and the equipment wall lead to gran-
ule compaction and growth. After wetting, high-
shear mixing is pursued for consolidation and
growth of the granules.

e Attrition and breakage: Granules may break due to
impacts against other granules, the granulator wall, or
the impeller (Fig. 3). After wetting, the chopper speed
is reduced to limit attrition and breakage.

Drying

Drying is performed after wet granulation to obtain
suitable moisture content for further processing and to
enhance the stability of the final products. However, a
residual amount of moisture in the granules remains nec-
essary to preserve cohesion, to maintain the ingredients
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FIGURE 3 Breakage by (a) Fracture, and (b) Erosion/attrition
(lveson, 2001a).

in a hydrated state, and to reduce static electric charges
on the particles.

Drying is not a uniform phenomenon but can be
divided into three distinct phases (Fig. 4):

e Phase I: Heating phase. Heat is usually transferred to
the granule by convection and/or conduction and
from there further into the granule by conduction.

e Phase II: Constant evaporation rate phase. An
equilibrium between evaporation and migration at
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FIGURE 4 Different Phases of the Drying Cycle (Rosetto,
1998).

constant temperature is reached. Water is drawn to
the surface by capillary forces. Dehydration reac-
tions are influenced by a number of factors, includ-
ing crystal packing, moisture content, temperature,
hydrogen bonding, and porosity (Airaksinen et al.,
2004). As the liquid bridges in the wet granules are
transformed into dry bonds during the drying pro-
cess, drying is obviously a critical point for the prop-
erties of the final granules (Cruaud et al., 1980).

e Phase III: Falling rate of evaporation phase. Temper-
ature increases because the heat transferred to the
granules is no longer used for water evaporation.

The number of gas molecules vaporized by time
unit during drying is given by the following equation.

K.S.(F-h)
m=———-—-—=
Pt

where m is the number of gas molecules vaporised by
time unit, K is the constant, S is the surface in contact
with the drying fluid, F is the saturated vapor tension,
h is the vapor tension in the ambient atmosphere, P is
the pressure, and t is the drying time.

TABLE 1

Comparison of Drying Processes

So, drying time can be shortened by increasing
evaporation surface (mixing during drying), increasing
temperature and decreasing relative humidity, and
decreasing pressure (drying under vacuum).

However, drying under stress conditions, such as a
high shearing speed, can be responsible for granule
breakage. Indeed, it can favor collisions leading to
fractures or attrition of the granules (Kiekens et al.,
1999).

Although organic solvents remain commonly used,
water has become the preferred solvent for granulation
for safety reasons. However, because of the relatively
high heat of vaporization and low vapor pressure of
water, it is sometimes difficult to dry granules
obtained from aqueous granulation (Hausman, 2004,
Hlinak & Salezi-Gerhardt, 2000).

In a multiphase process, granulation in a high-shear
mixer is followed by drying in a separate apparatus
whereas in a single pot, granulation and drying are per-
formed in the same apparatus. Table 1 summarizes the
characteristics of the drying processes described below.

Drying as a part of a multiphase process

e Tray drying in a hot oven is a conventional method
used for drying pharmaceutical granules. Wet gran-
ules are placed on large sheets of paper on shallow
wire trays and placed in a drying oven with a circulat-
ing air current and thermostatic heat control. How-
ever, this process is slow and difficult to be controlled
(Carstensen & Zoglio, 1982; Hunter, 1992; Mandal,
1995; Mbali-Pemba et al., 1996; Travers, 1975).

e In fluid bed drying, particles are suspended in a ver-
tical column with a rising air stream.

e Increasing the inlet air temperature and the process
air flow rate can improve the evaporation rate (Gao
et al., 2000). The air flow rate must be optimized to
ensure a proper fluidization of the granules (Magnet,
1996). When increasing product temperature, it is
necessary to verify that no degradation occurs.

Multiphase process

Single pot

Tray drying Fluidized bed  Double jacket/vacuum  Double jacket/vacuum/microwaves
Heat transfer convection convection conduction conduction/radiation
Static/dynamic system static dynamic dynamic dynamic
Contact between granules  high low high high

K. Giry et al.
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e Heat transfer to the granules by convection is very
efficient (Joulié, 1994; Hlinak & Salezi-Gerhardt,
2000; Paschos, 1987). The fluidized bed process pos-
sesses a major advantage to be much faster than con-
ventional tray drying. However, it is dusty with a
risk of dust explosion (Kristensen & Schaefer, 1987),
and its energy consumption is high (Hunter, 1992).

Drying in a single pot apparatus

e Single pots are equipped with a double jacket bowl.
Drying efficiency is related to time and surface
contact between the granules and the heated appara-
tus wall.

e One drawback is that drying time remains rather
long with simply double jacket drying (Bauer &
Vadagnini, 1997; Pearlswig et al., 1994; Poska, 1991;
Robin et al., 1994; Stahl, 2000, 2004).

e Vacuum drying is therefore systematically associated
to double jacket drying in order to obtain faster dry-
ing or to allow drying at lower temperatures which
may be useful for thermosensitive products (Bauer
& Vadagnini, 1997).

e In order to optimize drying efficiency, various addi-
tional solutions have been developed, such as an
optimization of the bowl design in order to improve
surface contact between the heated double jacket
and the product (Le Lan, 1978; Rosetto, 1998), the
use of a swinging bowl (Van Vaerenbergh, 2001), or
the addition of a gas stripping system which consists
in a small, controlled and diffused injection of gas
through the powder mass (see the Section in Single
Pot Apparatus).

Moreover, in addition to double jacket vacuum dry-
ing, microwaves can be applied also in single pot
apparatus to shorten drying times further. Another
advantage of microwave drying is that it allows linear
scale up in single-pot apparatus which is not possible
when the heated wall is the only source of drying
energy since the wall surface area/product contact
ratio decreases as the bowl size increases (Niro, 2005;
Stahl, 2004). In microwave drying, the friction of water
molecules generates heat. The resulting steam pushes
moisture out of the granule (Péré, 1999; Péré & Rodier,
2002; Poska, 1991; Smart, 1996; Stahl, 2004). However,
the stability of all components exposed to microwave
energy, which provides deep highly energetic radiation
penetration, must be evaluated to avoid the risk of

chemical degradation or even of a thermal runaway
(Bauer & Vadagnini, 1997; Stahl, 2004). An effective fail-
safe end-point control system is therefore essential for
microwave drying since as soon as all water molecules are
removed, the energy becomes concentrated on the next
most excitable molecule. This can lead to a rapid and
irreversible degradation of an ingredient in the mix (Bail-
lon, 1996; Bauer & Vadagnini, 1997; Hunter, 1992). The
dielectric properties of the pharmaceutical products are
very important characteristics regarding the suitability
and efficiency of microwave drying. Mixing is essential
during and after the drying phase to improve the dielec-
tric heating efficiency.

Description of Multiphase and Single
Pot Equipment

High-shear Granulation Apparatus Used in
a Multiphase Process

High-shear mixer-granulator apparatus are com-
monly mentioned in the literature in the material sec-
tion but few technical syntheses of the different
existing equipment are actually available (Faure, et al.,
2001; Levin, 2004; Stahl, 2004). Table 2 describes the
most frequently used apparatus.

The mixing chamber and the impeller are simulta-
neously designed to ensure the best movement of the parti-
cles inside the bowl. This movement depends on the bowl
(Fig. 5) and impeller (Fig. 6) geometry. The geometry of the
impeller is adapted to the bowl shape in order to improve
the volume of powder swept by the mixing tool and to
decrease wall adhesion and dead zone. Moreover, the
movement of the powder blend inside the bowl depends
on the impeller speed. At low speed, the impeller gives the
powder a bumping movement, whereas at high speed the
powder is submitted to a rotational movement (Fig. 7).

The presence of a chopper in the bowl is also
required to break coarser agglomerates and control
granules distribution (Le Lan, 1978; Stahl, 2004). As
for the impeller, the geometry and rate of the chopper
differ from one apparatus to another (Fig. 6). Therefore,
the chopper is likely to disturb the flow pattern of the
mass depending on its design and running speed.

The rotation speed, the size, and the shape of the
mixing tools are likely to have an influence on the
powder bed temperature. Holm (1987), Kristensen &
Schaefer, (1987), and Schaefer et al. (1986, 1987)
showed that the energy consumed in a high shear

513 Multiphase versus Single Pot Granulation Process



TABLE 2 Examples of Marketed Vertical and Horizontal Shaft High-shear Mixer-granulators

Vertical shaft high-shear mixer-granulators

Supplier Equipment capacity References Presentation
Diosna P1™ to P1250™ Becker et al., 1997; Bock & L
(1to 1250L) Kraas, 2001; Hausman, 2004; i
Schaefer et al., 1986 |
GEA (Aeromatic-Fielder) GP1SP™ (3 to 10 L) Badawy et al., 2000a and I g e i
PMA10™ to PMA 1800™ 2000b; Chaplin et al., 2004; | ~1
(10 to 1800 L) Faure et al., 1999; Landin ity T ,
et al., 1996a, 1996b; 5 —|
Mackaplow et al., 2000; | : -
Plank et al., 2003; Rekhi et
al., 1996; Schaefer Plank, 2003
et al., 1986

Glatt-Powrex VG-1™ to VG-3000™
(1 to 3000 L)

Loedige MGT 30™ to 1200™
(30 to 1200 L)
GEA (Collette NV) Ultima Gral™

(10 to 1200 L), successor of
Gral™ (10 to 600 L)

Pro-C-epT 4M8™ (100 to 700 g)

Mi Pro™ (15 to 1000 g)

Huttlin HMG 5™ to 1200™ (9 to 1776 L)
Key International KG-5™ (125 to 3000 g)

Horisawa et al., 2000; Kokubo
& Sunada, 1996; Konishi
et al., 1996; Miyamoto
et al.,, 1998

Timko et al., 1986, 1987

Ameye et al., 2002; Gao et al.,
2001; Hausman, 2004; Hlinak I
et al., 2000; Schaefer et al.,
1986; Van Den Dries et al.,
2002, 2003; Van
Vaerenbergh, 2001;
Zuurman et al., 1995

Ameye et al., 2002; Bouwman
et al., 2004; Jorgensen et al.,
2004a, 2004b; Kiekens et al.,
1999

I
Famaker, 2001

Badawy et al., 2000ab

Horizontal shaft high-shear mixer-granulators

Supplier Equipment capacity

References Presentation

Littleford Loedige  5to 30000 L L5™to L10™ M5™  Benkerrour et al., 1982;

to M20™ FKM130D™ to Delacourte et al., 1992;

FKM30000D™ FKM130 Ertel et al., 1990; v ol ot g s
direct™ to FKM2000 direct™ Hoornaert et al., 1998; J'._:i,;-;-:;,%_ Lz o
Li et al., 1996; Lister oY | B S csiiae
et al., 2004; Schaefer f J‘- Y, Teew
etal, 1986 _—
!_,-"ﬂ; }I"‘_E'ir\-:ll J‘)
WP
Lister, 2004

mixer was converted into heat in the moist mass. This
phenomenon has to be taken into account as it may
induce problems when working on thermosensitive
products (Le Lan, 1978; Stahl, 2004).

K. Giry et al.

The shaft in the bowl can be either vertical (Fig. 8a)
or horizontal (Fig. 8b). When the shaft is vertical, the
influence of gravity forces on the powder bed is

higher.
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FIGURE 5 High-shear Mixer-granulators with Different Mixing Chamber Design (Gaillard, 1990, Ramaker, 2001).

Drying Equipment as Part of a Multiphase
Process

After a wet granulation in a high shear mixer is used
as a part of a multiphase process, drying is usually per-
formed in a fluid bed dryer or in a forced hot air dryer.
As seen previously for multiphase granulation equip-
ment, few studies describe the marketed equipments.
Table 3 proposed a synthesis of technical characteris-
tics of the most frequently used apparatus.

Single Pot Apparatus

A single pot is a double jacket bowl apparatus equipped
with an impeller and a chopper which allows mixing, gran-
ulating, and drying in the same apparatus without dis-
charging (Fig. 9). Therefore, it improves handling (no wet
milling prior to drying) and it decreases the risk of cross
contamination in accordance with Good Manufacturing
Practice (GMP) requirements (Bauer, 1997; Pearlswig et al.,
1994). Nevertheless, care must be taken to avoid the for-
mation of lumps, as they cannot be broken before drying.
Moreover, drying phase is known to be longer in single
pot compared to fluid bed drying (Stahl, 2004).

Vacuum is always associated to double jacket dry-
ing. In addition to vacuum double jacket drying, man-
ufacturers have developed various solutions to further
improve drying efficiency: spherical bowl, tilting
bowl, gas stripping, and microwaves.

For example, the spherical design of the bowl is likely
to improve the movement of the product inside the bowl
and increase the contact surface between the product and
the heated wall (Le Lan, 1978; Rosetto, 1998). The spher-
ical design of the bowl also improves the distribution of
the binder solution through the powder blend, thus
diminishing the quantity of wetting liquid necessary for
granulation (Le Lan, 1978; Rosetto, 1998).

Additionally, Van Vaerenbergh (2001) demon-
strated that the use of a swinging bowl during vacuum
drying had a positive influence on drying times. It was

observed that drying time was 15% shorter when using
a swinging bowl as a result of the increase in the surface
contact between the product and the apparatus wall.

Furthermore, the use of a gas stripping system, such
as developed by Zanchetta™, Bohle™, and Collette™,
allows faster drying by applying a gas flow through the
powder bed (Bauer & Vadagnini, 1997; Duschler et al.,
1997; Stahl, 2004). Under vacuum conditions, the
injected gas expands inside the bowl and acts as a
vapor carrier (Zanchetta, 1992).

Microwaves can also improve drying times in single
pot apparatus. Pearlswig et al. (1994), who worked on a
Collette Vactron™ single pot, observed that drying time
was three times shorter with the combination of vacuum
and microwaves compared to vacuum drying alone.

Table 4 proposed a synthesis of single pot mixer-
granulator-dryers commercialised at present time.

Granule characteristics are likely to depend on both
the granulation and the drying processes. Therefore, final
granule properties will depend on the choice of the appa-
ratus and process and of formulation parameters.

INFLUENCE OF HIGH-SHEAR
GRANULATION EQUIPMENT AND
PROCESS AS WELL AS FORMULATION
PARAMETERS ON GRANULE
PROPERTIES

Influence of Apparatus and Impeller
Design

A few studies have described the impact of the bowl
(shape, shaft, material), of the impeller geometry, and
of the chopper design on granules properties (Holm,
1987; Hunter & Ganderton, 1973; Le Lan, 1978;
Schaefer et al., 1986, 1987; Schaefer, 1988). Growth
mechanism, final particle size distribution, and poros-
ity of the granules were found to be directly related to

515 Multiphase versus Single Pot Granulation Process
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FIGURE 6 Examples of Impellers and Choppers Shapes. A. Three Blades Impeller for Spherical Mixer: Moritz Turbosphere™
(a. Le Lan, 1978, b. Guerin, 2005); B. Standard Mixing Blades (a) and Collette Ultima Pro™ Mixing Blades (b) (Collette, 2005); C.

“z" Rotor and Chopper of a Glatt Vertical Granulator™ (VG) (Glatt, 2005); D. Ploughshare Impeller (a) and Chopper (b) (Loedige,
2005).
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FIGURE 7 Flow Regimes in Fielder™ Mixer Granulators:
Bumping at Low Speed (A) and Roping at High Speed (B) (Lister
et al., 2004).

the distribution of the binder solution inside the pow-
der mix. Indeed, it was observed (Mort & Tardos,
1999; Plank et al., 2003; Reynolds et al., 2004) that an
inhomogeneity in binder distribution led to a wider
size distribution of the granules with both fine and
coarse fractions. Additionally, granules were more
porous and less mechanically stable in fractions with
low binder concentration. It is therefore necessary to
optimize the distribution of the wetting liquid inside
the powder mix (Delacourte et al., 1992; Fu et al.,
2004; Holm et al., 1984; Kokubo & Sunada, 1996;
Laicher et al., 1997). According to Le Lan (1978) and
Rosetto (1998), when the bowl is designed with a
spherical shape, the movement of the ingredients and
the distribution of the binding liquid through the
powder bed are facilitated.

The shaft in the bowl can be either vertical or hori-
zontal. The use of a vertical shaft can result in an
increase in granule density due to a higher influence
of gravity forces on the powder bed (Kristensen &
Schaefer, 1987).

In a research study, Bouwman et al. (2004) sug-
gested that granulation behavior (mainly initial nucle-
ation) was determined by the balance between the
contact angle of the vessel wall and the sorption rate
of the powder blend. When the vessel is made of a low
contact angle material such as glass or stainless steel, a
layer of liquid can be formed on the wall that will not
be involved immediately in the nucleation process.
Bouwman et al. (2004) showed that this phenomenon
could be responsible for an inhomogeneity in the lig-
uid distribution which led to a wide size distribution
of the nuclei and, consequently, of the final granules.
On the contrary, the authors observed that when the
vessel was made of a high contact angle material, such
as PMMA (polymethyl methacrylate) or PTFE (poly-
tetrafluoroethylene), a narrow size distribution of the
granules was obtained. The degree of influence of the
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FIGURE 8 Vertical Shaft (a), Horizontal Shaft (b) (Lister et al.,
2004).

vessel material is related to the nature of the filler
used. Granulation involving microfine cellulose and
lactose which are “slow imbibing” powders will tend
to be more influenced by the type of vessel than
microcrystalline cellulose which is a “fast imbibing”
powder.

However, it was observed that for larger equipments
the impact of the nature of the vessel wall material was
lower because of a smaller proportion of powder in
contact with the wall (Faure et al., 1999). Above all,
production equipment does not allow for a large
choice in vessel material and stainless steel is usually
used.

Holm (1987), Schaefer et al. (1986, 1987), and
Schaefer (1988) described the influence of the impeller

517 Multiphase versus Single Pot Granulation Process



TABLE 3 Examples of Marketed Fluid Bed and Forced Hot Air Dryers

Fluidized bed dryer

Supplier Equipment/capacity References Presentation
Aeromatic- MP-Micro™ (50 to 200 g) Delacourte et al., 1992; Gao
Fielder (GEA- Aeromatic Fielder 5™ to 1550™ et al., 2000; Li et al., 2003 nn
Niro) (10 Lto 3100 L) ——— iz,
Huttlin Mycrolab™: 50 to 300 g Unilab™: —= V™
2 to 6 kg Pilotlab™: 7 to 32 kg HD- _ — il
100™ to HD-3000™ (245 to 10553 L) "'“_"'
Chin Yi FBD-2™ to FBD-500™ i
Machinery (7 to 1600 L)
Diosna Mini-Lab™: 3.5 to 8 L CA 25™ to CA Do
2400™ (25 to 2400 L) )
Fitzpatrick FitzAire™ (25 kg to 900 kg) 1y, _
Glatt GPCG™ Series WST / WSG™ GPCG™ Serijes: Benkerrour ‘EF_ S
Series (5kgto 1.51) etal., 1982; Chaplinetal.,
2004; Hausman, 2004;
Gotthardt et al., 1999 tadapted from Rosetto, [998)
WST/WSG™ Series:
Kokubo & Sunada, 1996
Karnavati KELFBD-10™ to KELFBD-120™
engineering (35to04301L)
Vector MFLO1™: 50 mL FL-1™ to FL-500™

Corporation (4 to 1450 L)

Forced hot air dryers

Supplier Equipment/capacity References Presentation
Gruenberg TI8H28™ to TI8H476™ (15 to 800 cubic feet/42
to 2265 L) BRRTE"
Karnavati engineering KELDO-24™ to KELDO-96™ (24 to 96 t) | LTy,
VWR international VWRT™ vacuum oven Model 1410™: Badawy et al., | E’ -~ .
17 L Model 1430™: 48.1 L Model 2000b 7k (|| S
1450™: 127.4 L ="
I ——M
||  E— |
1] ] |
i — O
N —
i) —

Gruenberg, 2005

on granule density using, as a criteria, the relative vol-
ume of powder swept out by the impeller, i.e., the vol-
ume swept out by the impeller blades per second
divided by the volume of the bowl. Experiments were
conducted in different apparatus, equipped with
impellers of various design and blade angles at differ-
ent impeller speeds. The authors concluded that a
high swept volume caused high densification of the

K. Giry et al.

agglomerates and narrowed granule size distribution
by crushing of largest agglomerates.

Holm (1987) also studied the influence of the chop-
per on granules density using the relative swept vol-
ume as a criterion. He demonstrated that the chopper
size and rotation rate had no effect upon the granule
size distribution. He suggested that the primary func-
tion of the chopper was to disturb the uniform flow
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Multiphase process

Single-pot process

FIGURE 9 Granulating Process: Multiphase Versus Single-pot.

pattern of the mass. Lister et al. (2004) observed that
the effect of the chopper on granules attributes, such
as density, was higher when a large proportion of the
mass powder was pushed through the chopper region,
i.e., when the chopper was relatively large.

Because the size and shape of mixing chambers,
impellers and choppers can differ significantly accord-
ing to the equipment, equipment switch cannot easily
be performed (Rekhi et al., 1996).

Schaefer et al. (1986) worked on different apparatus
(Loedige™, GEA™, Diosna™, and Fielder™ equipment).
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Their first aim was to compare same size/different sup-
pliers granulators. Their second objective was to com-
pare same supplier/different sizes apparatus. In both
cases, they found major differences in granule proper-
ties when smaller scales equipments were used.

Because the design of the bowl, impeller, and
chopper is fixed for a given granulator and cannot
be adapted for each type of granulation, the con-
trol of the granule properties has to be achieved by
the optimization of the process and formulation
parameters.
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TABLE 4 Examples of Marketed Single Pot Apparatus

Single pot equipments

Supplier

Equipment capacity and
drying method

References

Presentation

Bohle

Diosna

GEA (Collette
NV)

Zanchetta
Romaco

GEA (Aeromatic-
Fielder)

Pro-C-epT

VMA 70™ (70 L) Double
jacket, vacuum, gas
stripping

VAC 20™ to 1200™ (20
to 1200 L) Double jacket,
gas stripping

UltimaPro™ (10 to 1200 L),
succesor of Vactron™
Double jacket, vacuum,
tilting bow!l, gas stripping

Rotolab™ (2 L) Roto P10™
to P2000™ (10 to 2000 L)
Roto E 100™ to E1200™
(100 to 1200 L) Roto Cube
12™ to 1200™ (12 to 1200
L) Double jacket, vacuum,
tilting bow!l, gas stripping

Spectrum GP™ (1 to
hundreds of kg) Double
jacket, vacuum, microwaves

Mi Pro™ Double jacket,
vacuum (15 to 1000 g) Mi-
Mi-Pro™ Double jacket,
vacuum, microwaves (100 to
800 g)

Moritz (Bio Inox/ Turbosphere 10™ to

Pierre Guerin)

2000™ (10 to 2000 L)
Double jacket, vacuum,
spherical bowl, microwaves

Steffens et al., 1995

Dushler et al., 1995; Killeen,
1999; Pearlswig et al., 1994;
Robin et al., 1994; Van
Vaerenbergh, 2001

Albertini et al., 2003;

Bauer & Vadagnini, 1997;
Cavallari et al., 2002; Fu et al.,
2004; Robin et al., 1994;
Stahl, 2000, Scott, 2000

Badawy et al., 2000a and 2000b;
Gauthier, 1993; Poska, 1991;
Robin et al., 1996; Smart, 1996;
White, 1994

Kiekens et al., 1999

André et al., 1990; Gaillard
et al., 1989; Le Lan, 1978;
Poska, 1991; Robin et al.,
1994

1as SrppIng

Bohle, 2003

llting

Choppar

|y sy =

Mira, 2005

Chopper

T8 BT impeller

Le Lan, 1978

Influence of Process Parameters

The following process parameters have been found
to be of a high importance (Fu et al., 2004; Schaefer,
1988): binder solution or solvent addition mode, wet
massing time, impeller and chopper speed, and
temperature.

K. Giry et al.

Method of Addition of Binder Solution and
Wetting

The binder solution may be added either directly to
the powder mix or in binder solution. Holm and
coworkers (1984), who performed granulations in a
Fielder PMAT 25™, noticed that the binder distribution
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was not homogeneous when dry binder was used and
a solvent was added. Therefore, the study recom-
mended the addition of a binder solution to the pow-
der mix. On the other hand, Laicher et al. (1997) and
Delacourte et al. (1992), who respectively performed
granulations in a Diosna P10™ and a Loedige M5™,
chose to use a dry binder because it allowed granula-
tion at high binder concentrations, while a corre-
sponding binder solution would have been too
viscous for spraying. However, since these experi-
ments were not conducted under the same conditions
in terms of equipment and formulation, the influence
of the method of binder addition on the observed
results cannot be ruled out.

Some authors (Holm et al., 1983; Fu et al., 2004;
Knight et al., 1998, 2000; Kristensen & Schaefer, 1987;
Kokubo & Sunada, 1996; Scott et al., 2000) observed
that the atomization of the wetting liquid improved
its distribution inside the powder blend. Liquid addi-
tion without atomization led to an inhomogeneous
liquid distribution especially at low impeller speed.
Lister et al. (2001) showed that size distribution and
shape of nuclei were dependent on spray flux. Higher
spray flux values led to larger surfaces of wetted pow-
der. Spray flux needed to be optimized to perform
controlled nucleation and obtain a narrow size distri-
bution. Schaefer et al. (1986) did not observe any sig-
nificant influence of the size of the atomized droplets
on granule quality. On the other hand, Iveson et al.
(2001a) demonstrated that the nucleation formation
mechanism depended on the relative sizes of the drop-
lets and of the primary particles (Fig. 10). It was
observed that when droplets were smaller than solid
particles, they distributed onto the surface of the parti-
cles and granules grew by coalescence (Fig. 10a). On
the contrary, when droplets were larger than solid par-
ticles, immersion of the small particles in the liquid
was noted (Fig. 10b).

Impeller and Chopper Speed and
Granulation Time

In a specific study, Uribarri et al. (2003) noticed a
decrease in the mean granulated particle size when a
chopper was used in comparison with granulation per-
formed without the use of a chopper. However, many
authors reported that the speed of the chopper had no
significant influence on granule properties (Holm
et al., 1983, 1984; Levin, 2004; Westerhuis et al.,

d., - L o
. L Pl 050 @
& & — O —»
4 & GE 0 DG
Solid A Digbrbuticr Coabasoancs

b. +@_ﬁ%

Sobd Birdar Immersion

FIGURE 10 Distribution Mechanism (a), Immersion Mechanism
(b) (lveson et al., 2001a).

1997). Therefore, while the presence of a chopper
could have an influence on granule properties, its
speed is not likely to be of importance.

Two parameters, impeller speed and granulation
time, were found to influence concomitantly the fol-
lowing granule properties: size distribution (Biggs
et al., 2003; Kristensen et al., 1987; Kokubo & Sunada,
1996; Uribarri et al., 2003), shape (Knight et al., 2000),
porosity, and friability (Badawy et al., 2000a; Kiekens
et al.,1999; Oulahna et al., 2003).

For high impeller speed, the distribution of the
binder solution in the powder mix is improved. Con-
sequently, a lower amount of binder solution is
required to obtain granules with a narrow size distribu-
tion (Bardin et al., 2004; Knight et al., 2000; Holm
et al.,, 1983, 1984; Schaefer et al., 1986). However, if
the impeller speed becomes too high, fine particles
can be generated from granule breakage due to
mechanical stress. This can produce two major frac-
tions in granule size distribution: a coarse agglomer-
ated fraction on one side and a fine powder fraction
on the other side (Knight et al., 2000; Kokubo &
Sunada, 1996; Oulahna et al., 2003; Vromans, 1994).
Similarly, increasing granulation time increases gran-
ule mean size. However, after a certain time, breakage
creates fine particles and leads to a wider size distribu-
tion (Kokubo & Sunada, 1996; Uribarri et al., 2003).

When the speed of the impeller is too low, the inef-
ficient distribution of the binder solution may lead to
a wide particle size distribution and to the presence of
ungranulated particles (Holm et al., 1983, 1984;
Schaefer et al., 1986). Additionally, a short granula-
tion time can be responsible for the poor distribution
of the components. In particular, Kokubo & Sunada,
(1996), in the case of a dry binder, showed that, at
extremely short granulation times, the distribution of
the solvent in the powder mass was not homogeneous
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decreasing the binder dispersion. Because of insuffi-
cient dispersion, weakly bonded particles were
formed, thus raising breaking susceptibility.

Impeller speed was also found to have an influence
on granule shape. Knight et al. (2000) observed that
granules produced at high impeller speed for a short
granulation time were less spherical than granules
obtained at low impeller speed for a long granulation
time. He concluded that the impeller speed and gran-
ulation time had to be optimized in order to obtain
spherical granules.

Moreover, the impeller speed and granulation time
can modify granule porosity. For high impeller speed
and/or long granulation time, granules are submitted
to high-shear forces which leads to their densification,
L.e., decrease of intragranular porosity and decrease of
friability (Badawy et al., 2000a; Kiekens et al., 1999;
Oulahna et al., 2003; Tobyn et al., 1996). However,
Ameye et al. (2002) observed that the impeller speed
had no influence on granule friability in Mi Pro™
high-shear mixers at whatever the scale (from 250 mL
to 5 L bowls).

Based on these findings, impeller speed and granu-
lation time must be concomitantly chosen to ensure
to the resulting granules the required properties to
facilitate further processing into tablets, i.e., optimized
sphericity, density, porosity, and size distribution.

Influence of Formulation Parameters
Physical Properties of Raw Materials

Obviously, wet granule characteristics are expected
to be related to the physical properties of raw materials.
The most important physical properties are: primary
particle size and morphology, wettability and solubility.

Badawy et al. (2000b), Cruaud et al. (1980) and
Kristensen & Schaefer, (1987) highlighted an effect of
primary particle size on granule growth rate and on
wet granule size distribution. Coarser powders led to a
faster growth rate and larger final wet granules. There-
fore coarser powder required a shorter granulation
time. However, these authors observed that granula-
tion time could be optimized to limit the effect of pri-
mary particle size.

Furthermore, an influence of primary particles size
on porosity was observed. Coarser powders led to
weaker liquid bridges between primary particles.
Growth by coalescence and/or crushing and layering

K. Giry et al.

were favored. The resulting granules were more
deformable, friable, and less porous (Mackaplow et al.,
2000; Ritala & Virtanen, 1991). In addition, the sur-
face of the granules appeared smoother as the primary
particles size was reduced. It is probable that granules
with smaller primary particles were probably less
readily damaged in the high-shear environment (Fu
et al., 2004).

An effect of primary particles size on the amount of
granulating liquid required was also demonstrated
(Hunter & Ganderton, 1973; Johansen & Schaefer,
2001; Knight et al., 1998; Keningley et al., 1997;
Westerhuis, 1997). Indeed, there is a direct relation-
ship between primary particle size and shape and their
surface area. Larger amounts of liquid are required
when surface area increases.

Finally, a narrow size distribution of primary parti-
cles is recommended to limit segregation and avoid
granule heterogeneity (Van Den Dries & Vroman,
2002; Vromans, 1994).

Wettability of the powder by the binder solution is
related to the solid-liquid contact angle of the system.
Iveson et al. (2001a and 2001b) and Jaiyeoba & Spring,
(1980) observed that a low powder-liquid surface ten-
sion increased wettability and led to larger granules.
Therefore, a good wettability of the powder enhances
binder solution distribution onto the particles surface
and granules agglomeration (Becker et al., 1997; Gold-
szal & Bousquet, 2001; Pont, 2000).

Moreover, in the case of a low powder-liquid con-
tact angle, resulting granules presented good cohesive
properties (Iveson et al., 2001a and 2001b).

Powder with good wettability also allows a lower
amount of binder liquid and the use of a lower
amount of binder liquid for granulation (Malamataris
& Kiortsis, 1997).

As seen above, granule growth is initiated by the
formation of liquid bridges between primary particles.
The number and strength of such bridges not only
depend on the powder-liquid surface tension but also
on the solubility of the raw material. (Bardin et al.,
2004; Jaiyeoba & Spring, 1980; Keningley et al., 1997).
In particular, the solubility of the filler and of the
drug substance in the binder solution is of high
importance.

When the filler is soluble in the binder solution,
granulation requires lower solvent volume (Holm
et al.,, 1983, 1984). Benkerrour et al. (1982) and
Faure et al. (1999) studied granulation with a soluble
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and an insoluble filler (respectively, lactose and tri-
calcium phosphate). They observed that when lac-
tose was used, it dissolved in the granulating liquid
and recrystallization occurred. So, the resulting
granules demonstrated a higher strength and a lower
friability. Moreover, lactose granules were less
porous than the tricalcium phosphate ones. In the
case of lactose granules, macro-pores predominated
while in the case of tricalcium phosphate granules,
micro-pores were in high proportion (Benkerrour
et al., 1982).

The solubility of the drug substance in the binder
solution is also important as poor solubility may
result in drug content heterogeneity (Wells &
Walker, 1983). Miyamoto et al. (1998) studied a
highly soluble drug (ascorbic acid) and a poorly solu-
ble drug (ethenzamide). It was observed that the
highly soluble ascorbic acid was homogeneously dis-
tributed in the granules whereas the poorly soluble
ethenzamide was highly concentrated in smaller
granules with both experiments being conducted
under the same conditions.

Amount and Nature of Binder
Solution

It is well known that the amount of granulating lig-
uid affects granule growth; the greater the amount of
granulating fluid, the higher the granule mean size
(Kokubo & Sunada, 1996; Konishi et al., 1996;
Uribarri et al., 2003).

The presence of a binder at the inter-granular inter-
face improves both the plasticity of the mass and the
inter-particulate bonding (Zuurman et al., 1995).
Therefore, when the amount of binder is increased,
granule porosity is lowered (Iveson et al., 1996; Knight
et al., 1998; Konishi et al., 1996; Mackaplow et al.,
2000). Moreover, Fu et al. (2004) observed that a too
high or a too low binder concentration led to lower
granule sphericity due to their deformability.

An optimal effect of the binder can be obtained
for particles with a high inter-granular porosity
because of an increase of the surface area over which
the binder can act (Konishi et al., 1996; Zuurman
et al., 1995). It is thus possible to use a lower amount
of binder.

Increasing the amount of binder leads to an
increase in binder solution viscosity if the amount of

solvent remains unchanged. An increase in binder
concentration was found to increase granule strength
(Benkerrour et al., 1982). An increase in viscosity was
found to limit drug migration during subsequent dry-
ing of the granules (Kapsidou et al., 2001; Warren &
Price, 1977b). However, it was also observed that
when the viscosity of the solution became too high,
the granulating solution was not uniformly distributed
in the powder blend thus inducing poor granule
homogeneity (Keningley et al,, 1997; Reading &
Spring, 1984; Schaefer et al., 2004; Van Den Dries
et al., 2003).

It was noticed that both the solubility of the raw
materials in the wetting liquid and the liquid viscosity
affected granule properties (see the section on Physical
Properties of Raw Materials). Consequently, the
nature of the solvent can also influence granule prop-
erties. Hausman (2004) performed granulations with
water and methanol as solvents (at constant process
parameters). The experiment showed that the nature
of the granulating solvent modified granule size distri-
bution and inter-granular porosity. In the case of water
soluble fillers, granules with a larger size distribution
and a higher density were obtained when water was
used as granulating solvent (Kristensen & Schaefer,
1987; Wells & Walker, 1983).

Table 5 lists the apparatus, process, and formula-
tion parameters that may have an influence on the
characteristics of final granules.

Additional Considerations

The influence of the temperature increase during
running of the process has to be mentioned. Betz et
al. (2004) observed a linear relationship between
product temperature and friction forces at interpar-
ticle contacts. Friction forces depended on powder
blend properties, such as particle size, shape, sur-
face, solubility (Betz et al., 2004), and flowability
(Le Lan, 1978), and on the filling level of the bowl
(Betz et al., 2004). Moreover, product temperature
was found proportional to the relative swept vol-
ume which is linked to the design of the bowl and
to the impeller speed (Kristensen & Schaefer, 1987;
Le Lan, 1978; Levin, 2004).

Such an increase in powder blend temperature can
lead to a loss of moisture because of evaporation
(Holm, 1987; Schaefer et al., 1986, 1987; Schaefer,
1988). Evaporation of surface free liquid at high-energy
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TABLE 5 High-shear Granulation Apparatus Design, Process, and Formulation Parameters Likely to Have an Influence on Granule

Properties

Apparatus design

Process parameters

Formulation parameters

* Bowl (shape, material, shaft) e Method of formation of binder e Primary particles size and morphology
solution
e Impeller (shape) ¢ Method of addition of binder e Powder wettability by binder solution
solution or solvent
e Chopper (presence) e Impeller speed/granulation time ¢ Drug substance/filler solubility in binder
solution

e Chopper speed
e Temperature

e Amount and nature of binder solution

input is likely to decrease the potential for growth by coa-
lescence (Albertini et al., 2003). Obviously, a good seal-
ing of the bowl can prevent evaporation. On the
contrary, granule growth depends on the solubility of
the raw material in the binder solution, which can be
improved when product temperature increases (see
Physical Properties of Raw Materials).

Considering that generally the choice of the appara-
tus is imposed, it is essential to understand which pro-
cess and formulation parameters are likely to have a
major impact on final granules properties as summa-
rized in Table 6.

Nevertheless, in order to minimize high-shear gran-
ulation process and formulation parameters contribu-
tion on granule properties, Li et al. (1996) and
Hausman (2004) suggested to add extra-granular
microcrystalline cellulose (MCC) Comparing the
influence of intra- and extra-granular localization of
MCC, it was found that the addition of MMC
improved granule compressibility.

INFLUENCE OF DRYING EQUIPMENT
AND RUNNING PROCESS
PARAMETERS ON GRANULES
PROPERTIES

The different drying techniques previously
described may confer different textural and mechani-
cal properties to granules. The influence of the choice
of a drying process on granule properties, for
multiphase and single pot equipment, is going to be
presented.

Multiphase Drying Process
Forced Hot Air Drying

In forced hot air drying, the close contact between
granules can facilitate solute migration towards the
surface. This can favor caking when evaporation rate
from the surface of the powder blend is faster than its

TABLE 6 Influence of Main High-shear Granulation Process and Formulation Parameters on Granules Properties

Granules
Increase in size

Narrowing of
size distribution

Density

Control on
granules size

Granulation
Sphericity time

Impeller speed

Temperature

Binder
concentration’

Primary particles
size

AV
/11
AN
YR

AN

/
/
T

TPowder wettability and solubility are also linked to that parameter, because a high wettability and solubility can enhance the action of the binder.

Adapted from: Castel, Techniques de I'ingénieur.

K. Giry et al.
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internal diffusion. Warren & Price, (1977a) studied
water soluble drug migration during tray drying of a
lactose based wet granulation. They showed that varia-
tions in filler particle size resulted in differences in
drug content uniformity. A decrease in lactose particle
size led to a reduction in the pore size within the parti-
cles and to an increase in the contact area between
particles. Therefore, drug inter-granular migration
phenomenon was increased. A control of particle size
of the major filler could therefore limit drug migration
and improve granule uniformity (Kapsidou et al.,
2001; Kiekens et al., 2000).

Davis et al. (2004) studied the polymorphic trans-
formation of glycine during the drying phase follow-
ing a wet granulation. Tray drying, a slow drying
technique, was found to limit the polymorphic trans-
formation of the drug substance as opposed to rapid
fluid bed drying.

According to Pérez et al. (2002), tray dried granules
presented lower fine proportions compared to fluid-
ized bed dried granules. Indeed, as the product
remains static during forced air tray drying, the gran-
ules are not submitted to aggressive mechanical phe-
nomena responsible with attrition (Kokubo & Sunada,
1996).

Fluid Bed Drying

Contrary to slow drying in an oven, the rapid evap-
oration of water as a result of the turbulent motion
during fluid bed drying limits the shrinkage of the
granules and produces granules of high porosity and
of large mean diameter. On the contrary, liquid evap-
oration occurs in a very slow manner when drying is
conducted in an oven and so produces less porous
granules (Bashaiwoldu et al., 2004).

In fluid bed drying, each granule is isolated from its
neighbors by the heated air and inter-granular migra-
tion of solute is not possible. However, intra-granular
migration, i.e., solute migration caused by the move-
ment of liquid toward the surface of the granule due
to capillary effects through intra-particulate spaces,
can occur. In fact, fluidization produces greater sol-
vent intra-granular migration as compared with other
drying methods (forced hot air, microwaves, vacuum
etc.) because of the important movement of the parti-
cles in the air flow and because drying kinetic is
improved (Bashaiwoldu et al., 2004). A drug substance
highly soluble in the granulating solvent is therefore

likely to migrate to the granule surface generating het-
erogeneity with a higher concentration in the outer
layer (Cruaud et al., 1980). Moreover, during fluid bed
drying, inter-granular collisions and collisions with the
dryer wall can decrease granules size by attrition (Pas-
chos, 1987). In the same case, attrition of the solute-
rich outer layer during fluidization and elution of dust
can therefore result in an overall loss of drug sub-
stance (Travers, 1975).

There are various types of expanded beds (slugging,
boiling, channeling, and spouting). The influence of
the apparatus type on the effectiveness of heat transfer
is not to be developed in this review. For further infor-
mation, the following references can be consulted:
Joulié (1994) Ormés (1994), and Parikh (1997).

Single Pot

Single pots are equipped with a double jacket bowl
which is heated for drying. Drying efficiency is related
to the time and surface contact between the granules
and the heated apparatus wall. Therefore, drying is
improved when agitation is performed. However, a
high agitation can lead to attrition with the produc-
tion of fines and can increase granule densification
(Authelin et al., 1996; Stahl, 2004). The shape of the
impeller has to be designed to limit as much as possi-
ble the attrition of the granules and facilitate mixing.

Vacuum drying is always associated to double
jacket drying in order to perform faster drying.

Manufacturers have developed complementary
solutions to improve drying efficiency in single pots:
spherical chamber, gas stripping, tilting bowl, and
microwaves. Obviously, these are likely to have an
influence on final granules properties:

e When manufactured in a spherical mixing chamber,
granules were found to present a higher sphericity
and density. Moreover, a limited attrition was
observed after drying due to the spherical shape of
the bowl (Rosetto, 1998; Shi, 1996).

e Gas stripping consists in the injection of gas through
the powder mass. Under vacuum conditions, the
injected gas expands inside the bowl and acts as a
vapor carrier, thus speeding up the drying process
which consequently leads to a decrease in granules
attrition and densification (Stahl, 2004; Zanchetta,
1992).
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e The influence on granule properties of a swinging
bowl, that is to say tilting during vacuum drying,
was studied by Van Vaerenbergh (2001). The study
observed an increase in granule size distribution
with a reduction in fines production. These results
were closer to those obtained by forced air drying.
Consequently, the granules possessed better flow
properties.

e Killeen (1999) compared granules dried in a conven-
tional air-circulation oven and in a microwave oven
after wet granulation. It was observed that the gran-
ule tapped density was higher and the porosity lower
when dried with microwaves. Moreover, the shape
of the granules dried by microwaves was more regu-
lar and their surface smoother. Kapsidou et al.
(2001) studied the migration of various drug sub-
stances (prednisolone, propanolol hydrochloride,
and salicylic acid) during drying processes. Drug
migration was remarkably lower when dried in a
microwave dryer compared to a conventional hot
oven.

Influence of Running Process
Parameters for a Given Drying
Technique

For a given drying technique, a modification of one
of the parameters influencing the process may also
affect some of the granule properties.

Temperature and drying time are essential parame-
ters. For example, Perez & Rabiskova, (2002), who
studied hot air oven, microwave oven, and fluid bed
drying, observed that, for a same drying process, an

increase in temperature led to a decrease in the diame-
ter of the final granules due to a shrinking phenome-
non. In single pot drying, complementary solutions
(spherical chamber, tilting bowl, microwaves, and gas
stripping) have been developed to reduce drying time
and thus limit the attrition due to shearing (Le Lan,
1978; Rosetto, 1998; Shi, 1996; Stahl, 2004;
Zanchetta, 1992; and see Single Pot).

Other parameters are also involved, such as impel-
ler speed in single pot drying. Indeed, while an
increase in impeller speed can improve drying effi-
clency, it can also cause attrition and lead to granule
densification and to fines production (Authelin et al.,
1996; Stahl, 2004). In fluid bed drying, air velocity has
also to be optimized; it has to be high enough to
allow a good fluidization without inducing important
attrition (Paschos, 1987).

Therefore, granule properties depend on the opti-
mization of several running process parameters.

Synthesis on the Influence of Drying
Processes on Granules Properties

Table 7 summarizes the influence of different dry-
ing processes on granule properties (granule size distri-
bution, density, and porosity) and on the migration of
solute material.

The drying method proved to have a strong influ-
ence on the granule properties. Indeed, the high attri-
tion phenomena during fluid bed drying leads to the
production of fines. Attrition also occurs during dou-
ble jacket/vacuum drying under shearing in a single
pot apparatus. Densification of the granules happens

TABLE 7 Influence of Different Drying Processes on Major Granules Properties

Multiphase

Single pot

Forced hot air drying

Fluidized bed

Double jacket/
Vacuum

Double jacket/
Vacuum/Microwaves

Granules size
distribution

No change during drying
except if caking occurs
(formation of lumps)

Granules bulk and No densification
tapped density
and porosity

Migration of solute

material

High intra-granular
migration. towards the
surface with a risk of
caking

High attrition (fines) Possible  Attrition due to
granulation continuation
(size increase)

Higher porosity

High intra-granular
migration. Migration and
attrition can lead to over-
dosed fines

Attrition reduced with

shearing (size the decrease of

reduction) drying time
Densification Lower densification
due to because drying time
shearing is reduced
Inter- and intra-  Low inter- and intra-
granular granular migration
migration

K. Giry et al.
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when drying is performed in a single pot due to shear-
ing. This phenomenon can be limited when micro-
waves are added and as drying time is reduced. On the
contrary, fluid bed drying produces granules with a
high intra-granular porosity as a consequence of fluid-
ization and of a short drying time.

It has been shown that inter- or intra-granular sol-
ute migration is likely to occur during drying depend-
ing on the process used. A drug substance highly
soluble in the granulating solvent is therefore likely to
migrate in the forming granules thus inducing content
heterogeneity (Cruaud et al.,, 1980). Travers (1975)
studied the migration of sodium chloride solution
during different drying processes of kaolin granules.
The solution migrated towards the surface of the gran-
ules due to capillarity through intra-granular spaces.
Intra-granular migration was very important when dry-
ing was performed in a fluid bed dryer whereas there
was nearly no migration during double jacket vacuum
drying so the latest process led to granules with a bet-
ter homogeneity (Travers, 1975). Migration was
reduced when granules were dried by microwave dry-
ing. For comparison, in a ventilated oven, migration
was also observed but was rather less important than
in a fluid bed dryer (Cruaud et al., 1980).

CONCLUSION

Various equipments are available for wet granule
production. Two main processes are granulation in a
high-shear mixer-granulator followed by drying in a
separate apparatus (hot oven tray or fluid bed dryer)
and single pot granulation including drying.

Granulation parameters have a strong impact on
final granule properties. These parameters can be
related to the equipment, the process, and the formula-
tion. Indeed, the design of the bowl and of the impeller
has an effect on granule size distribution and density
due to its influence on the hydrodynamic of the pow-
der mass and on the distribution of the binding liquid.
Moreover, the method of addition of the binder affects
granule growth as it affects binder distribution. Impeller
speed and granulation time need to be concomitantly
adjusted to obtain granules with optimized sphericity,
density, porosity, and size distribution. Granule size
distribution also depends on process temperature.
Finally, granule size distribution, porosity, friability,
shape, homogeneity, and compressibility can differ sig-
nificantly depending on the physical properties of the

primary particles (size, shape, wettability, and solubility)
and on the amount and nature of the binder solution.

After wet high-shear granulation, drying can be
conducted in different ways. Heat transfer, mechanical
stress, and intra/inter-granular solute migration are
specific to each drying technique. Consequently, dif-
ferences in granules size distribution, density, poros-
ity, and homogeneity may be observed depending on
the drying technique. Furthermore, for a given equip-
ment, running process parameters also influence gran-
ules properties. Temperature and drying time are
essential parameters. Moreover, in the case of single
pot drying, complementary solutions (spherical cham-
ber, tilting bowl, microwaves, and gas stripping) have
been developed to reduce drying time and thus limit
attrition. Other parameters are involved such as impel-
ler speed in single pot drying or air velocity in fluid
bed drying. The optimization of several parameters is
required for proper end-use properties of granules.

In conclusion, granules properties depend on appa-
ratus, process and formulation parameters during both
the granulation and the drying step. Final granule
properties result from the complex interaction
between all these parameters. The right knowledge of
their contribution 1is therefore essential to ensure
reproducible granule quality and thus facilitate equip-
ment changes or scale up.

REFERENCES

Airaksinen, S., Karjalainen, M., Rasanen, E., Rantanen, J., & Yliruusi, J.
(2004). Comparison of the effect of two drying methods on the
polymorphism of theophylline. Int. J. Pharm., 276, 129-141.

Albertini, B., Cavallari, C., Passerini, N., Gonzales-Rodriguez, M. L., &
Rodriguez, L. (2003). Evaluation of B-lactose, PVP K12, and PVP
K90 as excipients to prepare piroxicam granules using two wet
granulation techniques. Eur. J. Pharm. Biopharm., 56(3), 479-487.

Ameye, D., Keleb, E., Vervaet, C., Remon, J. P., Adams, E., & Massart,
D. L. (2002). Scaling-up of a lactose wet granulation process in
Mi-Pro high shear mixers. Eur. J. Pharm. Sci., 17, 247-251.

André, F., Bouiller, B., Adams, S., Bagnaro, M., Becourt, P., & Guyot,
J. C. (1990). Etude par plan d'expérience de l'influence de trois
paramétres de fabrication sur la qualité de grains obtenus en
turbo-sphére. STP Pharma Sci., 6(10), 723-727.

Authelin, J. R., Lepinasse, G., Leprince-Ringuet, J., & Quessada, V. (1996).
Phénomene d'attrition, d’amorphisation et de mécanochimie
accompagnant le séchage agité sous vide des produits pharma-
ceutiques. 4°™ journée de I'AFSIA., 73-96.

Badawy, S. I. F., Menning, M. M., Gorko, M. A., & Gilbert, D. L. (2000a).
Effect of process parameters on compressibility of granulation
manufactured in a high-shear mixer. Int. J. Pharm., 198, 51-61.

Badawy, S.I. F., Lee, T. J., & Menning, M. M. (2000b). Effect of drug sub-
stance particle size on the characteristics of granulation manufac-
tured in a high-shear mixer. AAPS Pharm. Sci. Tech., 1(4), 33.

Baillon, B. (1996). Séchage sous vide/micro-ondes combinés de granulés phar-
maceutiques. Ph. D. Thesis, Université de Pau et des pays de I'Adour.

527 Multiphase versus Single Pot Granulation Process



Bardin, M., Knight, P. C., & Seville, J. P. K. (2004). On control of particle
size distribution in granulation high-shear mixers. Powder Tech-
nol., 140, 169-175.

Bashaiwoldu, A. B., Podzeck, F., & Newton, J. M. (2004). A study on the
effect of drying techniques on mechanical properties of pellets
and compacted pellets. Eur. J. Pharm. Sci.,, 21, 119-129.

Bauer, K.H., & Vadagnini, M. (1997). New developments in wet granula-
tion. Pharm. Technol. Eur., 9(3), 27-34.

Becker, D., Rigassi, T., & Bauer-Brandl, A. (1997). Effectiveness of bind-
ers in wet granulation: a comparison using a model formulation
of different tabletability. Drug Dev. Ind. Pharm., 23(8), 791-808.

Benkerrour, L., Puisieux, F., & Duchéne D. (1982). Influence de la nature
du diluant, de la viscosité et de la concentration en liant du lig-
uide de mouillage, sur les caractéristiques des grains et des com-
primés. Pharm. Acta Helv., 57(11), 301-308.

Betz, G., Junker Burgin, P., & Leuenberger, H. (2004). Powder consump-
tion measurement and temperature recording during granula-
tion. Int. J. Pharm., 272, 137-149.

Biggs, C. A., Sanders, C., Willems, A. W., Hoffman, A. C., Instone, T.,
Salman, A. D., & Hounslow, M. J. (2003). Coupling granule prop-
erties and granulation rates in high-shear granulation. Powder
Technol., 130, 162-168.

Bock, T. K., & Kraas, U. (2001). Experience with the Diosna mini-granula-
tor and assessment of process scalability. Eur. J. Pharm. Biop-
harm., 52, 297-303.

Bohle, http:/Avww.Ibbohle.de/deutsch/bosite_d/granu1_d.html (accessed
April 2005).

Bouwman, A. M., Visser, M. R., Eissens, A. C., Wesselingh, J. A, &
Frijlink H. W. (2004). The effect of vessel material on granules
produced in a high-shear mixer. Eur. J. Pharm. Sci., 23, 169-179.

Carstensen, J. T., & Zoglio, M. A. (1982). Tray drying of pharmaceutical
wet granulations. J. Pharm. Sci., 71(1), 35-39.

Castel B. Mise en forme des solides. Chimie—procédés. Opérations uni-
taires. Génie de la réaction chimique. In Techniques de
'ingénieur, J 3 382.

Cavallari, C., Abertini, B., Gonzalez-Rodriguez, M. L., & Rodriguez, L.
(2002). Improved dissolution behavior of steam-granulated
piroxicam. Eur. J. Pharm. Biopharm., 54, 65-73.

Chaplin, G., Pugsley, T., & Winters, C. (2004). Application of chaos analy-
sis to pressure fluctuation data from a fluidized bed dryer contain-
ing pharmaceutical granules. Powder Technol., 142, 110-120.

Chulia, D. (1990). In Compactage et granulation. Journée d'étude sur les
poudres JEP 90: de la fabrication a la fonctionnalisation, Paris,
March.

Collette. http://www.collette.be (accessed March 2005).

Cruaud, O., Puisieux, F., & Duchéne, D. (1980). Influence des conditions
opératoires sur les caractéristiques des grains obtenus par granu-
lation humide. Labo-Pharma—~Probléme et techniques., 297,
281-287.

Davis, T. D., Peck, G. E., Stowell, J. G., Morris, K. R., & Byrn, S. R. (2004).
Modelling and monitoring of polymorphic transformation during
the drying phase of wet granulation. Pharm. Res., 21(5), 860-866.

Delacourte, A., Saint Pol, J. F., Guyot, J. C., Dupas, H., & Delie, B. (1992).
Comparaison du pouvoir liant de divers excipients en granulation
humide: mise au point d'une technique d'étude. Pharm. Acta
Helv., 67(11), 308-314.

Deleuil, M. (1990). Les mécanismes de croissance en granulation. STP
Pharma. Sci., 6(5), 310-315.

Duschler, G., Carius, W., & Bauer, K. H. (1995). Single-step granulation
with microwaves preliminary studies and pilot scale results. Drug
Dev. Ind. Pharm., 21(14), 1599-1610.

Duschler, G., Carius, W., & Bauer, K. H. (1997). Single-step granulation:
development of a vacuum-based IR drying method (pilot scale
results). Drug Dev. Ind. Pharm., 23(2), 119-126.

Ennis, B. J. (1996). Agglomeration and size enlargement. Powder Tech-
nol., 88, 203-225.

Ertel, K. D., Zoglio, M. A., Ritschel, W. A., & Carstensen, J. T. (1990).
Physical aspects of wet granulation. IV. Effect of kneading time

K. Giry et al.

on dissolution rate and tablet properties. Drug Dev. Ind. Pharm.,
16(6), 963-981.

Faure, A., York, P., & Rowe, RC. (2001). Process control and scale-up of
pharmaceutical wet granulation processes: a review. Eur. J.
Pharm. Biopharm., 52(3), 269-277.

Faure, A., Grimsey, . M., Rowe, R. C., York, P., & Cliff, M. J. (1999).
Applicability of scale-up methodology for wet granulation pro-
cesses in Collette Gral high shear mixer-granulators. Eur. J.
Pharm. Sci., 8, 85-93.

Fu, J. S., Cheong, G. K., Reynolds, G. K., Adams, M. J., Salman, A. D., &
Hounslow, M. J. (2004). An experimental study of the variability
in the properties and quality of wet granules. Powder Technol.,
140(3), 209-216.

Gaillard, C., Chulia, D., Jeannin, C., Ozil, P., & Paschos, S. (1989). Gran-
ulation a I'aide d'un granulateur-séchoir a grande vitesse. Pharm.
Acta Helv., 64, 5 (6), 168-176.

Gaillard, C. (1990). Gélatine, pouvoir liant et granulation. Ph. D. Thesis,
Université Joseph Fournier, Grenoble.

Gao J. Z., Gray D. B., Motheram R., & Hussain M. A. (2000). Importance
of inlet air velocity in fluid bed drying of a granulation prepared
in a high shear granulator. AAPS Pharm. Sci. Tech., 1(4).

Gao, J. Z,, Jain, A., Motheram, R., Gray, D. B., & Hussain M. A. (2001).
Fluid bed granulation of a poorly water soluble, low density,
micronized drug: comparison with high shear granulation. Int. J.
Pharm., 237(1-2), 1-14.

Gauthier, H. (1993). Validation d'un procédé industriel de granulation
humide. Application a un mélangeur, granulateur, sécheur micro-
onde: le Spectrum. Ph. D. Thesis, faculté de pharmacie de Limoges.

Goldszal, A., & Bousquet J. (2001). Wet agglomeration process of pow-
ders: from physics toward process optimization. Powder Tech-
nol., 117,221-231.

Gruenberg. http://www.gruenberg.com/gruenberg/brochures (accessed
February 2005).

Hausman, D. S. (2004). Comparison of low shear, high shear, and fluid
bed granulation during low dose tablet process development.
Drug Dev. Ind. Pharm., 30(3), 259-266.

Hlinak, A. J., & Salezi-Gerhardt, A. (2000). An evaluation of fluid bed drying
of aqueous granulations. Pharm. Dev. Technol., 5(1), 11-17.

Holm, P., Jungersen, O., Schaefer, T., & Kristensen, H. G. (1983). Granu-
lation in high speed mixers. Part 1: Effect of process variables dur-
ing kneading. Pharm. Ind., 45(8), 806-811.

Holm, P., Jungersen, O., Schaefer, T., & Kristensen, H. G. (1984). Granu-
lation in high speed mixers. Part 2: Effect of process variables dur-
ing kneading. Pharm. Ind., 46(1), 97-101.

Holm, P. (1987). Effect of impeller and chopper design on the granulation in
a high speed mixer. Drug Dev. Ind. Pharm., 13(9-11), 1675-1701.

Hoornaert, F., Wauters, P. A. L., Meesters, G. M. H., Pratsinis, S. E., &
Scarlett, B. (1998). Agglomeration behavior of powders in a
Lodige mixer granulator. Powder Technol., 96, 116-128.

Horisawa, E., Danjo, K., & Hisakasu, S. (2000). Influence of granulating
method on physical and mechanical properties, compression
behaviour, and compactibility of lactose and microcrystalline cel-
lulose granules. Drug Dev. Ind. Pharm., 26(6), 583-593.

Hunter, B. N., & Ganderton D. (1973). The influence on pharmaceutical
granulation of the type and capacity of mixers. J. Pharm. Pharma-
col., 25(Suppl.), 71P-78P.

Hunter, B. (1992). A critical review on current options in granulation
techniques. Interphex, 82, 2A5-1-5-5.

Iveson, S. M., Litster, J. D., & Ennis, B. J. (1996). Fundamental studies of
granule consolidation: Part 1. Effects of binder viscosity and
binder content. Powder Technol., 88, 15-20.

Iveson, S. M., Litster, J. D., Hapgood, K., & Ennis, B. J. (2001a). Nucle-
ation, growth, and breakage phenomena in agitated wet granu-
lation processes: a review. Powder Technol., 117(1), 3-39.

lveson, S. M., Wauters, P. A. L., Forrest, S., Litster, J. D., Meesters, G. M. H.,
& Scarlett, B. (2001b). Growth regime map for liquid-bound
granules: further development and experimental validation. Pow-
der Technol., 117(2), 83-97.

528



Iveson, S. M., Page, N. W., & Litster, J. D. (2003). The importance of
wet-powder dynamic mechanical properties in understanding
granulation. Powder Technol., 130, 97-101.

Jaiyeoba, K. T., & Spring, M. S. (1980). The granulation of ternary mix-
tures: the effect of the solubility of the excipients. J. Pharm. Phar-
macol., 32(1), 1-5.

Johansen, A., & Schafer, T. (2001). Effect of interactions between powder
particle size and binder viscosity on agglomeration growth mecha-
nisms in a high shear mixer. Eur. J. Pharm. Sci., 12, 297-309.

Jgrgensen, A. C., Luukkonen, P., Rantanen, J., Schaefer, T., Juppo,
A. M., & Yliruusi, J. (2004a). Comparison of torque measurement
and near-infrared spectroscopy in characterization of a wet gran-
ulation process. J. Pharm. Sci., 93(9), 2232-2243.

Jorgensen, A. C., Rantanen, J., Luukkonen, P., Laine, S., & Yliruusi, J.
(2004b). Visualization of a pharmaceutical unit operation: wet
granulation. Anal. Chem., 76, 5331-5338.

Joulié, R. (1994). Chapter 8, Drying. Part 4: Fluid bed drying. In Powder
technology and pharmaceutical processes. Handbook of Powder
Technology; Chulia, D., Deleuil, M., Pourcelot, Y. Eds.; Elsevier:
Amsterdam-London-New York-Tokyo, 272-284.

Kapsidou, T., Nikolakakis, I., & Malamataris, S. (2001). Agglomeration
state and migration of drugs in wet granulations during drying.
Int. J. Pharm., 227, 97-112.

Keningley, S. T., Knight, P. C., & Marson, A. D. (1997). An investigation
into the effects of binder viscosity on agglomeration behaviour.
Powder Technol., 91, 95-103.

Kiekens, F., Cordoba-Diaz, M., & Remon, J. P. (1999). Influence of chop-
per and mixer speeds and microwave power level during the
high-shear granulation process on the final granule characteris-
tics. Drug Dev. Ind. Pharm., 25(12), 1289-1293.

Kiekens, F., Zelko, R., & Remon, J. P. (2000). Influence of drying temper-
ature and granulation liquid viscosity on the inter- and intragran-
ular drug migration in tray-died granules and compacts. Pharm.
Dev. Technol., 5(1), 131-137.

Killeen, M. J. (1999). Comparison of granular and tablet properties for
products produced by forced air and microwave/vacuum drying.
Pharm. Eng., 19(2), 48-63.

Knight, P. C., Instone, T., Pearson, J. M. K., & Hounslow, M. J. (1998). An
investigation into the kinetics of liquid distribution and growth in
high shear mixer agglomeration. Powder Technol., 97, 246-257.

Knight, P. C., Johansen, A., Kristensen, H. G., Schaefer, T., & Seville, J. P. K.
(2000). An investigation of the effect on agglomeration of
changing the speed of a mechanical mixer. Powder Technol.,
110, 204-209.

Kokubo, H., & Sunada, H. (1996). Effect of process variables on the
properties and binder distribution of granules prepared by high-
speed mixer. Chem. Pharm. Bull., 44(8), 1546—1549.

Konishi, K., Sunada, H., Yonezawa, Y., Danjo, K., & Yamaguchi, H.
(1996). Relationship between the physical properties of granules
and tablets made from crude drug powder and the physical prop-
erties of the binder solution. 15", Pharm. Technol. Conference,
Oxford, UK, March 19-21, 2, 225-239.

Kristensen, H. G., & Schaefer, T. (1987). Granulation, a review on phar-
maceutical wet-granulation. Drug Dev. Ind. Pharm., 13(4-5),
803-873.

Laicher, A., Profitlich, T., Schwitzer, K., & Ahlert, D. (1997). A modified
signal analysis for end-point control during granulation. Eur. J.
Pharm. Sci., 5, 7-14.

Landin, M., York, P., Cliff, M. J., Rowe, R. C., & Wigmore, A. J. (1996a).
Scale-up of a pharmaceutical granulation in fixed bowl mixer-
granulators. Int. J. Pharm., 133, 127-131.

Landin, M., York, P., Cliff, M. J., Rowe, R. C., & Wigmore, A. J. (1996b).
The effect of batch size on scale-up of a pharmaceutical granula-
tion in a fixed bowl mixer granulator. Int. J. Pharm., 134, 243—
246.

Le Lan, A. (1978). Traitement mécanique des solides dans les
mélangeurs a turbine—Influence de la géométrie d'agitation. In.
Int. symposium on mixing, 1978, D2-1-D2-30.

Levin, M. Granulation: endpoint determination and scale-up. http://
www.mcc-online.com/granulation.htm  (accessed  November
2004).

Li, J. Z., Rekhi, S. G., Augsburger, L. L., & Shangraw, R. F. (1996). The
role of intra- and extragranular microcrystalline cellulose in tablet
dissolution. Pharm. Dev. Technol., 1(4), 343-355.

Li, Y., Sanzgiri, Y. D., & Chen, Y. (2003). A study on moisture isotherms of
formulation: the use of polynomial equations to predict the mois-
ture isotherms of tablets products. AAPS Pharm. Sci. Tech., 4(4), 59.

Lister, J., Hapgood, K. P., Michaels, J. N., Sims, A., Roberts, M., Kameneni,
S. K., & Hsu, T. (2001). Liquid distribution in wet granulation:
dimensionless spray flux. Powder Technol., 114, 32-39.

Lister, J., Ennis, B., & Lian L. (2004). In The science and engineering of
granulation processes; Lister J. and Ennis B., Eds.; Kluwer aca-
demic publishers, Inc.: London.

Mackaplow, M. B., Rosen, L. A., & Mickaels, J. N. (2000). Effect of primary
particle size on granule growth and end point determination in
high-shear wet granulation. Powder Technol., 108, 32-45.

Magnet, T. (1996). Le séchage en lit fluidisé. 4°™ journée de I'AFSIA,
50-57.

Malamataris, S., & Kiortsis, S. (1997). Wettability parameters and defor-
mational behaviour of powder-liquid mixes in the funicular
agglomeration phase. Int. J. Pharm., 154(1), 9-17.

Mandal, T. K. (1995). Evaluation of microwave drying for pharmaceutical
granulations. Drug Dev. Ind. Pharm., 21(14), 1683-1688.
Mbali-Pemba, C., Vignoles, P., & Chulia D. (1996). Séchage et qualités

d’usage. 4°™ journée de I’AFSIA, 59.

Miyamoto, Y., Ryu, A., Sugawara, S., Miyajima, M., Ogawa, S., Matsui,
M., Takayama, K., & Nagai T. (1998). Simultaneous optimization
of wet granulation process involving factor of drug content
dependency on granule size. Drug Dev. Ind. Pharm., 24(11),
1055-1056.

Mort, P. R., & Tardos, G. (1999). Scale-up of agglomeration processes
using transformations. Kona., 17, 64-75.

Newitt, D. M., & Conway-Jones, J. M. (1958). A contribution to the theory
and practice of granulation. Trans. |. Chem. Eng., 113, 422-441..

Niro.  http:/Avww.niroinc.com/html/pharma/MicrowaveVacDrying.html
(accessed April 2005).

Niro. www.niroinc.com/html/pharma/granulation_techniques/
single_pot_granulator.htm (accessed September 2005).

Ormos, Z. D. (1994). Chapter 11, Granulation and coating. In Powder
technology and pharmaceutical processes. Handbook of Powder
Technology; Chulia, D., Deleuil, M., Pourcelot, Y. Eds.; Elsevier:
Amsterdam-London-New York-Tokyo, 359-372.

Oulahna, D., Cordier, F., Galet, L., & Dodds, J. A. (2003). Wet granula-
tion: the effect of shear on granule properties. Powder Technol.,
130, 238-246.

Parikh, D. M. (1997). Handbook of Pharmaceutical Granulation Technol-
ogy. Dekker.

Paschos, S. (1987). A propos de I'optimisation de la granulation des pou-
dres en lit fluidisé et dans un mélangeur-granulateur-séchoir
rapide. Ph. D. Thesis, Université scientifique technologique et
médicale de Grenoble.

Pearlswig, D. M., Robin, P., & Lucisano, L. J. (1994). Simulation model-
ling applied to the development of a single pot process using
microwaves/vacuum drying. Pharm. Technol., 4, 44-60.

Péré, C. (1999). Etude du séchage sous vide et sous micro-ondes de
billes de verre et de granulés pharmaceutiques. Ph. D. Thesis,
Ecole des mines de Paris.

Péré, C., & Rodier, E. (2002). Microwave vacuum drying of porous
media: experimental study and qualitative considerations of inter-
nal transfers. Chem. Eng. Process., 41, 427-436.

Perez, J. P., & Rabiskova, M. (2002). Influence of the drying technique
on theophylline pellets prepared by extrusion-spheronization. Int.
J. Pharm., 242, 349-351.

Plank, R., Diehl, B., Grinstead, H., & Zega, J. (2003). Quantifying liquid
coverage and powder flux in high-shear granulators. Powder
Technol., 134, 223-234.

529 Multiphase versus Single Pot Granulation Process



Pont, V. (2000). Contribution a I'étude de la granulation des poudres en
lit fluidisé: influence des parametre du procédé et physico-
chimiques sur la cinétique de granulation. Ph. D. Thesis, Institut
national polytechnique de Toulouse.

Poska, R. (1991). Integrated mixing, granulating and microwave drying:
a development experience. Pharm. Eng., 11(1), 9-13.

Ramaker, J. S. (2001). Fondamentals of the high shear pelletisation pro-
cess. Ph. D thesis, Rijksuniversiteit Groningen.

Reading, S. J., & Spring, M. S. (1984). The effect of binder film charac-
teristics on granule and tablet properties. J. Pharm. Pharmacol.,
36(7), 421-426.

Rekhi, G. S., Caricofe, R. B., Parikh, D. M., & Augsburger, L. L. (1996). A
new approach to scale-up of a high-shear granulation process.
Pharm. Technol., 11, 2-10.

Reynolds G. K., Biggs C. A., Salman A. D., & Hounslow M. J. (2004).
Non-uniformity of binder distribution in high shear granulation.
Powder Technol., 140, 203-208.

Ritala, M., & Virtanen, S. (1991). The effect of binder solution quantity
and lactose particle size on granules properties. Acta Pharm.
Nord., 3(4), 229-234.

Robin, P., Luciano, L. J., & Prealswig D. M. (1994). Rationale for selection
of a single-pot manufacturing process using microwave/vacuum
drying. Pharm. Technol., 18(5), 28-36.

Rosetto, Y. (1998). ¢ 41 Pharmacotechnie industrielle. Rosetto, Y., Ed.;
I.M.T., Inc.: France.

Schaefer, T., Bak, H. H., Jaegerskou, A., Kristensen, A., Svensson, J. R.,
Holm, P., & Kristensen, H. G. (1986). Granulation in different
types of high speed mixers. Part 1: Effects of process variables
and up-scaling. Pharm. Ind., 48(9), 1083-1089.

Schaefer, T., Bak, H. H., Jaegerskou, A., Kristensen, A., Svensson, J. R.,
Holm, P., & Kristensen, H. G. (1987). Granulation in different
types of high speed mixers. Part 2: Comparison between mixers.
Pharm. Ind., 49(3), 297-304.

Schafer, T. (1988). Equipment for wet granulation. Acta Pharm. Suec.,
25,205-228.

Schaefer, T., Johnsen, D., & Johansen, A. (2004). Effect of powder parti-
cle size and binder viscosity on intergranular and intragranular
particle size heterogeneity during high shear granulation. Eur. J.
Pharm. Sci., 21, 525-531.

Scott, A. C., Hounslow, M. J., & Instone, T. (2000). Direct evidence of
heterogeneity during high-shear granulation. Powder Technol.,
7113, 205-213.

Shi, L. K. (1996). Séchage sous vide avec/sans micro-onde en turbo-
sphere. 45 journée de I'AFSIA, 97-101.

Smart, I. Microwave vacuum drying, 1996, www.aeromatic-fielder.com/
ndh_website/nps/cmsdvc.nsf/WebDoc/ndkw5Ildt9?opendocu-
ment&Site=AF&Unique=ndkw5/nhtmw. (accessed April 2005).

Stahl, H. (2000). Single-pot systems for drying pharmaceutical granules.
Pharm. Technol. Eur., 12(5), 23-34.

Stahl, H. (2004). Comparing different granulation techniques. Pharm.
Technol. Eur., 11, 23-33.

Steffens, K. J., & List, K. (1995). NIR spectroscopy as a tool for in-process
control in pharmaceutical production, an example. Procedings.
15, World Meeting APGI/APV, Budapest, May 9-11, 155-156.

Tardos, G. I., Khan, M. I., & Mort, P. R. (1997). Critical parameters and
limiting conditions in binder granulation of fine powders. Powder
Technol., 94, 245-258.

K. Giry et al.

Timko RJ, Barret J. S., McHugh, P. A., Chan S. T., & Rosenberg, H. A. (1986).
Instrumentation of a vertical high shear mixer with a motor slip mon-
itoring device. Drug Dev. Ind. Pharm., 12(10), 1375-1393.

Timko, R. J., Barret J. S., McHugh, P. A, Chan S. T., & Rosenberg, H. A. (1987).
Use of a motor load analyzer to monitor the granulation process in a
high intensity mixers. Drug Dev. Ind. Pharm., 13(3), 405-435.

Tobyn, M. J., Staniforth, J. N., Baichwal, A. R., & Mac Call, T. W. (1996).
Prediction of physical properties of a novel polysaccharide con-
trolled release system I. Int. J. Pharm., 128, 113-122.

Travers, D. N. (1975). A comparison of solute migration in a test granu-
lation dried by fluidization and other methods. J. Pharm. Pharma-
col., 27, 516-522.

Uribarri, E., Laguna, A., & Gonzalez, M. (2003). Studies of wet granula-
tion in a small scale high shear mixer of 20 mg tablets of
polisanol. Boll. Chim. Farm., 142(8), 343-346.

Van Den Dries, K., & Vromans, H. (2002). Relationship between inhomo-
geneity phenomena and granule growth mechanisms in a high-
shear mixer. Int. J. Pharm., 247, 17-177.

Van Den Dries, K., De Vegt, O. M., Girard, V., & Vromans, H. (2003).
Granule breakage phenomena in a high shear mixer; influence of
process and formulation variables and consequences on granule
homogeneity. Powder Technol., 133, 228-236.

Van Vaerenbergh, G. (2001). The influence of a swinging bowl on gran-
ulate properties. Pharm. Technol. Eur., 13(3), 36-43.

Vialatte, L. (1998). Mécanismes de granulation. Application a la granula-
tion par agitation mécanique. Ph. D. Thesis, Université tech-
nologique de Compiégne.

Vromans, H. (1994). Microwave drying of pharmaceutical excipients;
comparison with conventional conductive drying. Eur. J. Pharm.
Biopharm., 40(5), 333-336.

Warren, J. W., & Price, J. C. (1977a). Drug migration during drying of
tablet granulations I: Effect of particle size of major diluent. J.
Pharm. Sci., 66(10), 1406—1408.

Warren, J. W., & Price, J. C. (1977b). Drug migration during drying of
tablet granulations II: Effect of binder solution viscosity and dry-
ing temperature. J. Pharm. Sci., 66(10), 1409-1412.

Waruters, P. A. L., Jakobsen, R. B., Litster, J. D., Meesters, G. M. H., &
Scarlett B. (2002). Liquid distribution as a means to describing the
granule growth mechnism. Powder Technol., 123, 166-177.

Wells, J. I., & Walker, V. (1983). The influence of granulating fluids upon
granule and tablet properties: the role of secondary binding. Int.
J. Pharm., 15, 97-111.

Westerhuis, J. A. (1997). Multivariate statistical modelling of pharma-
ceutical process. Ph. D. Thesis, Rijksuniversiteit Groningen.
Westerhuis, J. A., Coenegracht, P. M. J., Lerk, C. F. (1997). Multivariate mod-
elling of the tablet manufacturing process with wet granulation tablet

optimisation and in process control. Int. J. Pharm., 156, 109-117.

White, J. G. (1994). On-line moisture detection for a microwave vacuum
dryer. Pharm. Res., 11(5), 728-732.

York, P., Rowe, R. C. (1994). Monotoring granulation size enlargement
process using mixer torque rheometry. First International Particle
technology Forum, Denver, USA.

Zanchetta, A. (1992). Vacuum granulators dry faster with GA.ST. Pharm.
Manuf. Review., 3.

Zuurman, K., & Bolhuis, G. K., Vromans H. (1995). Effect of binder on
the relationship between bulk density and compactibility of lac-
tose granulations. Int. J. Pharm., 119, 65-69.

530



Copyright of Drug Development & Industrial Pharmacy is the property of Taylor & Francis Ltd and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individual use.



