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Abstract
Kivikero N., 2010. Granulation in Miniaturised Fluid Bed Using Electrostatic
Atomisation.

Dissertationes bioscientiarum molecularium Universitatis Helsingiensis in Viikki,
10/2010 pp. 46.
ISBN 978-952-10-6249-0 (paperback), ISBN 978-952-10-6250-6 (PDF), ISSN 17957079
The development of a new drug is extremely expensive and the development process
is very slow, up to 15 years. Especially the early formulation development phase is a
challenge for the pharmaceutical industry, as the amount of a new active
pharmaceutical ingredient may only be a few grams. A small amount of drug should
be used to produce as much data as rapidly possible.
In this thesis, a small scale fluid bed device (Multipart Microscale Fluid bed
powder Processor, MMFP) with electrostatic atomisation is used for the first time to
perform granulations. The aims of this thesis were to develop and characterise a
suitable spraying method for MMFP and to characterise the spray. The process
parameters of the electrostatic atomisation system and fluid bed granulation
affecting the granule size were studied. Also the applicability of the set-up to early
formulation studies was evaluated.
Electrostatic atomisation was found to be applicable for spray production in a
small device with a specially constructed nozzle. With particle tracking velocimetry, it
was possible to generate droplet size distributions of the produced spray. Also a high
speed imaging system provided information about the spray. The granulation liquid
flow rate affected the granule size the most, although the atomisation voltage and
binder concentration of the granulation liquid had also an impact on it.
MMFP provides possibilities to study granulation properties of different materials
with a small sample size. Also early formulation screening studies are possible to be
conducted. The granulation process, as well as the following analysis is fast,
although a small sample size may be challenging for traditional methods.
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Introduction

It has been stated, that the average cost to develop new drugs ranges from 802
million to 1.7 billion USD [1, 2]. Only R&D costs have been estimated to be 802
million USD, even if a new molecular entity (NME) was discovered and developed inhouse. The process timeline is crucial, as it takes approximately 12 to 15 years to
discover and develop a new medicine. Variation in development time is high, from
basic research to application for clinical trials from 3 months to 30 years [1].
During the early development phase of a new drug product, the lack of new
active pharmaceutical ingredient (API) causes serious problems. Drug substance
performance as well as possible critical process parameters should be defined with
the smallest amount of material as possible. Small scale manufacturing systems allow
the production of multiple smaller batches and thus, possibilities to examine more
process variables with the same amount of API [3].
Granulation is a routine process in pharmaceutical manufacturing in order to
improve processing properties such as flowability and to minimise handling problems
of powder masses as well as segregation [4]. More than 70% of the pharmaceutical
industry’s granulations are performed by using wet granulation [5]. Fluid bed
granulation is the most widely used technique, as it provides several advantages such
as short process times as the whole process is conducted using the same device.
Electrostatic atomisation is a method, which can be utilised to produce droplets
with a narrow size distribution [6]. The spraying process does not need any
pressurised air and therefore it is a suitable method for small scale fluid bed
granulation process.
The aim of this study was not to make a true down-scaling study, since the liquid
spraying method and the dimensions of the used device are unique. In this thesis, a
small scale fluid bed, Multipart Microscale Fluid bed powder Processor is used for the
first time to perform granulation studies.

________________________________________________________________________
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2

Review of the literature

2.1 Granulation
Granulation is defined as a size enlargement process, where particles are gathered to
form larger permanent aggregates, where original smaller particles are still
detectable. Besides in the pharmaceutical industry, granules are produced also in e.g.
mineral processing, the manufacture of agricultural chemicals and food [7]. Although
the same theories apply to granulations in every field, the challenges encountered
are different, for instance the production rate may vary from kg/day to tons/hour [8].
Typically the size range for pharmaceutical granules is from 100 μm to 2 mm [9].
Granules are seldom used as a dosage form, but there are some products in the
market.
Granules are common intermediates in capsule or tablet processing, because
most pharmaceutical powders do not possess optimal tabletting behaviour naturally.
Powders are granulated before tabletting to improve the flowability and compression
properties. Many pharmaceutical powders flow poorly, because particles are small in
size and they may possess irregular shape and unoptimal surface characteristics.
Granulation also prevents the segregation of different components, which is due
to their differences in particle size or density. In an ideal granule, all components are
mixed in right proportions, as the segregation in the granular level may affect the
weight or the content uniformity of the final tablet. With granulation process it is
possible to densify the material, which may prevent caking of hygroscopic materials
during storage. Denser material also requires less volume in storage. Also, it is
possible to promote the dissolution of active pharmaceutical ingredient (API) by
controlling the porosity of the granule structure. Granulation improves safety in work
as well as environmental safety, as dust formation is decreased with granulation [10].
Also the risk of contamination in production is decreased.
Granulation can be divided into dry and wet methods. Continous and thus, costeffective dry granulation methods, such as roller compaction are used especially,
when the API is sensitive to heat or moisture. Wet granulation methods, such as fluid
bed granulation and high shear granulation utilise liquid to bind primary particles
together to produce porous granules for various applications. The granulation
process can be either very simple or very complex depending on material
characteristics, the target quality of the final granules and the equipment available.
Granulation process research is important for several reasons. Process
improvement in production scale ensures the quality of granules. Also, with good
process control it is possible to minimise time consuming size classification processes,
such as sieving [11]. The high potency of present and future drug molecules requires
process research too. Therapeutic dose in the drug products i.e. dose in tablet or
capsule is maybe relatively low, e.g. 0,25 μg [2]. These low dose formulations are
challenges for formulation and manufacturing, as the granules needed for producing
________________________________________________________________________
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low-dose tablets are mainly excipients (drug concentration may be as low as 0.001%
w/w) and achieving the content uniformity is difficult.

2.2 Theory of granule formation in general
In the first systematic granulation studies in the 1950’s [12, 13] it was assumed, that
granules grow by coalescence when limiting moisture content has been reached and
after that mechanical agitation modifies granule shape. Modern theories of
granulation [7, 14, 15] state, that there are three or four (depending on the source
and the grouping of mechanisms) key mechanisms in the granulation process:
powder wetting and nucleation (1), granule coalescence or growth (2), granule
consolidation (3) and granule attrition or breakage (4). Granulation is a complex
combination of these subsequent processes and also referred to be more art than
science [11]. Several authors have also contributed in modelling granule growth [16],
in which population balance equations have been the most popular approach [17].

Figure 1

Key mechanisms of granulation, modified from ref. [18].

________________________________________________________________________
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2.2.1 Wetting and nucleation
Wetting of the powder is influenced by granulation liquid distribution [19],
properties of the powder [20] as well as liquid [21] and powder bed flow [22]. The
feeding rate and the extent of granulation liquid are important to control, as bed
overwetting leads to broad nuclei (i.e. seed granules) distribution and poor wetting
of the bed to droplet coalescence and hence, fewer and larger nuclei with
ungranulated powder [18]. Recently, after recognition of the effect that nucleation
affects the final granule properties, population balance models have been applied to
predict the nuclei size distribution based on the properties of binder liquid spray,
liquid feeding method and powder bed flow properties [23].
There are several methods to measure powder wetting such as contact angle
measurement which explains how the drop spreads on the powder surface. Wetting
of a powder surface depends on its physical nature e.g. particle size, porosity, pore
size and roughness as well as the properties of the liquid, such as viscosity and
density [18].
The nuclei formation is dependent on powder wetting. A direct relationship
between the droplet size and the granule size is found in the beginning of
granulation [24]. As the wetting process proceeds, the granulation liquid first
penetrates into the pores of the particle and forms a nucleus. Then the liquid
migrates outwards as the nucleus grows [7]. The nucleation mechanism depends on
the relative sizes of the droplets and particles [25]. Large droplets lead to immersion
of smaller particles into droplets, leading to nuclei with saturated pores. Nuclei with
air trapped inside may be produced, when small droplets do not cover the bigger
particle.

2.2.2 Granule growth and consolidation
There are two major mechanisms for granule growth, coalescence and layering. In
coalescence two particles collide, stick together and form a new, larger particle. In
layering, smaller particles are attached to the surface of previously formed nuclei.
Granules also consolidate during the granulation process due to collisions with
granulator chamber walls and other granules. During consolidation, the granules
become less porous and smaller [18].
The amount of liquid is crucial for granule growth. Until permanent bonds
between particles are formed, the liquid binds the particles together by capillary
pressure, surface tension and viscous forces [7]. There also has to be enough liquid in
the granules to ensure the coalescence of the particles. The five different bonding
mechanisms that hold the primary particles together are presented in Table 1.

________________________________________________________________________
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The bonding mechanisms in the granules

Table 1.

Mechanism
Immobile liquid films
Mobile liquid films

Solid bridges

Attractive forces
Mechanical interlocking

Forces
Adhesional and cohesional
forces
Interfacial forces, capillary
pressure

Additional information
Between primary particles
Strong bonds,
prerequisite for solid
bridges
Main mechanism in wet
granulation

Hardening of binders,
partial melting or
recrystallisation of materials
Van der Waals forces,
Does not necessarily need
electrostatic forces
any liquid
Often fibrous or flat
particles

The states of granulation liquid saturation representing the stages of water
distribution in a bed of solid particles are pendular, funicular and capillary state [13]
(Fig. 2). The fourth state is the droplet state, where the liquid completely surrounds
the particles. The end-point for the wet granulation depends on the granulation
method. In conventional wet granulation, where the water is poured on the material
the end point lies near the capillary state [26]. In modern high-shear granulation, the
aim is at the funicular state, whereas in extrusion-spheronisation more liquid is
needed.

Figure 2

The different states of liquid saturation [13]

Granules consolidate, as they collide in the granulator. Consolidation reduces the
granule size and porosity (densification), as the air trapped inside the granule comes
out. [7]. If the collisions are intense enough, the granulation liquid may be squeezed
out of the granules and trigger granule coalescence. With brittle granules, collisions
may also lead to attrition [8].
________________________________________________________________________
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2.2.3 Granule attrition and breakage
Granule breakage during granulation includes the breakage of wet granules and
attrition or fracture of dried granules. Wet granule breakage affects binder
distribution and thus, the final granule size. Attrition generates dust or fines to the
process, which is usually unwanted [7, 8]. At the process scale, breakage is important
in enhancing the material distribution and eventual strength of the product granules.
Granule breakage may occur by erosion or abrasion (surface breakage) or by
fracture or shattering (particle breakage). The mechanism is influenced by material
properties, such as elastic modulus, hardness and particle shape [8]. Granule
breakage can be modified in many ways as presented in Figure 3. Also other granule
properties can be modified to affect breakage, e.g. granule hardness and mass can
be altered to reduce wear [18].

Figure 3

Examples of granule breakage control [18].

________________________________________________________________________
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2.3 Granule formation in fluid bed
In the beginning of the spraying phase of the fluid bed granulation (FBG), the
primary particles form nuclei and are held together by liquid bridges (pendular state,
Fig. 2.). Nuclei are loose and very porous. The size of the nuclei is dependent on
droplet size, as stated by various authors [27-29]. As the liquid addition continues,
more and more nuclei agglomerate and continue the transition from the pendular
state to the capillary state [30]. In FBG, liquid saturation in the granules is increased
only by adding granulation liquid to the process and thus, more granulation liquid is
needed than in high shear granulation where the liquid saturation is increased by
densification of granules. Granule growth in the fluid bed granulator is presented in
Figure 4.
Liquid redistribution in the agglomerate is rate-determining and crucial for
granule growth in fluidised bed [28, 31] as the granule mean diameter and
operational moisture content during granulation have linear and positive correlation.
The capillary pressure difference between the granule surface and partially saturated
pores inside the granule induces growth. When wetting saturation is reached, there
is not sufficient amount of binder left at the surface of the granule to bind any new
particles. In general, the fluid bed process requires less wetting than high shear
granulation. The binding between primary particles is mainly dependent on binder,
physicochemical properties of starting materials and process conditions [30].
Fluid beds are more sensitive to the wetting stage of the granulation, as there is
no mechanical redispersion of the liquid after initial spraying. Low shear forces are
not able to squeeze the granulation liquid out of the agglomerates, therefore the
initial spraying determines the final granule size [32]. Collapse of the bed as well as
overwetting may occur if surface mixing is not adequate [24]. Droplet size, humidity
of the bed and contact between the droplet and the powder are important factors
[32]. Generally, granules produced in the fluid bed are porous and have loose
structure. Granules also disperse well in water and have lower bulk densities
compared to granules prepared by high shear granulation [10].

________________________________________________________________________
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Figure 4

The granule growth in the fluid bed granulator. Modified from ref. [30].

2.4 Granule characterisation
In large scale tablet production tablet mass properties have to be excellent in order
to maintain a high quality of tablets. Size distribution, flowability and homogeneity
of mass are crucial properties of powder mass for the tabletting process, but also
bulk density, porosity, residual moisture content are considered to be important for
the optimal tabletting process [5]. Drug content uniformity in granules is not often
determined, but in the case of low drug content and hydrophobic active
pharmaceutical ingredient (API) it would be an important factor to control [33].

________________________________________________________________________
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Also voidage i.e. the empty space between granules is an important factor. Bulk
density of granules and granule attrition decrease, when granule voidage increases
[18]. Porosity controls volume reduction in tablet compression, increase in porosity
increases fragmentation and hence, results in tablets with high crushing strength
[34]. On the other hand, porous and weak granules are challenging to handle and
store.
There are several shape factors to characterise granules, such as aspect ratio and
circularity, although shape and surface properties of the granules are not easy to
measure. Shape factors are often derived from a microscopic image of a particle.
Sometimes, target of the granulation process may be to produce spherical granules
with a smooth surface. That is obtained mainly by selection of excipients, e.g. with
microcrystalline cellulose (MCC) it is possible to produce such granules easily [35].

2.5 Fluidised bed granulation
Fluidised bed granulation (FBG) is one of the most important and frequently used
unit operations in pharmaceutical manufacturing [30]. Wurster introduced the
process and performed the first pharmaceutical fluid bed experiments [36] in the late
1950’s. Since then, numerous researchers have contributed to the field, and
especially the effect of different process parameters to the final granule properties
have been studied extensively [31, 37-39] Typical fluid bed granulator (top spray)
set-up is presented in Figure 5. The advantages and disadvantages of FBG are listed
in Table 2.

Figure 5

Typical fluidised bed granulator set-up

________________________________________________________________________
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In FBG, particles are fluidised in a conical granulation chamber by air created by a
turbine fan suction. The incoming air, which is filtered and often heated by an air
handling unit, passes through a perforated plate at the bottom of the vessel. Process
air is then removed through filter bags, which separates the product and fine
particles from the air. The binder is typically added through a pneumatic nozzle,
where liquid is atomised by pressurized air [40]. When granules are formed, they are
dried to the target moisture content defined by the subsequent step in the
manufacturing process.
The fluid bed granulation process is often divided into two different process
stages; the binder addition phase and the drying phase. Before the binder addition
phase, also a pre-mixing phase can be performed to ensure adequate mixing of
materials. In FBG a large area of solid surface per unit particle mass is exposed to
gas. The smaller the particles are, the larger the specific surface area of the particles.
This large specific surface area facilitates solid-to-gas heat and mass transfer, and is a
unique advantage of FBG [41].
Critical variables of the process are divided into apparatus, process and product
parameters, which all affect the product. Often, granulation related problems in
manufacturing require changes to more than one parameter subgroup to overcome,
as the parameters are interrelated and influence each other [18].
Table 2.

The advantages and disadvantages of fluid bed granulation (ref. [42-44])

Advantages

Disadvantages

Short processing time

Expensive

Minimum material handling and loss
Efficient heat and mass transfer
Saves in personnel costs
Complies with GMP (closed system)
Easy automation
Good reproducibility

Laborious process optimization
Demanding down scaling and scale up
Long and product-specific development

2.5.1 Equipment parameters
Equipment parameters affecting FBG are the nozzle height, type and location [42,
45, 46] the design of the air distribution plate [47] and mechanical agitators [16] that
sometimes are placed inside the granulation chamber.
Nozzles used in the FBG are usually twin-fluid devices with external mixing. Also
nozzles with internal mixing may be used, although the risk for nozzle blockage is
then increased [48] . Usually, nozzles are located above the powder bed, but it can
also be placed in the bed, or sideways. If the nozzle is located too high according to
the powder bed, the wetting of the powder may be inadequate [49] and the risk of
________________________________________________________________________
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spray drying of the droplets and wall wetting increases [50]. Decreasing the nozzle
position has been reported to lead to an increase in granule mean size and decrease
in friability due to enhanced powder wetting [49], although there are also studies
that consider nozzle position insignificant factor [51].
With air distribution plate, the inlet process air is distributed to the powder bed.
Proper airflow is crucial for the process, as inadequate air flow causes uneven
fluidisation. To ensure air flow, the pressure difference over the air distribution plate
should be at least one third of pressure drop across the bed. Air distribution plates
are made of steel and the openings in the plate vary between 2 % and 30 % of
plate area [30].
Granulator chamber geometry has also an impact on the granulation process.
Conical shape is usually preferred to control the fluidisation velocity i.e to keep the
lighter particles from flying into the filters and keep the heavier particles from falling
to the bottom of the chamber [30].
Mechanical agitators can be used in a fluidised bed to break up the granules in
the process and thus, produce granules with narrow size distribution and high
density [16].

2.5.2 Process parameters
A fluid bed granulation process can be controlled with an inlet air flow rate [48]. If
the inlet air flow rate is too high, especially the fines of material may be blown out of
the granulating chamber and in the worst case, may cause clogging in the filters.
Too low inlet air flow rate causes defluidisation, especially when the granulation
liquid increases the bed weight. Increase in the inlet air flow rate has been reported
to cause a decrease in the granule size due to enhanced evaporation and attrition
[27, 46]. Granule size may be decreased even more with increasing the process
temperature, which also densifies the granules due to the faster rate of solvent
evaporation.
The overall moisture content of the powder bed, is an important factor in the
FBG, as the liquid concentration of the bed determines the adhesion between the
particles [27, 31]. Large granules are produced in conditions with high relative
humidity.
Also the granulation liquid flow rate is an important factor in FBG. If not
controlled properly i.e. to be in balance with the evaporation rate, too high flow rate
may result in overwetting of the bed and too low rate may cause spray drying of the
granulation liquid droplets in the inlet air stream. There is a linear and positive
correlation between the granulation liquid flow rate and granule size, found by
numerous researchers [49, 52-54].

________________________________________________________________________
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2.5.3 Droplet size and droplet size distribution
With certain conditions – when the relationship droplet size and granule size is
preserved during the granulation process - there is also a relationship between the
droplet size and the primary granule size, as first reported by Schæfer et al. [27]. In
their work, granule breakage was not found to be significant, because the spraying
of the granulation liquid ensured bonding between the particles, as later discussed
by Waldie et al. [29].
In the case of pneumatic nozzles, the mean droplet size is mainly affected by
nozzle construction, air-to-liquid ratio of the spray and atomising air pressure [55].
Properties of granulation liquid affect the droplet size too by surface tension, density
and viscosity.
The easiest way to control the granule size in the fluid bed granulation process is
to adjust the atomising air pressure of the granulation liquid as an increase in the
atomising air pressure leads to a smaller droplet size [45, 56, 57] and hence, also
smaller granule size [27, 49].

2.5.4 Raw material parameters
Product variables are defined as physical properties of solid material and granulation
liquid [58]. Wettability is a more important factor in FBG than in high shear
granulation, as there is no agitation present in the process [59].
Surface area and the water absorption properties of the starting material strongly
affect granule growth [20]. For example, a well-known water uptake property by
starch has been reported to show in the granulation process as a lag time in granule
growth [60]. Poor wettability may result in smaller granules and can be improved
with surfactants [61]. To achieve proper fluidisation is fundamental for the fluid bed
granulation process. Proper fluidisation is not typical for most pharmaceutical
powders, due to poor flowability and cohesiveness [62]. Differences in the densities
of starting materials may cause uneven fluidisation, even more so than the difference
in particle sizes [63]. Also static charging may cause problems in the fluidisation [46].
Polyvinylpyrrolidone (PVP), starch, gelatine and hydrophilic cellulose derivatives
are common binders in FBG. Final granule strength depends both on binder type and
concentration. Increasing binder concentration in granulation liquid has been
reported to result as an increase in granule size [53, 54, 64]. Binder liquid viscosity
and molecular weight of the binder polymer have an impact on the granule size, as it
affects the droplet size [56].
Good solubility in granulation liquid enhances granulation [65], although the
choice of binder is also affected by the following steps of the processing, such as
tableting, or pharmaceutical compatibility of the components [66]. The granulation
liquid solvents may be either aqueous, organic or mixes (e.g. water and ethanol), but
environmental issues and safety reasons (possibility for explosion hazard) have
promoted the use of the former ones.
________________________________________________________________________
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2.6 Electrostatic atomisation

2.6.1 Definitions and theory of electrostatic atomisation
Electrostatic atomisation i.e. electrospray refers to a process where an electric field is
used to generate charged droplets. When an electric field is applied to the liquid in a
capillary, the liquid meniscus forms a cone and a jet of liquid is emitted from its tip
and after, the jet breaks into droplets [67]. The stable cone jet (Taylor cone) of liquid
produces fairly small droplets, which size is controllable by the liquid flow rate and
the atomisation voltage. The charge of the same sign hinders the droplet
coalescence [68].
The spray produced by electrostatic atomisation is a highly complicated function
of liquid electrical resistivity ρ, viscosity η, surface tension σ and liquid permittivity ε.
Generally, a liquid surface breaks in separate droplets when the Coulombic forces
caused by induced charges exceed the surface tension. For stationary droplet, this
limit of maximum charge q can be defined as Rayleigh limit (Eq. 1)

(1)

q=8π(γε0r3)½

where γ is the liquid surface tension, ε0 is the permittivity of free space and r is the
drop radius. This limit does not apply to all situations, e.g. when the droplet is very
small and of high viscosity liquid [69].
One of the most important features of electrostatic atomisation are the different
spraying modes, resulting in jet formation and dynamics (Fig. 6). The different
spraying modes were first reported by Taylor in the mid 1960’s [67], although
interactions between water and the electric field was reported by Lord Rayleigh in
the 19th century [70]. With the cone jet mode it is possible to produce monosized
droplets, although it is sensitive to any changes in atomisation liquid, such as
temperature. Most of the studies are conducted using either the cone jet mode or
the micro dripping mode [71]. Also other spraying modes have been studied,
focusing on the classification of different modes [6].
Electrostatic atomisation has several advantages compared to conventional
atomising systems. It is possible to produce small droplets possessing narrow droplet
size distribution. Coalescence of the droplets is not an issue, as droplets undergo self
dispersion. It is possible to guide the droplet motion by an electric field and e.g.
guide the charged droplets easily on certain (charged) object surfaces [6].
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Figure 6

The different liquid meniscus forms in electrostatic atomisation. A= cone jet, B=
drop, C= microdripping, D= spindle, E= multi-jet, F= multi spindle, G= ramified
jet. Modified from ref [6].

2.6.2 Pharmaceutical applications of electrostatic atomisation
There are several pharmaceutical dosage forms – for example dry powder inhalers –
which do not meet their quality requirements without well-defined and optimised
drug particles [72]. The desired properties depend on formulation, but particle size
distribution, as well as surface properties are critical [73]. Crystallisation is a time
consuming way to produce particles, micronisation or milling may cause problems in
the crystal structure and unpredicted morphology.
Electrostatic atomisation of solutions or suspensions enables particle production –
in certain conditions even in nanosize [71]. Also drug particles have been produced
by electrostatic atomisation: acetosalicylic acid [74], indomethacin [75], paracetamol
[73] and insulin [76]. In the case of solutions, after atomisation droplets are
evaporated and solid drug particles are formed by crystallisation. When atomising
suspensions, fine powder particles form a cluster after solvent evaporation. It is
possible to control particle size of produced particles by adjusting the liquid flow
rate, the strength of the electric field, concentration or ionic strength of the liquid
[77].
Also droplets generated by electrostatic atomisation may be used in drug delivery.
For instance in lung delivery, the aerosol droplets have to be less than 5 μm in
diameter to reach the alveoli region [88].

2.6.3 Other applications of electrostatic atomisation
Nanoparticles, produced by electrostatic atomisation have been applied in numerous
studies in various fields of natural sciences [78]. Electrostatic spray has numerous
other applications [78]. It has been utilised e.g. in crop spraying [79], painting [69],
ink-jet printing [80] and emulsion production [81]. Metal powders are also produced
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by electrostatic atomisation [69]. The ink-jet printer is an application of a hybrid
system, where the jet itself is not necessarily produced by electrostatic forces.

2.7 Miniaturisation
Miniaturisation - the creation of ever-smaller scales for mechanical, optical, and
electronic products and devices - has been an ongoing trend also in pharmaceuticals
for years [82] and maybe the most well-known application are high throughput
methods developed for drug discovery [83]. Miniaturised approaches are also needed
to increase understanding of physical and chemical phenomena that are important in
pharmaceutical processes [84].
Lack of an active pharmaceutical ingredient (API) in the early stage of
development has an impact on various stages of the development of a new drug
product and thus, the formulation development phase has been carried out later in
the process [85]. Besides different process equipment (granulators, mixers, pelletising
machines), also whole formulation strategies as well as analysis have been
miniaturised. As extremity, a miniaturized version for intrinsic dissolution testing has
been developed and reported to reduce the need of API up to 10 000 fold [86].
Miniaturisation causes cost reductions due to low consumption of API, but also
reagents. Small scale also diminishes the laboratory space requirements and enables
easy shipping and transport [83]. There are also fascinating applications of
microchips that provide unique possibilities for pharmaceutical analysis.
Also, advances in microelectromechanical systems have created biomedical
implantable microdevices, which can aid in the diagnosis, monitoring or treatment of
various (especially chronic) illnesses. Controlled drug delivery is possible with these
devices either passively or by external activation [87].
Recent publication by Van Eerdenbrugh et al. [85] points out the importance of
feasibility of batch size of miniaturised processes. The researchers investigated the
production of nanosuspensions and concluded that it was possible to carry analyses,
such as X-ray powder diffraction and thermal analysis (differential scanning
calorimetry, DSC) with a total amount of 10 mg of API in the produced suspension.
Down-scaling of production processes is important, as it is possible to produce
more data with smaller sample sizes and hence, possibly avoid unoptimal process
conditions. To conduct these small scale investigations, there are several devices
available for different processes, such as pelletisation and spray drying. Some
commercial small scale fluid bed granulators are presented in Table 3.
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Table 3.

Commercial fluid bed granulators
Granulator

Batch size (min-max)

Size

MP Micro [88]

20 – 200 g

Table top

100 ml - 2 l
50 – 200 g
50 – 300 g

Table top
Laboratory scale
Laboratory scale

TM

STREA-1 [88]
4M8 Fluidbed
Mini-Glatt

The presented granulators differ from each other by batch size, but also by
automatisation and monitoring possibilities. Since the granulation chamber is small,
it is not possible to add probes inside the device, as in larger granulators. Although
transparency makes it possible to watch the process and detect possible problems,
such as material sticking to the chamber walls, not many devices offer this possibility,
as the production scale devices are predominantly made of steel. Materials may act
differently, as e.g. electrostatic charging is more likely in chamber made of plastic or
glass.

2.8 Modelling and multivariate methods
Modelling provides advantages to the pharmaceutical industry e.g. by improving the
fundamental understanding of unit operations and minimising risks of scale-up due
to predictions based on process data. Modelling can be divided into several
subgroups. Molecular modelling is referred to studies on e.g. molecular structure,
reactivity, selectivity and thermochemical properties Process modelling focuses on
unit operations, such as crystallisation, granulation, blending or coating. Systems
modelling may consist of process optimisation, cost analysis or quality risk
assessment. The main idea in modelling is to save time by performing a minimal
amount of experiments and then use the acquired dataset to develop a model to
conduct virtual experiments in silico [89].
Pharmaceutical process analysis produce large amount of data. Multivariate
analysis (MVA) is extremely powerful e.g. in interpretation of spectroscopic data,
where differences between observations are sometimes small and signal-to-noise
ratio is low. Besides pharmaceutical process analysis, multivariate techniques are also
used in early-stage preclinical research [83].

2.8.1 Experimental design
It is challenging to establish relationships between numerous different factors in
pharmaceutical processes. For example, in tabletting a well thought-out experimental
plan is required in the early development phase due to the the complexity of
interaction between materials and processes [90].
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The main idea of an experimental design (Design of Experiments, DoE) is to plan
and conduct experiments in order to extract the maximum information from the
collected data with the smallest number of runs. DoE starts with the definition of
factors, i.e. parameters that can be used to influence responses. The goal is then to
find the combination of factors that produce the most optimal set of responses. The
results are usually presented as mathematical models [91].

2.8.2 Principal component analysis (PCA)
Principal component analysis (PCA) is a multivariate projection method, which is
often used in the early stage of data analysis. It is a technique for a qualitative
analysis to get an overview of the data set or classifying and detecting trends or
outliers in the data [92].
PCA extracts and displays systematic variations in the original data matrix by
dividing the information into two low-dimensional matrices, scores and loadings.
Score values explain similarities and differences between observations. Loadings are
used to explain the origin of the similarities and the differences. Also loadings
describe how the variables influence the principal components (PC) [93]. Each PC
consists of a loadings vector and a score vector, which are orthogonal to each other.
The data is organised so, that the first component (PC1) explains most of the
variation and the PC2 the second most.
PCA has been e.g. combined with spectroscopic techniques to quantify between
different polymorphs of drug (Raman spectroscopy [94]). It has also been applied to
studies of API synthesis (Raman spectroscopy [95], crystallisation (Raman
spectroscopy [96]) and used in detecting the purity of a polymorph (near infra red
spectroscopy, NIR [97]). Multivariate visualisation has been applied by PCA e.g. to
screen for differences in the amorphous drug [98] and to compare particle size and
shape distributions [99]. PCA has been used in numerous other applications, among
them; testing of drug dissolution profiles [100], monitoring wet granulation [101],
as a tool in the food quality improvement process [102] and quality control of herbal
products [103].

2.8.3 Partial least squares (PLS) regression analysis
Partial least squares (PLS) regression analysis is a technique to correlate two data sets
together. PLS is very useful especially, when the amount of variables is high, because
it is possible to fit the model for all the responses simultaneously [92].
In PLS regression analysis, the variables (matrix x) are correlated with the
responses (matrix y). First, PCA is performed to both of the matrices and then the
best possible correlation between the matrices x and y is determined using the least
squares method. As a result, a model that describes the dependence of matrices x
and y is obtained [92, 93].
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PLS regression analysis has numerous applications. A common use for PLS
regression applied to spectral data is to determine the polymorphic state and
quantitate the amount of API [104] e.g. in the case of famotidine [105], ranitidine
[106] and atorvastatin [107]. Also flow properties of pharmaceutical powders [108],
real time assessment of granule and tableting properties [109] and fluidised bed
coating [110] have been modelled with PLS regression analysis. Besides in
pharmaceutics, PLS regression analysis has been used in e.g. food science to assess
meat quality [111] and detecting puree adulteration [112].
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3

Aims of the study

The aim of this thesis was to:
1.

Develop and characterise a suitable spraying method for Multipart
Microscale Fluid bed powder Processor

2.

To use particle tracking velocimetry and high-speed imaging for
characterisation of the spray in order to evaluate spray parameters

3.

To investigate process parameters of the spray and fluid bed granulation
affecting granule size

4.

To study applicability of Multipart Microscale Fluid bed Powder processor
with electrostatic atomisation in granulation for early formulation studies
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4

Experimental

4.1 Materials
The materials used in the work are listed in Table 1.
The materials used in the work.

Table 4.
Excipient/API

Brand

Acetylsalicylic acid (ASA)

Pharma-Chemicalien,
Rütgers Organics GmbH,
Germany
Pharmatose 80 M
Pharmatose 200M

DMV International,
Netherlands

Microcrystalline cellulose
(MCC)

Avicel PH 101

FMC Biopolymers, Ireland

Polyvinylpyrrolidone
(PVP)

Kollidon K-25

BASF, Germany

α-lactose
(LMH)

monohydrate

Supplier

Publication
III

I, II, III, IV
III
I, II, III, IV

4.2 Multipart Microscale Fluid bed powder Processor (MMFP)
Multipart Microscale Fluid bed powder Processor (MMFP, Ariacon Oy, Turku, Finland)
is a miniaturized device, which has been developed for fast characterisation of
pharmaceutical materials in order to investigate processability. The set-up consists of
five conical glass chambers, which are individually controllable and can be adjusted
into the same line if needed. During experiments, MMFP was linked to an air control
unit (Ilmasäätö Oy, Turku, Finland), which enables the use of heated (up to 70°C) or
humidified process air. There were also resistor type heating elements per fluidisation
chamber. The granulation set-up of the device is presented in Figure 7.
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Figure 7

The schematic diagram of the granulation chamber in MMFP. HV= high voltage
supply. Modified from ref.[113].

Unlike in the production scale devices, there are no filter bags in MMFP, due to
precisely controlled air flow. The air flow in MMFP was created with a fan and
measured by a high accuracy meter (Ilmasäätö Oy, Turku, Finland). The size and the
structure of the metering unit were optimised off-line and calibrated against a valid
reference (Golibrator-2, Sensidyne, Clearwater, USA). Air flow rate and the
dimension of the chamber inner diameter were used to calculate air flow velocity.
Previously, MMFP has been used for studying solid state transitions during
fluidisation [84], dehydration process parameters [113], flowability [114], drying of
pharmaceutical materials [115, 116], fluidisation of different materials [62] and pellet
tackiness determination [117].

4.3 Granulation in Multipart Microscale Fluid bed powder Processor
(MMFP)
The use of pneumatic nozzles was not possible in the Multipart Microscale Fluid bed
powder Processor (MMFP) due to the fact that fluidisation especially at low air flow
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rates would have been disturbed. In preliminary experiments, electrostatic
atomisation was found to be the most promising technique to droplet production in
granulation process and thus, a specific nozzle was built up. The nozzle consists of
earthed shield, polytetrafluoroethylene (PTFE) insulation and a metal capillary
connected to a high voltage power supply (Spellman, High Voltage Corporation,
New York, USA). The outer diameter of the capillary was 0.5 mm and the axial
distance from tip to shield was adjusted to be 4 mm. The nozzle was placed to the
granulation chamber, 10 cm above the powder bed. Granulation liquid was pumped
through the capillary using a syringe pump (Model NE-1000, New Era Pump Systems
Inc., New York, USA). The nozzle is presented in Figure 8.

Figure 8

The schematic diagram of the nozzle and a photograph of the nozzle inside the
granulation chamber. In diagram: A= earthed shield, B= insulator, C= metal
capillary.

In the beginning of the granulation experiments, powder materials of the batch
were poured into the chamber. The binder (PVP) was either dissolved into the
granulation liquid (I, II) or added as dry powder (III). The fluid bed was set in motion
and the air flow was adjusted. As the air flow rate reached 100 ml/h, regardless of
the target flow rate which depends on the batch size, a high voltage supply was
switched on to apply an atomisation potential to the capillary. After that, pumping
of the granulation liquid started.
As the bed weight increased due to the spraying of the granulation liquid, the air
flow rate was manually raised to the target level at an adequate rate. The air flow
rate had to be high enough to keep the wet powder in motion, but low enough to
prevent a blockage in the nozzle by the powder. A typical batch size in MMFP is from
25 to 45 ml.
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4.4 Methods for droplet and particle size analysis

4.4.1 Droplet size measurement using laser diffractometry (I)
Laser diffraction (Malvern System 2600, Malvern Instruments, Worcestershire, UK)
was used to determine the droplet size distribution. Measurements were performed
at least three times for each process condition.

4.4.2 Droplet size measurement with particle tracking velocimetry (IV)
A special imaging measurement was constructed. The system consisted of a HiWatch
diode laser stroboscope (Oseir Ltd, Tampere, Finland) and industrial grade 1.5 Mpix
greyscale CCD camera (Lumenera, Lumenera Corporation, Ottawa, Canada). A closeup zoom video lens (Navitar 7000, Navitar Inc, New York, USA) offered a range of
magnifications to accommodate the large variation of spray density at different
distance points. Oseir Osirec software (Oseir Ltd, Tambere, Finland) was used to
extract the droplet speed and size information from the captured images. The
measurement zone was adjusted to catch as many droplets as possible around the
central line of the spray zone. The distance from the nozzle orifice was adjusted to
be 4, 103 and 202 mm from the camera lens, respectively and the distance from the
central line of the spray was always 107 mm.

Figure 9

The particle tracking velocimetry measurement set-up.
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The diode laser and the camera were used to produce images in backlight set-up,
which is useful in accurate sizing of droplets [118]. The zoom lens magnification and
hence, the image area were adjusted to find the setting that produced a satisfactory
number of droplet detections at each distance point from the nozzle.
The use of particle tracking velocimetry requires that a single droplet is captured
multiple times to determine the droplets velocity. To achieve this, the camera shutter
time used was relatively long (40 ms) and the interval of the laser pulses was
approximately 1 ms. Laser pulse duration was 100 ns.

Figure 10 An example photo of the droplets taken with a CCD camera.

4.4.3 High-speed imaging (IV)
Videos of the spray were shot using a high speed camera (Casio EX-F1, Tokyo, Japan)
at 600 frames per second.
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4.4.4 Granule size measurement with sieve analysis (II)
Granule size distribution was analysed with miniaturised sieves (diameter 10 cm,
Fritsch GmbH, Germany) with apertures of 45, 65, 125, 250, 355, 500, 710 and
1000 μm. The amplitude of the sieve shaker was 4 mm and the sieve stack was kept
in the shaker for 4 min. The granule diameters d10, d50 and d90 were obtained from
the sieve analysis data using the method of Meshali [119]:

(2)
where xi is the relative weight of the given fraction with a geometrical mean
diameter di equal to
(3)
It was not possible to repeate any of the sieve analysis to evaluate the standard
deviation of the procedure as a result of small batch size. The sample sizes were at a
range 9.5 – 15.2 g, as the manufacturer of the sieves recommends sample sizes not
less than 10 g.

4.4.5 Granule size measurement with image analysis (II)
Projected area diameters i.e. the diameters of a circle having the same area as the
projected particle were obtained by optical microscopy and image analysis (IA). For
the analysis, four samples (0.5 g) of each batch were randomly collected from
storage and poured into a petri dish with grid lines. Five of the checks on the petri
dish were blackened and only particles on those were analysed. Altogether 20
images per batch were taken by an optical microscope (Leica MZ6, Leica Mikroskopie
und Systeme GmbH, Bensheim, Germany). N-values varied between 292-799 per
measured batches. Granule size was determined using image analysis software (Leca
Qwin, Leica Imaging Systems Ltd., Cambridge, UK).

4.4.6 Granule size measurement with spatial filtering technique (III)
Granule size distribution was determined using a spatial filtering technique (SFT) with
2.5 g samples. To ensure representativeness of the sample, the whole batch was first
poured through a small scale sample divider (SBX-450-R, Endecotts, London, UK).
The SFT apparatus (Parsum® IPP 70-Se, Gesellschaft für Partikel-, Strömungs- und
Umweltmesstechnik GmbH, Chemnitz, Germany) was placed on the table and the
sample was poured through a 4 mm orifice. Pressurized air was used to disperse the
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particles. Raw data from the measurements was collected via an A7D converter to a
PC. The transformation from the number based particle size distribution was
transformed into volume distribution by SFT apparatus software.

4.5 Granule characterisation

4.5.1 Friability (III)
The friability of the granules was determined from change in particle size detected by
spatial filtering technique (SFT). First 5 g of each granule batch was measured with
SFT. Then, the friability of the granules was tested. The same amount of granules (5
g) and glass beads (diameter 5 mm) were weighed in a 100 ml container and the
container was spinned in a Turbula® mixer (type T2F, WA Bachofen, Basel,
Switzerland) for 5 min at 96 rpm. Then, the 5 g batch of granules was measured
again with SFT. The size fraction d50 values of the batches before and after the
friability tests were compared and the difference between the d50 values was
calculated.

4.5.2 Compactibility (III)
The compression properties of the granules were studied with an instrumented
eccentric tablet machine (Korsch EK0, Erweka Apparatebau, Germany). Three
samples (250 mg each) of every batch were manually poured into a die and tabletted
at various compression forces. Tablet punches used were flat faced and 9 mm in
diameter. The starting compression force was determined individually for each batch
to obtain tablets strong enough for handling. The tablet die was lubricated before
every tabletting with a solution of magnesium stearate and acetone (20 % w/w). For
batches, at least five tablets of 250 mg (+/- 10 mg) were compressed. For every
compression force, one tablet (n=1) was compressed because of the small batch size.
Thereafter, the breaking force (BF) of the tablets was measured using a tablet
hardness tester (Erweka, Germany).
Compactibility of the granules was evaluated by plotting the breaking force (BF)
of the tablets as a function of the maximum force of compression. The curve
obtained is material dependent and describes the tablettability of the mass i.e. how
strong bonds the particles develop during compression as the compression force is
increased. In the paper III slope (K) of the linear part of this curve has been used as a
response in modelling.
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4.6 Multivariate analysis and modelling (I, II, III, IV)
Design of Experiments (DoE) in papers II, III and IV was carried out with MODDE®
software (MODDE®- for Windows, Version 7.0, Umetrics, Umeå, Sweden).
Principal component analysis (PCA) was applied to the granule data in paper II to
better differentiate between the produced batches. PCA was carried out using
SIMCA-P® software (Version 10.5, Umetrics, Umeå, Sweden).
Partial least squares regression (PLS) was applied to the granule size and the
granulation process data (III). The variables for the model were the volume
proportions of the excipients and API in the composition, the particle size distribution
obtained by spatial filtering technique (SFT) and particle size fractions d10, d50 and d90.
Breaking forces and K-values (calclulated from the slope obtained by plotting the
breaking force as a function of maximum compression force) were used as
responses. A correlations scaled loadings plot was used to visualise the findings. Also
multiple linear regression (MLR) was used in paper III to confirm the relationship
between the K-value and the proportions of the excipients. PLS and MLR were
carried out using SIMCA-P® software (Version 10.5, Umetrics, Umeå, Sweden) and
MODDE® software (Version 7.0, Umetrics, Umeå, Sweden).
In paper IV the MLR was applied to the data to find the dependence of the
droplet size fractions from the atomisation voltage, granulation liquid flow rate and
nozzle position. MODDE® software (Version 7.0, Umetrics, Umeå, Sweden) was used
to do the second order polynomial fitting. The acquired models were simplified by
excluding the least significant terms from the model as long as the predictive power
(Q2) of the model was increased and the statistical significance was adequate.
Modelling of the collecting electric field in paper I was performed with Opera-3D
software (Vector Fields Ltd., Oxford, UK).
K-values for the modelling in paper III were calculated with Sigma Plot program
(version 6.10 2000 for Windows, SPSS Inc. USA).
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5

Results and discussion

5.1 Electrostatic atomisation

5.1.1 Droplet formation (I)
Electrostatic atomisation is applicable to produce droplets needed in the fluid bed
granulation process in MMFP (I). There are several advantages in using electrostatic
atomisation in the miniaturised fluid bed system. There is no need for pressurised air
– which could easily destroy the fluidisation and decrease the yield by blowing
material to the chamber walls - in the production of droplets. Also the use of a
collecting electrical field facilitates the droplet movement towards the powder bed,
which is necessary due to the dimensions of the conical granulation chamber. To
assess the potential required to guide the droplets to the powder bed, forces
affecting the individual droplets were studied.
When highly charged droplets were emitted from the capillary tip, they
encountered various forces. Gravitational force (Fg), which was directed downwards
from the nozzle tip, air drag force (Fd) which is caused by upwards moving air and
droplet velocity, electrostatic force (Fi) induced at the earthed shield and the repulsive
charge force which is caused by the unipolarly charged droplets. Another high
voltage source, which operated at opposite polarity than the droplets, was attached
to the metallic air distributor. This caused a collecting electrostatic force Fc, which
accelerated charged droplets downwards into the fluid bed.
The terminal velocity for the droplets in upwards moving gas with radius 100 μm
(acquired from the laser diffraction studies) was estimated to be 0.603 ms-1 (I). The
value was calculated using Equation 4, which includes the assumption that
gravitational force and air drag force are equal. If there was no collecting electric
field and the droplet would be relatively far from the nozzle (image force = 0), the
droplet velocity would be a function of air flow velocity. Thus, if the air flow was the
same as the terminal velocity, where the air drag force and gravitation are equal, the
droplet would stay stationary. Calculation of terminal velocity seems logical
parameter to be calculated, when the necessary collecting electric field is assessed. In
other words, when air drag force and gravitation are equal, the only accelerating
force acting on the particle, is Fc (the collecting electric field).
In the equation, m is the mass of the droplet, g is the gravitational constant, CD is
the drag coefficient, ρg is the density of air, d droplet diameter, v the relative velocity
between the droplet and the surrounding air and η is the viscosity of air.
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(4)

Numerically solved equation for a droplet in upwards moving gas.

Figure 11 presents different forces as a function of distance from the nozzle. Also an
example of a collecting electric field (500V) is presented.

Figure 11 Induction force (Fi), gravitation force (Fg), air drag force (Fd), collecting force (Fc,

500V) and the total force Ftot (500 V) as functions of distance from the
electrostatic nozzle. Modified from paper I

5.1.2 Nozzle performance (IV)
Nozzle performance was further evaluated in paper IV. The experiments were
performed with ion-exchanged water. When the atomisation voltage is increased at
constant liquid flow rate, the frequency of dripping also increases, as the
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electrostatic forces grow at water surface [71]. Increasing the liquid flow rate at
constant atomisation voltage increases droplet size.
The spray is not very dense, as the number of the droplets per mm2 varies from
0.05 to 3. Trajectories of the droplets are mainly directed downwards, also small
satellite droplets with unoptimal trajectories can be observed. Especially these
satellite droplets gather to the nozzle shield and as process time elapses, produce a
large droplet, which can be observed from Figure 12. This droplet may cause at least
some of the big aggregates (lumps) found in granulating experiments. The nozzle
performance is presented in Figure 12.

Figure 12 Nozzle performance as a function of the granulation liquid flow rate. The large

droplet caused by gathered smaller droplets is present in figures 60 ml/h, 90
ml/h and 110 ml/h.

Electrostatic atomisation was found to be applicable for fluid bed granulation.
However, in order to get even more information about the nozzle and atomisation
method, other granulation liquids, than mixtures of water and polyvinylpyrrolidone
could have been studied. Certain constraints were set by the device, e.g. level of
viscosity (too viscous fluids will not disperse into droplets and stickyness of the
solution. Also safety was an issue, as the use of solvent-water mixtures would have
increased the risk for sparks and thus, possible explosion. One option to modify the
droplet size could also have been through the resistivity modification by adding salt
to the solution.
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5.1.3 Droplet size and droplet size distribution (IV)
The dependence of droplet size fractiles d10 d50 and d90 from the atomisation voltage,
granulation liquid flow rate and nozzle position were modelled separately using
multilinear regression. The models are presented in Table 5. What is notable, is that
the atomisation voltage was not significant term compared to the others – as also
stated previously [120].
Table 5.

The coefficients, R2 and Q2 values of models for droplet size fractiles d10, d50
and d90. V= atomisation voltage, F= granulation liquid flow rate, N= measurement distance from the nozzle, a0=constant.

V
F
N
V·V
F·F
N·N
V·F
F·N
V·N
a0

d10

d50

d90

0.163***
0.116***
-0.93**
0.105***
2.564***

0.184***
0.070**
- 0.109***
-0.077*
0.074*
2.705***

0.194***
0.049*
-0.140***
2.757***

R2
0.848
0.878
2
Q
0.779
0.796
*p<0.05 **p<0.01 ***p<0.001

0.856
0.799

Increase in the granulation liquid flow rate increased all fractile values measured at
all three distances from the nozzle. This is in line with literature [120], although there
are situations (e.g. very low flow rates), when there is no impact to the droplet size
[121]. The largest droplets are observed at the furthest distance from the nozzle at
high granulation liquid flow rate possibly due to the lack of a collecting electrical
field.
Typical droplet size distributions were observed when atomisation voltage and
granulation liquid flow rate were studied. Type A distribution was relatively narrow
(range 150 μm – 350 μm) and wider Type B distribution (range 150 μm – 650 μm).
Low granulation liquid flow rate (10 ml/h) was typical for type A distribution,
whereas type B distributions were produced at higher flow rates. The low number of
observations (droplets) diminishes the relevance of the data, especially at the furthest
distance from the nozzle when the spray density was not adequate enough for
particle tracking velocimetry. Producing a narrow droplet size distribution is not
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simple, as the operating zone is small. Droplet size distributions at 4 mm distance
from the tip are presented in Figure 13.
Droplet size distribution studies would have been more reliable, if the spray had
been denser. This could have been achieved by nozzle modification, e.g. using larger
capillar and higher liquid flow rates.

Figure 13 Droplet number size distributions at 4 mm distance from the tip. Type A

distribution is found in batches N1 and N2.
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5.2 Granule properties (II, III)

5.2.1 Granule size and size distribution
In paper II, granule sizes were determined by sieve analysis. Granule size was found
to be fairly similar despite a different quantity of granulation liquid used in the study.
Low granulation liquid flow rate and low atomisation voltage seemed to produce
small granules. Increase in binder concentration increased the granule size, as
expected (paper II, Fig 8). Sieve analysis was not considered as a reliable analysis
method for produced batches, as the quantity of samples was small and hence each
batch was only possible to be analysed once. The reliability of this method could
have been better, if the sample divider would have been in use.
It would have been also informative to add the size data of original lactose
monohydrate as a figure to the paper II, in order to be able to better compare the
change after granulation. According to the manufacturer (DMV International,
Netherlands), less than 20 % of the particles have been reported to be smaller than
100 μm, 70-90 % of the particles have been reported to be smaller than 250 μm
and 95 % of the particles have been reported to be smaller than 315 μm.
Based on image analysis (IA, paper II), the amount of larger granules clearly
increased, when the atomisation voltage was increased. This was not expected, as
higher voltages are expected to produce smaller droplets and hence, smaller
granules. Further studies of the nozzle have revealed (paper IV, figure 4) that droplet
size decreases with increased atomisation voltage. However, the increase in the
amount of lumps and larger granules (II) detected by IA was concluded to be strongly
related to the experimental set-up (choice of material, amount of granulation liquid)
and process conditions (adherence of small droplets to nozzle shield and formation
of a large droplet).

5.2.2 Granule size by multivariate visualisation and principal component
analysis (II)
Granule size data (d10, d50 and d90 values) were plotted in three dimensional space as
a function of the granulation liquid flow rate (paper II, Fig.9). Critical value of the
flow rate was found to be 36 g/h and it was possible to cluster the data by higher
granulation liquid flow rates. It was not possible to cluster the data based on the
atomisation voltage or binder concentration.
Principal component analysis (PCA) was applied to the sieve analysis data of the
batches to provide visualization and an overview of it. Batch 12 was removed from
the model, as it was an outlier (both R2 and Q2 values of the model were improved
after the removal). Possible explanation for this is the combination of low
atomisation voltage and high granulation liquid flow rate. The atomisation voltage
has not been high enough to produce droplets of PVP solution and thus, the
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granulation process has not been optimal. At least batch 12 has been different from
other batches to fit in the model. This difference could probably have been found
from the process data, if it had been added to the model. Two principal components
were needed to explain ~ 70% of the variation in the data (PC1: 51%, PC2:19%).
Q2 value (predictivity) of the model was 23.6%. There are several explanations for
the low predictivity value; to acquire more predictive model, the number of
experiments should have been higher. More experiments would most likely have
provided also normal distribution, as required. There are several factors that could
have added to the model, such as temperatures and humidities from the process, as
well as the final moisture content of the granules. However, certain trends in this
very complex system were possible to find using this fairly rough model.
Scores and loadings plots are presented in Figure 14. Figure 14 is plotted in order
to reveal the effects of binder concentration and atomisation voltage, which are
much weaker than the effect of granulation liquid flow rate.
The first principal component was related to the particle size. Further on the left
the scores are in the plot (Figure 14, left side), the more dominating is the granule
mass fraction on sieves with the widest apertures (S5-S8), i.e. the amount of large
granules is high in the batch. The smaller granules are dominating in the batches
that are located on the right hand side of the plot. The scores plot can be divided
into segments by changes in the atomisation voltage and granulation liquid binder
concentration. Also, batches that were far apart in PCA plot differed in the sieve
analysis data. It was not possible to explain the variation in PC2.
The loadings plot (Figure 14, right side) explains, how the measured sieve
fractions contribute to the separation of the batches. For instance, in batch 16
(circled black square) the mass on sieve S2 (710 μm) is dominating.

Figure 14 Scores and loadings plots of 21 batches. Key for process conditions:. ■ = X, high

oltage, high binder concentration, ▲= X, medium voltage, medium binder
concentration, ●= X, low voltage, low binder concentration, ○= any other
process condition. X= any rate of granulation liquid flow rate. S1-S8= sieve
numbers, where S1 is the sieve with the smallest and S8 with the widest
aperture. Modified from II.
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To analyse further, PCA was applied separately to the sieve analysis data from subset
A and B. The PCA of subset A needed two principal components to explain the
variation and Q2 value of the model was 51%. The acquired results were parallel
with the PCA of the whole data set. PCA of subset B resulted in high negative Q2values for both principal components and was discarded. This was most likely due to
the low number of batches.

5.3 Early formulation screening and modelling (III)
An attempt to mimic early formulation screening studies with well-known materials
on a small scale was performed in paper III (Figure 15). The focus of the study was on
the mechanical properties of the granules: particle size, compactibility and friability.

Figure 15 The outline of preformulation study performed in paper III.

Breaking force and K from the compactibility studies and delta d50 from the
friability studies were used as the responses in partial least squares (PLS) regression
analysis. The variables for the model were the volume proportions of excipients and
active pharmaceutical ingredient (API) in composition, particle size distributions
obtained by spatial filtering technique (SFT) and particle size fractions calculated from
previous. Three factors were needed for a PLS model. The R2X, R2Y and Q2Y values
for the model were 68.4%, 81.6% and 49.7%, respectively. The first factor
explained more than half of the variation of the batches (56.5%), whereas the other
two factors explained 13.6% and 11.6% of the variation.
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Correlation scaled loadings plot (or loadings Bi-plot) was used to interpretate the
results (Figure 16). The correlation scaled loadings plot is a useful tool to get an
overview of the whole data set simultaneously.
In this plot, the scores and loadings are plotted in the same figure to facilitate the
interpretation of the data. This plot is used in order to detect correlations between
factors and responses. Positively correlated factors and/or responses are located near
each other and negatively correlated are in the opposite direction (180 degrees via
origin). For example, MCC (microcrystalline cellulose) and BF (breaking force) are
located near one another in the plot and thus, when the MCC amount is high in the
composition, the breaking force of the produced tablets is high. Also, the batches
that produced the weakest tablets are located further in the opposite side of the plot
than BF.
It is possible to distinguish between the excipient proportions; batch (A9)
containing only lactose monohydrate (LMH) is near the LMH in the plot. Also, the
friability testing results can be seen from the plot, as the strongest granules
according to the data (paper III, table II) are located furthest from the delta d50 in the
plot.

Figure 16 Correlations scaled loadings plot (III)
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Preformulation data was also modelled with Multiple linear regression (MLR). The
variables were the proportions of the excipients in the composition and the response
was slope K from the tabletting studies (III, Fig.5). Value K increased when the
proportion of MCC increased in the composition and value K was the lowest in the
compositions where ASA was dominating. R2 for the model was 60.9 but Q2 was
negative, which indicates that the model was not predictive at all. This is explained
by the missing experiments that could not be produced with MMFP due to technical
reasons and the noise in the data. Although the predictivity of the model was low,
the findings were in line with the PLS model obtained and the literature.
With this set-up, it was possible to conduct early formulation granulation studies
with relatively small amount of materials. The choice of materials was not optimal for
this study, as one third of the experiments were not conducted due to malfunction in
the process. As the performance of the model drug and the excipients was wellknown, adding another model drug possessing different properties in granulation
and compression than acetylsalicylic acid, would have been interesting. Addition of
the process data to the model would have provided more information about the
different compositions.
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6

Conclusions

Based on the results obtained during the study, Multipart Microscale Fluid bed
powder Processor (MMFP) combined with electrostatic atomisation is a suitable
device for fluid bed granulation on a small scale.
1.

Electrostatic atomisation was found to be applicable for fluid bed
granulation in MMFP and the constructed nozzle was found to produce
narrow droplet size distributions.

2.

Particle tracking velocimetry was found to provide useful information about
the droplet size distribution. High speed imaging provided valuable
additional information about the spray.

3.

In the granulation process in MMFP, granulation liquid flow rate has the
largest positive effect to granule size. Due to the great effect of the flow
rate, the effects of binder concentration and atomisation voltage were
difficult to detect. However, they both have proportional effects to granule
size. With principal component analysis it was possible to detect the trends
in the granule size change

4.

MMFP combined with electrostatic atomisation can be utilised for studying
the granulation properties of materials with a relatively small sample size.
Also early formulation screening studies can be conducted, although the
analysis may be challenging due to a small batch size. The granulation
process and following analysis is fast and the results are obtained with a
small amount of powder compared to traditional methods. Multivariate
analysis can be applied to the process data and acquire adequate results to
guide the developmet process further.
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