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Abstract

The pore in pastilles was investigated which are produced by a pastillation technology. Mercury intrusion porosimeter and
scanning electron microscopy (SEM) techniques were used for the investigation. The formation of micro-pores and cracks
were in dependence of the manufacturing conditions of the pastilles (final impacting velocity, degree of subcooling and surface
roughness of cooled substrate). The total pore is decreased with decreasing degree of subcooling, final impacting velocity and
s nufacturing
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p
©

K

1

i
d
t

f

tion
his
dyl

e in
chers
ich,
ada,
y
the

0

urface roughness of the cooled substrate. In order to design a drug delivery system and to select an optimum ma
arameter the relationship between overall growth rate of the pastilles and total pore was experimentally investigated
ore increased with increasing the overall growth rate of pastilles.
2004 Published by Elsevier B.V.
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. Introduction

In previous works (Kim and Ulrich, 2003) it was
nvestigated how the knowledge of the contact angle of
rops being deposited on a surface can help to control

he desired size and shape of pastilles. Furthermore,
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the contact angle can use to predict the crystalliza
time in the design of a solidification technology. In t
follow up work, the entrapped pore in the Bisaco
pastilles was investigated.

A certain pore is often desired and of importanc
medicines, catalysts or adsorbents. Many resear
(Bronfenbrener and Korin, 1997; Donchev and Ulr
2002; Donchev et al., 2002; Fukusako and Yam
1999; Fukasawa et al., 2001a, 2001b) have alread
studied the entrapment of pore for example in
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area of ceramics, foods and pharmaceuticals. An en-
trapment of pore in the body of tablets was studied
by researchers (Hogekamp et al., 2002; Paul, 2003;
Westermarck et al., 1998). The pore is an important
parameter to improve the clinical efficiency of drugs or
to control its bioavailability. Tableting techniques are
commonly used in the production of a solid complex
of pharmaceutical materials. Under compressing pres-
sure drug crystals agglomerate, thereby a certain pore
is entrapped in the solid complex. The solid complex
is, however, still not always in an optimal condition for
the medicine since there can be problems such as in-
stability of tablets, selection of binders and excipients
(additives) which can lead to, non-wanted side-effects.
To help solving these problems here a solidification
technology is introduced.

A solidification technology is an important step to
control the transition from the liquid into the solid
phase in such a way that the products are obtained
in an appropriate form for their transport, storage and
subsequent use. The solidification should be done by
an economical process, employing the smallest and
the simplest equipment possible. The transformation
of a melt into a solid, which should have a certain
form and specific physical properties is an impor-
tant operation. In most cases the solidification is a
crystallization process without the aim of separation
(Delplanque and Rangel, 1997; Rangel and Bian, 1997;
Prunet-Foch et al., 1998; Wang et al., 2002;
Wintermantel and Wellinghoff, 2001). Hence just a so-
l r-
m ro-
d ion
p s-
t ing
m ost
m duc-
t ace.
T of
t s,
w nce
o ical
p nces
t lidi-
fi ned
h
1 ve
t

In the pastillation process, micro-pores and cracks
should be formed in the bodies or on the surface
of pastilles since the liquid drop crystallizes what is
going inline with a density change. The formation
of pore is influenced essentially by the manufactur-
ing conditions of pastilles such as the composition
of the materials, the temperature difference between
cooled substrate and the melting point of the materi-
als (i.e., degree of subcooling), the surface property
of used cooled substrate and the physical properties
of the materials. The most important influencing fac-
tors are the composition of the materials and the de-
gree of subcooling. Some researchers (Budnikov and
Kharitonov, 1969; Emelyanov, 2001) investigated the
kinetic equations of pore formation in granules of min-
eral materials with additives. The obtained equations
are recommended for mathematical modelling of a
pore formation process.Liu et al. (1994)have also
reported results of a numerical simulation of a for-
mation of micro-pore to be expected in the deforma-
tion and solidification behaviour of single drops tak-
ing place on a cooled substrate. However, they have
only studied the entrapped pore in granules/pastilles
by numerical modelling and simulation. In this work,
therefore, the entrapped pore (micro-pores, cracks) in
the pastilles will be experimentally investigated un-
der consideration of the manufacturing conditions of
the pastilles and physical properties of the materials.
Furthermore, the pore structure and the pore size dis-
tribution of the pastilles will elucidate. Especially, in
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idification. An application of this technology in pha
aceutical industry is increasing, especially, in p
uction of crystalline-formed medicines. A pastillat
rocess (e.g., Rotoformer© system, Kaiser SBS Sy

em) is one of the solidification technologies to br
elts into dispersed solid form in high-speed alm
onosized and dust free. In case of pastille pro

ion, many drops are positioned on a cooled surf
he pastillation of melts refers to the disintegration

he liquid directly into monosized individual volume
hich then solidify in most cases even. In depende
n the dispersed volume of the drops, the phys
roperties of the melt and the temperature differe

he drops are flattened to a certain extent. The so
ed drop therefore has a typical pastille-like flatte
emi-spherical shape (Buelau and Ulrich, 1998; B̈ulau,
999). Crystalline-formed medicines should impro

he stability and retard the drug dissolution rate.
he focus are, however, the manufacturing condit
nd how they affect the formation of micro-pores
racks. Finally a relationship between total pore
rapped in the pastilles and growth rate of the pastill
ntroduced.

. Material and methods

Bisacodyl pastilles were manufactured by a pa
ation process. Here investigated parameters are d
f subcooling, surface roughness of used substrat

mpacting (final) velocity. The schematic diagram
he experimental apparatus of the pastillation pro
nd the detailed technique are described byKim and Ul-
ich (2003). The monosized hemi-spherical Bisaco
astilles are shown inFig. 1. A scanning electron
icroscope (SEM) technique was also used to m
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Fig. 1. Monosized hemi-spherical Bisacodyl pastilles.

sure the surface morphology and the structure of the
pore.

A mercury porosimeter technique{Thermo Finni-
gan (Pascal 140 and 440) Italy} was used to measure
the total pore, the pore size distribution and the pore
structure of the Bisacodyl pastilles. The total pore vol-
ume, the total pore surface area, the mean pore diam-
eters and the pore size distributions of pastilles are
determined by both a low- and a high-pressure mer-
cury porosimeter. Determination range of pores can be
measured starting from 4 nm (pressure = 400 MPa) up
to 200�m (pressure = 0.01 kPa). In addition, a SEM
technique is employed to support the results of mercury
porosimeter.

3. Results and discussion

3.1. Structure and pore size distribution

3.1.1. Pore structures of pastilles
Mercury porosimeter data can enable the calcula-

tion of the specific surface area (m2/g) of the samples.
There are four models available for the surface area
calculation the cylindrical, conical, plates and spher-
ical model, which can be distinguished by intrusion
or extrusion curves between the cumulative volume of
mercury and the compression pressure.

Fig. 2 shows the relationship between cumulative
volume of mercury and the compressing pressure.
According to the intrusion and the extrusion curve
of the pastilles, a conical model can be applied to
the pastille (refer in Instruction manual porosimeter,
(Thermo Finnigan, Italy, 2002)). Moreover, these types
of pores are commonly found in natural materials, for
instance in carbon coke, rocks and soils. The model
shows that the pores are located on the surface and
interior of the pastilles. The intrusion curve features
a quite low slope, indicating that mercury penetra-
tion increases just according to the pressure. Pores of
this type are progressively filled by mercury as the
pressure rises. The extrusion curve is generally fol-
lowing the intrusion curve resulting in a very small
hysteresis.

ding to
Fig. 2. Type of pore model of pastilles accor
 the cumulative volume and compressing pressure.
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Fig. 3. Pore size distribution of pastilles and tablets (radius range: 0.001–100; total bars in the histograms: 100).

3.1.2. Pore size distribution
The bar of the histograms numbers and dimensions

can be generated automatically by the software (Pas-
cal 140 and 440) according to the radius limit selec-
tion given by operating conditions.Fig. 3 shows the
relationship between relative pore volume and pore
radius of the pastilles. From the histogram the pore
size distribution of the pastilles was constituted as
bimodal. It can be elucidated that the first group of
bars (A) is the occurrence of pore due to rapid nu-
cleation on the bottom side of the pastille. Nucleation
usually takes place concentrically around the starting
point of the cooled surface. As a consequence of high

heat transfer, fast crystal growth takes place. However,
the dominant pore in the pastilles is placed in a pore
diameter range between 1 and 20�m (B). The sec-
ond group of bars are cracks and micro-pores. The
growth rate during the crystallization process is ex-
tremely fast due to the high temperature gradient. A
high growth rate evokes constructional micro-pores in
the layer and cracks on the surface of the pastilles. It
is, however, found that the total pore in the pastilles
was less than 10%. Here the total pore (%) was defined
as the ratio of the sample void volumes (internal and
external pore) to its external volume (inverse of bulk
density).

Fig. 4. SEM photos: (a) surface morphology (magnification×15000), (b) surface morphology (magnification×4000), (c) grade cross-section
( cation×50
magnification×1000) and (d) cross-section of pastille (magnifi
 0).
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Fig. 5. Total pore vs. degrees of the subcooling and surface morphology of the top part of the pastille at different degrees of subcooling (�T):
(a) 113 K, (b) 123 K, (c) 133 K and (d) 143 K (magnification×4000).

Fig. 4shows SEM photos of the surface morphology
of the pastilles, grade cross-sections and cross-section
of the pastilles. It can be visually confirmed by the SEM
photos (Fig. 4(a–c)) that the dominant pore distribution
is ranging between 1 and 20�m and the cracks are
formed on the surface of the pastilles. Moreover, it can
be observed that pores are formed in conical form (see
Fig. 4(d)). Unfortunately, it is impossible to estimate
the length and width of pore depth.

3.2. Total pore

While the molten drop impacts and crystallizes,
the cracks and the micro-pores are generated on sur-
face or body of the pastilles. Processing parameters of
pastilles have an effect the occurrence of micro-pores
and cracks. The main factors here are: temperature gra-
dient between the molten and the surface temperature
of cooled substrate (degree of subcooling), these im-
pacting velocity (Reynolds number of impacting drop)
and surface properties of the substrate. It will be dis-
cussed how conditions of pastilles affect the surface
structure and the total pore. However, the pore size

distribution is not discussed in this paper due to the
difficulty of distinguishing.

3.2.1. Effect of degree of subcooling
To investigate the total pore, pastilles were pro-

duced at different temperatures of the cooled surface.
All other crystallization parameters were kept constant
such as final impacting velocity of 0.28 m/s, surface
roughness of 0.23�m and viscosity of 2.072 mPa s.
Fig. 5 shows SEM photos of the surface morphol-
ogy of the top part of a pastille and the total pore at
different degrees of subcooling.Fig. 5(a) are the top
part of the pastilles at a relatively low degree of sub-
cooling (�T= 113 K) shown where no individual crys-
tals and cracks can be identified. On the other hand is
shown inFig. 5(c and d), the cracking phenomenon
with increasing degree of subcooling (�T= 133 and
143 K). This is caused by relatively high nucleation
and growth rates at the initial stage of crystalliza-
tion. According to the relationship between the total
pore and the degree of subcooling, it can be confirmed
that the total pore increased with increasing degree of
subcooling.
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Fig. 6. SEM photos of the top and the bottom of pastilles (magnificaton×4000) resulting from different cooled plates. (a): Side view of pastille,
(b-1) and (b-2): surface morphologies of top and bottom of pastille at a smooth plate roughness (Ra = 0.15), (c-1) and (c-2): surface morphologies
of top and bottom of pastille at a medium plate roughness (Ra = 0.23), (d-1) and (d-2): surface morphologies of top and bottom of pastille at a
course plate roughness (Ra = 0.31).

3.2.2. Effect of surface properties
Fig. 6shows SEM photos of the surface morphology

of the top and at the bottom of the pastilles processed
at different roughnesses of the surfaces of the cooling
surface. The producing parameters of the pastilles are
the final impacting velocity of 0.28 m/s, the viscosity
of 2.072 mPa s and the degree of subcooling of 133 K.
The crystals at the bottom part of the pastille have been
in contact with the cooled plate. After the impact the
molten drops rapidly start to nucleate on the surface of
cooled plate and then crystallize in vertical direction
because of a high heat transfer. The SEM photos see
Fig. 6clearly show that the size of crystals/pores at the
bottom of the pastilles are smaller than those of the top
part of the pastilles. Therefore, a relatively high amount
of the pore are incorporated at the top part of pastille
compared to the bottom part.van der Gum (2002)nu-
merically explained that the pores in the top part of sur-
face are approximately 10 times larger than the pores
at the bottom surface of the pastilles. The mentioned
effect is, however, influenced by the processing condi-
tions and the physical properties of materials.

The size and the structure of pores on top and
bottom of the pastilles are investigated at different
surface roughness. Surface roughnesses are chosen
ranging from 0.15 to 0.31�m. According toFig. 6

(b-1)–(d-1) the size of the pores at the top and bot-
tom of pastilles with the surface roughness of 0.31�m
is larger than that on the surfaces with the two lower
roughnesses.

Fig. 7 illustrates a pore resulting from experiments
of three different surface roughnesses. Each sample
was analysed 3 times under identical conditions.Fig. 7
shows that the total amount of pores increased with in-
creasing the surface roughness. This was confirmed by
SEM photos ofFig. 6.

3.2.3. Effect of final impacting velocity (Reynolds
number)

Fig. 8shows the correlation between the total pore
and the Reynolds number of two-different masses of
the drops. The impacting velocity is corresponding to
Reynolds numbers, which are varied ranging from 200
to 3000 for the falling (impacting) drops. The Reynolds
number used here is already defined in previous work
(Kim and Ulrich, 2003). The surface roughness of
0.23�m, the viscosity of 2.072 mPa s and the degree
of subcooling of 133 K are maintained constant.Fig. 8
shows that the total pore is logarithmically increasing
with the increasing Reynolds number. This is due to
the effect of the degree of deformation and the effect
of high growth rate of pastilles. Here the degree of de-
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Fig. 7. Total pore of pastilles verses surface roughness of three different cooled plates.

formation is defined as the ratio of the final diameter of
a drop to initial diameter of a drop. As the impacting
velocity is increased the degree of deformation is in-
creased. Thereby, the nucleation and growth rates are
increased since the contacted surface area between the
drop and the surface of substrate is increased.

Fig. 9 illustrates the surface morphology by SEM
photos of the top part of the pastilles at various final
impacting velocities, which are experimentally mea-

sured by a high-speed camera. The impacting veloc-
ity is corresponding to Reynolds numbers, which are
varied ranging from 200 to 3000. In the case of low
impacting velocities of 0.17 m/s only relatively small
amount of pore are entrapped in the pastille, because
of a decreasing surface area in contact with the cooling
plate. However, at the low velocities (1.85 m/s) rela-
tively big amounts of pore are entrapped due to the
high degree of deformation Therefore, it can be con-

Fig. 8. Total pore vs. Re number at two-different masses of drops.
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Fig. 9. Surface morphology shown by SEM photos at the top of pastilles at various impacting velocities (vo): (a) 0.17 m/s, (b) 0.28 m/s, (c)
0.42 m/s, (d) 0.76 m/s, (e) 1.23 m/s and (f) 1.85 m/s (magnification×4000).

cluded that the formation of pores can be desired by
the Reynolds number of impacting drop.

3.3. Correlation between total pore and overall
growth rate

During the crystallization process the crystal growth
rate in liquid drop is extremely fast due to a very high
temperature gradient. The high nucleation and growth
rate evokes constitutional pores in the surface and the
layer of the pastilles.

Prior study (Liu et al., 1994) has reported results of
a performed numerical simulation on the formation of
micro-pore. They investigate quantitatively the effect
of processing parameters on the formation of micro-
pores. The micro-pore are calculated using the data of
the VOF (volume of fluid) function. The micro-pore
was defined as the volume fraction of the micro-voids
that were entrapped in the pastilles during deformation
and rapid crystallization. The full Navier-Stokes equa-
tions coupled with VOF functions were solved to deter-
mine the exact movement of droplets. The two-phase
flow continuum model and the two-domain method
were used for the flow problem with a growing solid
layer and for the thermal field and solidification prob-
lem. On the basis of the numerical results, the possible
mechanisms governing the formation of micro-pores

during the flattening and interaction in the drop were
discussed. However, in the study ofLiu et al. (1994)
only a numerical simulation was undertaken. There-
fore, the experimental investigation of the relationship
between the pore and the crystallization kinetic (nu-
cleation, growth rate) are still needed for a verifica-
tion. The relationship between the growth rate and total
pore is, therefore, investigated here. The relationship
will be given to determine the processing conditions
that are required in order to minimize the pore in the
pastilles.

Here an overall growth rate,Gf is introduced. It is
defined as the ratio of the vertical height of the pastille
(crystalline layer thickness),xs to the crystallization
time (overall solidification time),tc. It can be expressed
as follows:

Gf = xs

tc
(1)

The crystalline layer thickness,xs is an input of the
measured experimental data and the crystallization
time, tc can be expressed numerically as a function
of Reynolds number and degree of subcooling. There-
fore, the pore,Φ can experimentally be obtained from
the relationship and be expressed by a function of the
crystal growth rate:

Φ ≈ F (Gf ) (2)
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Fig. 10. Overall crystal growth rate vs. total pore.

As described in literature (Kim and Ulrich, 2003), in
case of pure Bisacodyl the crystallization time,tc can
be numerically found as follows:

tc = 0.36ρlLRe−0.4D2
o

ks(Tmp − Tsub)
(3)

Here ρ, L, Do and ks are density, latent heat due to
crystallization, initial drop diameter and thermal con-
ductivity, respectively. Layer thickness of pastille,xs is
an input taken from the measured data. Therefore, the
overall growth rate,Gf can be derived from equation
(1):

Gf = xs

tc
= �Tksxs

0.36ρlLD2
o
Re0.4 (4)

Fig. 10shows the relationship between the overall crys-
tal growth rate and the total pore. It is clearly to be seen
that the total pore has a tendency to increase as the
overall crystal growth rate is increasing. This means
that the micro-pores and cracks are influenced by the
crystallization kinetics (nucleation, growth rate). Es-
pecially, micro-pores and cracks strongly depended on
the growth rate of the pastilles. The total pore of the
pastilles increased with increasing the overall crystal-
lization rate. In case of the pure Bisacodyl the overall
crystal growth rate can be described as a function of

total pore,Φ by a regression method:

Gf = 0.00067× 100.0768Φ (5)

By combning Eqs.(4) and (5)the total pore,Φ can be
described as a function of Reynolds number and degree
of subcooling.

Φ ∼= 13.02 log

[
ksxs

ρlLD2
o
�TRe0.4

]
+ 47.13 (6)

The total pore can be minimized with decreasing the
overall growth rate since the degree of subcooling and
the Reynolds number is then decreased, too.

4. Conclusion

The entrapment of pore in pastilles was investigated
in order to determine the total pore, the pore struc-
ture and the pore size distribution. A mercury intrusion
porosimeter and a SEM technique are used. It is found
that the pore size distribution of pastilles is bimodal
and the pastilles modelled by a conical pore struc-
ture. The dominant pore in the pastilles is the cracks
and micro-pores, which are placed in a pore diameter
range between 1 and 20�m. It is experimentally found
that the processing parameters of the pastilles influ-
ence the occurrence of micro-pores and cracks while
the molten drop impacts and crystallizes. The total pore
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is increased with increasing the degree of subcooling,
the Reynolds number and the surface roughness of the
cooled substrate. The former is explained by the crys-
tallization kinetic (growth rate). A relationship between
overall crystal growth rate and total pore is experimen-
tally proposed to minimize total entrapped pore of the
pastilles. The total pore is increased with increasing
overall growth rate of a pastille. The data of the calcu-
lated pore could be used the design of the drug deliv-
ery system and to select the optimum manufacturing
parameters of pastillation process, which are determi-
nation of the speed and the operating temperature of
cooling belt.
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