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INTRODUCTION

1. INTRODUCTION

The development of the chemical process industry has accounted for increasing
requirements concerning both quality and physical properties of the final products.
Crystallization is one of the fundamental process steps in the final treatment of
chemical, pharmaceuticad and food products. During the last several decades
crystallization technologies have wildly been applied in fields of purification and
separation of substances The field of application for crystallization processes is
enlarging. Interest is coming from areas such as the crystalline-formed medicines and

the drug ddivery system.

Complex tablet technologies and coating by spray drying technol ogies have been wildly
employed in the pharmaceutical industry to control the drug dissolution rate. Tableting
techniques are commonly used in the production of a solid complex of pharmaceutical
materials. The solid complex is, however, still not optimal since there are problems such
as fast dissolution, side effects (excipient and binder) and instabilities. To help to solve
these problems here a solidification technology is introduced. E.g., the pastillation
process is used to obtain the crystalline dosage form (pastilles). This technology brings
melts into dispersed crystaline dosage form in high-speed, mono-size distribution and
dust free. Crystalline-formed medicines should improve the stability and control the
drug delivery system The contact angle of drops in the field of metal alloys, paintings
and coating of materials are wildly investigated as tool to control the size and shape of
drops. However, only in a few papers a pastillation technology is examined in the field
of pharmaceutical industry. Moreover, no one has considered the crystallization time as
an important parameter. The crystalization time is the important parameter for the
selection of the optimum production rate and the design of the solidification technology.
During the pastillation process the pores and the cracks should be formed in the bodies
or on the surface of pastilles. The main reason therefore is the temperature difference
between the cooled surface of substrate and the warm molten drops. Both porosity and
micro-cracks are critical surface features of pastilles, especialy, in drug delivery
systems concerning stability. However, investigations of porosity (micro-pores and

cracks) in pagtilles have not been studied until today. A mercury porosimeter and SEM
1
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technologies are employed to characterize the porosity in the pastilles. The first and
second part of this work therefore describes the rule of the contact angle, the
crystallization time of drops, the phenomenon of formation of pores in pastillation
processes and the correlation between the porosity and the crystalization kinetics.

Another common method to control dissolution rates of drugs in pharmaceutical
industry is a coating. Often the coating results from a spay drying coating process with
an atomizer. It is one of the oldest pharmaceutical coating processes that still is used
today. These processes are, however, not suitable for an application to al areas of
pharmaceutical materials because of nonuniformities and non-crystalinities of the
coatings. A cracking phenomenon takes place in the coatings and the coatings are
sticking on each other. One of the technologies to solve these problems is a production
of a crysaline-formed coating. Here comes the option of an application of
crystallization processes into the game. The merits of a coating process by
crystallization are compact equipment, no necessity to use binders and/or additives and
the ability to control the coating thickness. The main idea of a crystallization coating
process is that core materials (drugs/foods) act as heterogeneous seedsin supersaturated
solutions. One prior study [DOR97] has reported results of crystal growth on a surface
of heterogeneous seeds and the formation of coatings in the supersaturated solution.
Dorozhkin elucidated that the mechanism of coating formation is only an
agglomeration Here, however, it will be clarified that the formation of coatings in the
supersaturated solutions is a combination of agglomeration and crystal growth
mechanisms. The last part of this work demonstrates consequentially a coating process
consisting of the surface nucleation on heterogereous seed particles and the following
coating mechanism in the solution crystallization equipment. Finally optimum operating
conditions are determined by means of an investigation of the effect of operating

conditions to the surface morphology and the crysta growth rate.



TECHNICAL BACKGROUND AND THEORY

2. TECHNICAL BACKGROUND AND THEORY

2.1. M€elt solidification

2.1.1. Technical background of melt solidification process

Product-specific requirements are the most important criteria to be considered when
selecting equipment for melt solidification processes. Such product-specific conditions
are: (1) the required shape of the product, (2) the proportion of fines and small crystals
in the product, (3) the capital costs, and (4) the energy requirements. A variety of
equipment is available to meet the various requirements of industrial implementation of
melt conditioning processes. drum crystallizer, conveyor belt crystallizers, conveyor
belt crystallizers with pelleting systems, pilling towers, sprayed fluidized beds and
screw crystallizers. Each process has been explained in literature ([KAI70], [MAS91],
[PRE70]) and it issummarized in Table 2.1.

The following questions must be resolved when considering the introduction of an
industrial solidification process. (1) Can the crystalization kinetics determine the
product rate? (2) What temperature of cooling surface at a particular crystallization time
is to be expected? Is there a minimum crystallization time? (3) Has seeding any effect
on the crystallization time? And if so, what kind of an effect? These questions may be
answered by carrying out basic experiments. It will give some useful indications for the
section of the right equipment.
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TECHNICAL BACKGROUND AND THEORY

2.1.2. Approximation of crystallization rate

The rate at which melt solidification occurs is determined primarily by heat transfer and
is, therefore, simple to control. The rate of nucleation and crystal growth increases as
the degree of subcooling is increased (see Figure 2-1 [TAM22]). As shown
qualitatively, both nucleation and crystal growth rates pass through different maximum
concerning the under cooling. Thereafter, both phenomena again fall back to zero. Here
the deformation of a drop (phenomenon of spreading and rebounding) hardly influences
the crystalization kinetics. The molten drop nucleates dlightly below the melting
temperature, Tmp. The driving force is the temperature difference between temperature
of the melting point and temperature of the cooled substrate, Tsy,. The approximation of
the crystallization time, t. is proportional to the square of the drop thickness, x<:

2
T — C— (2-1)

mp -~ 'sub

Equation 2-1 indicates that the crystallization time can be shortened by reducing the
mean wall temperature, which can be achieved either by using a lower coolant
temperature or by improving the heat transfer at the internal cooling surface. However,
the equation 2-1 shows only the crystallization time correlation between temperature
deviation and thickness of the drop. The equation cannot be used to estimate the degree
of deformation of the drop and the crystallization time. Physical properties of molten
materials (i.e., densities of liquid and solid phase of drop, viscous energy, latent heat)
have to be considered in order to predict the degree of deformation and the
cryddlizetion time.

2.1.3. Degree of deformation

To estimate the drop deformation, a variety of models such as the models of Jones
[JONT71], Collings et a. [COL90], Chandra and Avedisian [CHA91], Berg and Ulrich
[BER97], and Madejski [MAD76] are discussed. They presented the drop deformation

as an explanation of the degree of solidification.
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>
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Subcooling (DT)

Figure 2-1: Nucleation and growth rates as a function of the temperature of the cooling

surface [ TAM22] .

The most advanced treatment of the drop deformation problems was presented by
Madegjski [MAD76] for the case of splat quenching. Madegski has developed a smple
model for the motion and solidification of a drop on a surface based on an energy
balance. Madgski's equations are solved for one-dimensiona haf-space heat
conduction and superheated liquid solidification conditions. The physics of impact are
related to the velocity and shape of the impacting drop. Madejski was able to produce
analytical expressions for some special cases. Namely, with the assumption that the drop
remains as one mass of liquid that trandates its momentum radially without any initial
kinetic losses to the surroundings. It is also assumed that the drop forms a cylinder at
the moment of impact and the liquid spreads uniformly with the solidification front
growing form the substrate-liquid interface to the exposed surface of the drop. These
geometrical considerations are made to limit the complexity in generating the necessary

equations to describe the deformation and solidification of the drop.

Madejski model accounts for viscous energy dissipation, surface tension effects and
simultaneous solidifying of the drop. He modelled the drop kinetics as a spreading
cylindrical cake, assuming that the flow is laminar and the advancement rate of the
freezing in the splat is a heat transfer limited Stefan solidification problem [CARS9].

Madgjski’s treatment of the surface tension was analogous to that of Collings et al.

6
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[COL90] except that he considered only the surface tension between the liquid
interfaces and vapour interface, excluding the introduction of the contact angle.
Madejski expressed the viscous energy dissipation in terms of the shear stress invoked
by the velocity gradient within the spreading drop. Madgski’'s numerical anaysis
yielded the degree of deformation as a function of four parameters.

The parameters are Reynolds number, Re, Weber number, We, Péclet number, Pe and a
dimensionless parameter of Madgski’s treatment, K, respectively. The K introduced in
Madejski’ s derivation reflects the degree at which the solidification arrests the flattening
of the drop. For the case in which k is zero, the drop flattens without solidification.
Moreover, the effect of the Weber number and Péclet number on the degree of
deformation is trivial, because the inner force of the drop is much more important than
the surface tension force in the case of formation of the drop. Here the degree of
deformation, Di/D, is defined as the ratio of the final diameter of adrop, Dy, to the initia
diameter of adrop, D,. Madejski produced analytical expressions base on his analysis of
some special cases. In the case in which the flattening of the drop arrests independently
by viscous dissipation of energy the splat, k = 0= We™, Madgjski found the degree of
deformation is only a function of the Reynolds number. Some other researchers
(Hamarani & a. [HAM89], Watanabe et a. [WAT92]) also obtained a similar equation
as Madgski’ s equation.

D _ s e (2-2)

(o]

Here a is the coefficient of the Reynolds number. In al experimentaly found
equations, the degree of deformation is proportional to the 0.2 power of the Reynolds
number. However, the equations for the estimation of the degree of deformation have

never consdered crysalization time.

2.2. Porosity

In manufacturing processes involving the consolidation of numerous solidifying drops,

micro- and macro-porosity is an inherent problem. Porosity typically reduces useful

7
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properties such as bone strength, hardness and corrosion resistance. It is further

degrading the deposited coatings on the solidified drops.

Both porosity and micro-cracks are critical surface features of pastilles since they
strongly influence the hardness and the dissolution rate of materials. Porosities are often
desired and of importance in medicines, cataysts and sorbents. Many researchers
([BRO97], [DONO2a], [DONO2b], [FUK99], [FUKOla], [FUKO1lb]) have aready
studied the entrapment of porosity for example in the area of ceramics, food and
pharmaceutical industries. Especially, on the entrapment of porosity in the tablets a lot
of research has been done, because it is an important parameter to control the drug
release rate. However, investigations of porosity entrapped in pastilles have not been
studied until today. Therefore, an investigation of the internal and external structure of
the pastille should be conducted to determine the entrapment of porosity in pastilles.
The data of the found porosity should be provided for the design of a solidification
technology.

During drop solidification, the entrapment of porosity in the pastilles is influenced
essentially by the manufacturing conditions of pastilles such as the composition of the
materials, the temperature difference between cooled substrate and the melting point of
the materials (so called degree of subcooling), the surface property of used cooled
substrate and the physical properties of the materials. The most important influencing

factors are the compogtion of the materids and the degree of subcooling.

As described in literature ([DUL92], [HIL99]), there are two different types of
porosities that must be considered. These are open pores (surface pores, column pores,
Hollow pores) and isolated pores (inclusion pores). The entrapment of porosity
(effective porosity) is defined asthe ratio of the pore volume of a solid sample, V,, to the

bulk volume of the solid sample, V}, as described by equation 2-3.

F=-2L (2-3)

According to this definition, inclusion pores are not considered. If all interconnected

elements of the pore volume are taken into account, the effective porosity is obtained



TECHNICAL BACKGROUND AND THEORY

from the equation 2-3. The sum of effective, F ot and inclusion, F. porosities gives the

tota porosity, F.:
Fa =F- F; (2-9)

As mentioned in literature (BUEQ7], [ALD92], [NEU94]) Figure 2-2 shows the pore
Sze digtribution and the crystd growth rate while the pastilles are solidifying.

Pores on surface Inclusion pores Open pores
% ]
Surface pores
+
Col umn pores
Nucleatlon ‘ Crystal body ‘ Surface
=
> +“— E
i £
o U =
g S
Q)
Bottom side Pastille diameter Top sde

Figure 2-2: Types of porosity, pore size distribution and growth rate of pastilles.

A relatively high amount of porosity is incorporated in the top part of pastilles compare
to bottom. There are four main sources of porosity. The first is occurrence of porosity
due to rapid nucleation on the bottom side of the pastille. Nucleation usualy takes place
concentrically around the starting point of the cooled surface. As a consequence of high

heat transfer, fast crystal growth takes place. Here porosity and growth rate are related

9
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to the temperature gradient as well as the surface properties of the used substrate. The
second source of porosity is the growth rate being too fast. Especially, the growth rate
during the solidification process is extremely fast due to high temperature gradient. A
high growth rate evokes constructional pores in the layer. The third sources of porosity
are cracks and splits on the surface in top part of pastille. Cracks and splits are
generated due to the temperature gradient, the composition of materials and the property
of materials. The fourth source for pores are a hollow space due to density difference
resulting from the phase change in solidification. When the drops impact on the cooled
surface they start to solidify from bottom to top and also from outside to inside of
pastilles. However, the appearance of those pores depends on the manufacturing

conditions.

One prior study [LIUH94] has reported results of a performed numerical simulation to
investigate formation of a micro-porosity, since the deformation and solidification
behaviour of single drop takes place on a cooled substrate. In order to investigate
quantitatively the effect of processing parameters on the formation of micro-pores,
micro-porosity is calculated using the data of the VOF (volume of fluid) function. The
micro-porosity is defined as the volume fraction of the micro-voids that are entrapped in
the splat during deformation and eventually contained within the solidified layer due to
rapid solidification. The full Navier-Stokes equations coupled with VOF functions were
solved to determine the exact movement and interaction 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 problem. 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 only a numerical ssmulation was undertaken. Therefore, the experimental
investigation of the relationship between the porosity and the crystallization kinetic
(nucleation, growth rate) are necessary, since the drop deforms and solidifies. The
effects of important processing parameters, such as Reynolds number (related to drop
impacting velocity, viscosity, density of molten drop and diameter of initial drop),
degree of subcooling (temperature gradient between melting point of material and
cooled substrate temperature) and surface properties of the used cooled substrate are
addressed here. Ultimately, the relationship (equation 2-5) will be used to determine the
processing conditions that are required in order to minimize the porosity. Here an

10
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overal growth rate, Gt is introduced. It is defined as the ratio of the vertical height of
pastille (crystalline layer thickness), xsto the crystallization time (overall solidification

time), tc.

Gf = é (2' 5)
tC

As mentioned previoudly the crystalline layer thickness, Xs is an input of the measured
experimental data and the crystallization time, t; can be expressed numericaly as a
function of Reynolds number and degree of subcooling. Therefore, the porosity, F can
experimentally be obtained from the relationship and be expressed by a function of the
crysta growth rate:

F » F(G;) (2-6)

2.3. Nucleation and crystal growth in solution

2.3.1. Nucleation
2.3.1.1. Typesof nucleation

Crystdls are created when nuclel are formed and grow. The kinetic processes of
nucleation and crystal growth requires a supersaturation, which can generally be
obtained by a change in temperature, by removing the solvent (usually by evaporation),
by adding a drowning-out agent, or by adding reaction partners. The system then
attempts to achieve thermodynamic equilibrium again through nucleation and the
following growth of the nucle.

If a solution contains neither solid foreign particles, roughness of the walls of its
container nor crystals of its own type, nuclei can be formed only by homogeneous
nucleation. If foreign particles are present, nucleation is facilitated and the process is
known as heterogeneous. Both homogeneous and heterogeneous nucleation visually

takes place in the absence of solution-own crystals and is collectively known as primary

1
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nucleation. This occurs when a specific supersaturation, known as the metastable
supersaturation DCre, s IS exceeded. However, in semicommercial and industrial
crystallizes, it has often been observed that nuclel occur even a a very low
supersaturations DC < DCpe When crystals of the solute are aready present or
deliberately added (eqg., in the form of attrition fragments or added
homogeneous/heterogeneous seeds). Such nuclel are known as secondary nuclei.
However, it should be noted that a distinction is made between nucleation resulting
from contact, shearing action, breakage, abrasion, and needle fractioration (see Figure
2-3). Details of the above can be found by eg. ((MERO1], [MUL93], [MYEO1],
[ULRO2)).

Homogeneous
—| Primary —I:
Heter ogeneous

Nucleation — Contact

— Shear

—| Secondary Fracture

— Attrition

— Needle

Figure 2-3: Nucleation mechanisms, according to [ MERO1] .

Additionally Figure 2-4 illustrates the dependence of supersaturation of several types of
nucleation processes plotted against temperature. Here metastable zone width is shown
decreasing gradually in width according to the nucleation processes homogeneous,
heterogeneous and secondary. The knowledge of the width of the metastable zone is
important in crystalization because it heps in understanding the nuclestion behaviour.

2.3.1.2. Kinetic of nucleation

Secondary nucleation is a complex phenomenon and is not well understood. A genera

theory for the prediction of secondary nucleation rates does not exist. Several

12
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correlations based on a power law model can, however, be found to explain most of the
experimenta data satisfactory. Such a power law [BEC35] isgiven, eg., here:

B = kyDC" (2-7)
A
.k
@) .
o ey
c
S ,
g ———— ] N Secondary
o) ’ Rimary, Metastable zone
o | ------ .
c _ haa'oga‘]&us width for
S C=t(T) Primary, nucleation
homogeneous
>
Temperature T

Figure 2-4: Concentration against temperature for several types of nucleation process
[ MERO1].

Here B is the nucleation rate. The nucleation rate in this case is independent of the
suspension concentration. In industrial crystallizers, most of the nuclel are generated by
contact with the crystallizer walls and the stirrer or the pump. The nucleation rate in this
case is a function of the degree of agitation, the suspension density and the

Supersaturation.

B = kyW'M{(DC") (2-8)

Where W is the agitation rate and My is the suspension density. It is important to
remember that the constants ky and k' have different units. When equation 2-7 is used
in a situation in which secondary nucleation is important, the constant ky will actually
vary with the conditions in the crystallizer (suspension density and agitation rate). In

some Situations an equation is used which does not include the effect of agitation

13
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B = kyM{OC" (2-9)

In this case, ky, may vary with agjtation rate.

2.3.1.3. Surface nucleation

With increasing supersaturation the probability of surface nucleation rises. Therefore,
the supersaturation is an essential parameter for surface nucleation. Some other
parameters such as the surface properties and the specific power input also effect the
formation of surface nuclegtion [STR6G8].

Surface nuclei are formed when the relative supersaturation, Spes IS exceeded.
According to Nielsen ((NIE81], [NIE84a], [NIE84b]), this supersaturation depends on

the edge energy, g- and the maximum difference on the free energy, DGmax s:

Q. a’
KTDG

maxS

NINS s =P (2-10)

With the approximation a » dy » (CcNa) 2 and the interfacial energy g » @/ dh, the
following equation is obtained:

B5imaxs - 9 dm (2-11)
KT (KT )N 1IN S s
Agan, the expresson
2 .
Gl _ g & 9 (2-12)
KT eC g

isintroduced for interfacid tendon g-.. Combining the last two equations gives.

14
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* (|2
Doras , 1 [Kinee rc) (2-13)
KT NINS ¢ s
The rate of surface nucleation, Bs, in nuclei per square meter surface of crystal and per
second, depends on the diffusivity, Dag and the nucleation energy, DGnax,s according to
literature ([NIE81], [DIR91]).

D
Bg = —42 expg k“;axsz (2-14)

or

* (|2
Dag gep[Kln(CC/C) 0

Bg » —o= exps- N (2-15)
drﬁ] 8 nin Smet,S a
In generd, the following relationship is obtained:
4 * .
Bsdm _ fg!? ,Smet,s,ng (2-16)
Dag Cc o}

. oC
with Smet,S = CL*&LS = Smet,S -1

With increasing supersaturation, S the number of surface nucleation everts rises rapidly
with the consequence that the surface gets rougher and rougher. This roughening is
accompanied by another effect that supports this process — the decrease in the critical
radius, r’ s leads to alocdly different equilibrium concentration.

i: Jo :Kan(CC/C*)Q
d, KIninS é ninsS 5

(2-17)

Surface nuclei are formed when the relative supersaturation, Spes IS exceeded.
According to Nielsen [NIE81] (see also [DIR91]), the rate of polynuclear growth, upy is
given by:
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- DAB&ECQ 2 I:JGmax,SC)

u : ex =
PN 3d,, &Cc Fﬁ KT &

..2/3 % * 20
Do F p[KIn(CC/C )W o

i N (2-18)
3d, &Cc g g ninsS -

It is important to mention that the rate of uUpy is increased rapidly with increasing
supersaturation because this crystal growth is an activated process.

2.3.2. Growth rate

2.3.2.1. Theory of crystal growth

Crystals and their growth and habit have been in the interested of scientists for long.
Much early work on crystal growth centered on explaining the differences in observed
crystal habits from the thermodynamic point of view. Of more interest in industria
crystallization are theories that deal with kinetics (rates) of crystal growth. There are a
variety of mechanisms of crysta growth, which take place in competition and lead to
different growth regimes. Reviews on crystal growth theories can be found e.g. in the
works of Ohara and Reid [OHA73], Strickland-Constable [STR68] and Nyvit et a.
[NYV85]. Many of the theories are mathematically rather complex, however, there are
certain features of these theories that are worth reviewing and are quite helpful in
understanding the nature of the crystal growth process. Table 2.2 provides a summary of
these growth models.

Table 2.2: Growth rate models (according to [ OHA73])

Two-dimensional growth models

DABmJexpg? Io[Kln(cc/c* ) 0
¢
e

u .
"N ad,, gcc 5 nins =
PN model e
Withn = M
e
B+Smodel Ug.s = BEDCO/ opiNess C

TDC@
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BCF surface diffusion model

aK C 0

Diffusion layer model

Only convection and diffuson n=ky(C-C¢C)
Only surface integration n=k(C - C)
with k, =k, exp(- CE, /RT),

o - - no
ElmlnauonofCin:krgDC- —x
dd
0= 0oC
Specia caser=1 - +
%d }{<r
k3 ki k3OoC
Specia caser =2 n=kyOC+—2 - |4 +d

2K, 4k ? K,

2.3.2.2. Kinetic of crystal growth

Supersaturation is the most important parameter controlling the kinetics of crystal

growth. Usudly the following forms express supersaturation, DOC:

*

DC =c-c (2-19)

Here c and ¢ are concentration of solution and concentration solution at equilibrium,

respectively.

The development and operation of industrial crystallization processes is significantly
easier if the kinetics of crystal growth is available. This information can be incorporated
in process models and can be used in process and crystallizer design. In the previous
section 2.3.2.1, a number of different crystal growth theories are reviewed. These
provide a theoretical basis for the correlation of experimental crystal growth data and

the determination of kinetic parameters from the data to be used in models of industrial
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crystallization processes. In general, two basic expressions are used to epress the
relationship between supersaturation and crystal growth.

G = k,DC? (2-20)
and
Rs = K OC¢ (2-21)

Here DC and g are supersaturation and coefficient of crystal growth rate, respectively.
Equation 220 employs a linear crystal growth rate (m/s). However, equation 221
employs a mass increase as crystal growth rate (kg/nt). The constants in equations 2-20

and 2-21 can be related to each other through the expression:
K, =32 rk (2-22)
b

The constants Kg and kg are temperature-dependent and usually fit to the Arrhenius
equation to obtain a general expression of the growth rate as function of the

temperature. The Arrhenius equation can be written as:
kg = Aexp(- Eg / RT) (2-23)

Where A is a constant and Eg is activation energy. The activation energy can be used to
obtain information whether the rate-controlling step is the diffusion or the surface
integration one ([MER89], [NYV85], [WIL71]). A complete crystal growth expression
that includes both the effect of temperature and supersaturation on the growth rate

would, therefore, be written as.
G = Aexp(- Eg / RT)DCY (2-24)

There are a number of experimental methods that can be used to obtain the date of
crysta growth rate, which are needed to obtain the kinetics (see e. g. [MER95],
[MUL93], [ULR97], [NYV85]).
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2.4. Agglomer ation mechanism

Agglomeration depends on the crystallizing system in terms of physical chemistry,
technology and on crystallization conditions. Under certain condition crystals stick
together and generate by this way new (larger) particles. According to Hartel et al.
([HARS6], [SCH81]) agglomeration is the unification of primary particles that are
cemented by chemical forces (e.g., by a crystalline bridge between two or more
crystals). The formation of such a bridge requires crystal growth. Here the
supersaturation is an essential prerequisite. There are different types of agglomeration
processes that may be distinguished: (a) flocculation or coagulation, (b) agglomeration
and (c) aggregation. However, it is sometime difficult to distinguish among these
processes. Aggregation and flocculation can occur in saturated or undersaturated

solutions. However, robust agglomeration is generated only in supersaturated solutions.

To obtain the agglomerates, three successive steps have to take place: (a) ollision of
two particles, (b) a sufficient time interval and (c) bridging of the two particles (by
crystal growth). Here fluiddynamic conditions, nature of the solvent, size and habit of
the crystals, population density of the crystals, supersaturation and the cohesion forces
are the key parameters of the agglomeration process.

In general the agglomeration phenomenon takes places in supersaturated solutions after
small particles (nuclel) are formed [OOS90]. Theredfter, the particles gradually stop to
agglomerate when the size of agglomerates approximately reach 10 to 30 nm. Here the
critical particle size depends on the fluiddynamics, the suspension density and the
growth rate. This phenomenon was investigated by Steemson et a. [STE84]. They
found that the small particles (nuclei) start to agglomerate when the particle is within a
certain, the critical size range. Hostomsky [HOS91] also observed that the
agglomeration does not take place in supersaturated solution when the particles are
larger than a certain Size.

The modelling of agglomeration is based on materials and population balances,
interparticle forces and crystallization kinetics. Smoluchowski [SMO17] has derived the
agglomeration equations in two groyps consisting of (a) perikinetic and (b) orthokinetic
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agglomeration. Perikinetic agglomeration is caused by Brownian motion of
monodisperse and submicron particles in solution Orthokinetic agglomeration is
induced by fluid-mechanical forces. Table 2.3 shows the equations of perikinetic and
orthokinetic agglomeration.

Table2.3: Perikinetic and orthokinetic agglomeration

Perikinetic agglomeration

dN (t)

Ot = '4pDAB|-(t)N2

Z° 2t

0
No

N(t) =
1+ 4pD s L(t)N?t

Orthokinetic agglomeration

aN(t) _ . 2 Aagggi +N(t) 5 j; =aL3(t)N(t)
dt 3a
|0852A"’“"ggl . 2
N(t)
N, _ T

N(t) =
) 592Aaggg| TtO T al¥(t)

pg I

Here Np is the starting number of crystals per unit volume after nucleation Asgg iS an
attachment factor and g represents the shear rate which is proportional to the stirrer
speed, s in a dirred vessel of to the expression, w /D in pipes with diameter, D.
According to these equations a plot of No/N(t) against time, t yields a straight line in
case of perikinetic agglomeration and the logarithm of No/N(t) is proportional to timein
case of the orthokinetic agglomeration When dealing with orthokinetic agglomeration,
the logarithm of No/N(t) is proportional to time. For orthokinetic agglomeration in a plot
of InL3(t) against time, t, a straight line is obtained. The slope of this line should
increase with increasing agitation (sirrer speed) and concentration:

éa 3 U Aagggj T 2.25
Ing— N L°(t)j = —————t
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Many researchers have experimentally confirmed the equation of Smoluchowski.
According to these relationships the collision rate depends on the motion of the primary
particles, that is (a) the Brownian or diffuson flows in case of very small particlesin a

motionless liquid, (b) the shear rate, g for larger particles and (c) the differential

Siting.

2.5. Interfacial tension

The essentia driving forces for formation of a coating by crystallization processes are
the degree of subcooling respectively the degree of concentration which is the state of
supersaturation of the solution (i.e. the position in the MZW) as well as the interfacial
tension, gs.. The interfacial tension between the seed particle and the surrounding liquid.
The interfacia tension results from the surface properties of seed particles (i.e. surface
roughness) and the concentration of the coating materials. The interfacia tension has an
effect on the nucleation and the crystal growth rate. It is, therefore, an important
parameter which determines whether or not there is a surface nucleation on the surface
of the seed particles.

It is generally agreed on that the measurement of the contact angles on a given solid
surface is the most practical method to obtain surface energies (e.g. [WU98], [WU99]).
It is well established that contact angle measurements can be used to calculate surface
tensions of solids. In the past decades numerous techniques (e.g. [FOW87], [KWO99],
[NEU74], [SPE96]) have been tested to measure contact angles, which were inspired by
the idea of usng the equation derived by Young [Y OUQ5].

g, C0sq =0s - 9g. (2-26)
Where g is the experimentally determined surface energy (surface tension) of the

liquid, q is the contact angle, g is the surface energy of the solid and g is the

solid/liquid interfacia energy. There are many gpproaches to determine gsand gy, .
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An acid-based approach (one of the most important advances) is introduced by Fowkes
et al. [FOW87] and van Oss [OSS94]. The surface free energy is seen as the sum of a

Lifshitzvan der Waals component, g~ (corresponding to g“) and a polar, or Lewis
acid-base component, g™ (corresponding to gP). The acid-base component g*® can be

further subdivided according to following equetion:

o’® =2/’ +g (2-27)

Where g is the eectronacceptor parameter of the acid-base surface free energy

component or Lewis acid parameter of surface free energy and g; isthe electron-donor

parameter of the acid-base surface free energy component or Lewis base parameter of

surface free energy. The mathematical approach for the solid/liquid interfacial tension is
given by:

Js =0s + 0, - 2( gsVot" + Jgig + \/g'sgf) (2-28)

In order to determine the surface free energy component (gSLW) and parameters g5 and
gs of a solid, the contact angle of at least three liquids with known surface tension

component gLLW, g’ ad g, , two of which must be polar, has to be determined

([WU99], [FOWS7], [VANSS]).

According to the transformation of Young the following equation is found

(y = mx+Db):
X = /_9L “ 9 :Jg_g y = 1+;°Sq =9 (2-29)
e 9 Joi

Thisreaultsinto:

gs = m? and gg = b? (2-30)
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2.6. Seeding technology

In industrial crystallization seeding has been known for a long time as an effective
technique to produce good crystals in a process of batch crystallization. Seeding
technology is an appropriate way: () starting the crystallization process under
reproducible operating conditions, (b) avoiding primary nucleation, (c) preventing
spontaneous nucleation and (d) achieving improved CSD. Some researchers (e. g.
[Heffels et . [HEF99], Kubota [KUBO1], Funio [FUNO1]) recommended a seeding
policy for industria crystalization processes which indude the following points

o It is recommended that the size of seeds is bigger than 10 nm, because a size
less than 10 nm of the seed crystal is difficult to create with a narrow crystal size
digtribution.

0o Usudly the temperature of the seeds should be equal to the crystallizer
temperature.

0 Seed crystals should be added generdly to a supersaturated solution.

0 The seed crystals should be washed or dightly dissolved to remove adherent
crysdline dud.

0 The location for the induction of the seeds should be considered carefully (i.e.,
near the Sirrer, in aby-pass or loop of the crysdlizer).

In crystallization coating processes heterogeneous seeds (core materials. i.e., solid
dosage form pastilles and tablets, foods and fertilizers) are used to function as core for
the coating. The heterogeneous seeds are generally added to supersaturated solutions of
the coating material. Nucleation on the surface of the seed particles occurs under the
same conditions of the solution as nucleatation would occur in a supersaturated seed
free solution The core materials should not be soluble in or harmful to the coating
material. The other seeding policy is the same as with homogeneous seeds as mentioned

above.
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3. STATE OF ART AND OBJECTIVESOF THESIS

3.1. Stateof art

3.1.1. Crygallization time of drops

From the simple model for droplet solidification [WAT92], the normalized
crystallization time can be calculated by the degree of the deformation. A cylindrical
droplet is still molten impacting on the cooled substrate as illustrated in Figure 3-1. The
latent heat of crystallization at differential layers is conducted to the substrate through
the solid layer with the height, Xs:

Tsub )

T -
E = r (2 pD?)Lax = ky( LpD? ) Ime Tan ) (31
4 4 X
D
Liquid
,dX
Solid Xs
/
Substrate

Figure 3-1: Smple solidification model of droplet impacting.

The latent heat is transferred from the droplet to the cooled substrate. The crystallization
time, tc is derived fromthe equations 2-2 and 3-1 and expressed as a function of
Reynolds number:
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. 2
a’r LD, _

_ 3-2
ks(Tmp - Tajb) ( )

Cc

The dimensionless normalized deformation time, tq and crystallization time, t. are
expressed by the deformation time, ty as an input from experimenta data and
crystallization time, t; as a numerical value which is derived from the equations 3-1 and
3-2.

tduo
t, = 3-3
0 =5 (3-3)
u
tC:t°D° (3-4)

From equations 33 and 3-4, the normalized deformation and crystallization times are
numerically calculated. It means that the required crystallization time should be
estimated on the basis of that relation because the deformation time can easily be
measured experimentdly.

As mentioned before, the required crystallization time is the important parameter for the
design of the solidification technology since the crystallization rate (crystallization
growth rate) as kinetic value determines the size of equipments (i.e., the size of
crystalizer, speed of cooling belt). Furthermore, it will give some useful indications for
the selection of the right solidification equipment.

3.1.2. Coating mechanism in a crystallization process

3.1.2.1. Zone of surface nucleation

Figure 3-2 shows the general phenomenon of nucleation in the bulk and on the surface
of seed crystals in batch crystallization processes. In the supersaturated solutions, there
are three periods in relation to elapsed time: (1) seeding period, (2) surface nucleation
period and (3) growth period (agglomeration and crystal  growth).
Homogeneous/heterogeneous nuclei occur in the time period (1) within the metastable
zone width (MZW). Secondary nucleation in the bulk can take place in time period (2)
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due to presence of the seeds. This means that the width of metastable zone becomes
more narrow. At the same time also surface nucleation take place on the surface of the
seed crystals. However, the number of surface nuclel will be lower than those in the
supersaturated bulk. After secondary nucleation and surface nucleation happened these
nuclei start to agglomerate and grow in the time period (3) on the surface of seed
particles ssimultaneoudly. The crystal growth and agglomeration mechanisms influence
the growth of crystdsin the buk and on the surface of seed crystdls.

) () ©)
Supersaturated | Secondary -
In bulk solution nud estion Agglomeration, Growth
On surface  |Seeding period Surface Agglomeration, Growth
of seed nucleation
v R A R |
B : 1
=) \ :
© = =0On surfacei i ”~~
o | L/ N
= : 4 SN -
> : 7 !
pd : 7’ :
1 ’ 1
o :
TiME =—pp

Figure 3-2: Typical phenomenon of nucleation in bulk and surface of seeds.

Additionally the rate of surface nucleation increases rapidly with increasing
supersaturation. It is aso known that the possibility of surface nucleation is increased

with increasing number of spontaneous nude.

3.1.2.2. Growth mechanism in a crystallization process

The surface nucleation as mentioned in the section 2.3.1.3, has been explained by
considering that the crystal seeds employed the same material as the bulk solution.
Toyokuraet a. ([TOY94], [TOY99]) introduced the surface nucleationon the surface of
heterogeneous seed particles. They found that the DL-SCMC nuclei (fines) take place
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on the surface of growing crystals (L-SCMC: s-carboxymethyl-L-cysteine) in the
supersaturated solution of DL-SCMC. Furthermore, they discussed how the nuclel of
DL-SCMC affect the surface of L-SCMC crystds under cryddlization conditions.

Dorozhkin [DOR97] explained the formation and the crystal growth of CaSOa- “£1,0 on
the surface of FAP (fluorapatite) crystals as an aggregation mechanism. The mechanism
includes two stages: The first stage is the formation of ultramicrocrystals on the surface
of the FAP by aggregation. The second stage is that the crystallization process resultsin
a continuous formation of a multi-layer coating of CaSOs- “£,0 on the surface of FAP
crystals. He has only elucidated the coating mechanism as an agglomeration

phenomenon.

However, coating mechanisms in crystallization processes are explained not by the
agglomeration mechanisms aone but also by crystal growth mechanisms. Here it can be
defined that the formation of coatings in the crystallization processes involves the
phenomena that high numbers of nuclel are generated on the surface of the seed particle
and than the surface nuclel agglomerate and grow together to form a layer on the
surface of the heterogeneous seed particle.

Figure 3-3 shows the genera phenomenon of coating of a surface of a seed particlein a
crystallization process. At the beginning of the crystallization process the surface
nucleation takes place at the same conditions that would lead to nucleation in
supersaturated solution. After the surface nucleation crystal growth (layer thickness)
would progress on the surface of the seed particles. It is clear that both crystal growth
and agglomeration mechanisms effect the formation of the crystalline coating. At the
beginning while the nuclei grow for the coating process the agglomeration mechanism
is dominant in formation of the coating. Since the nuclel are in the best Sze range for
agglomeration and still smaller than the critical size of crystals needed for coating by
crystal growthas mentioned in the section 3.2.1. After the crystals have agglomerated to
some critical size, the crystal growth mechanism is dominant in formation of the
coating. Here the critical crystal size depends on fluiddynamics, the suspension density
and the growth rate.
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NudedioninBulk  Agglomeration & Crysta Growth in Bulk

Supersaturated
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Agglomeration & Crystal Growth on Surface of Seed

Figure 3-3: Phenomena of coating on a surface of a seed particle.

3.2. Objectives of thesis

Both melt and solution crystallization processes have wildly been applied in fine
chemical and pharmaceutical industries. Until today, however, little attention has been
invested in the prediction of the crystallization time in pastillation and the devel opment
of novel crystallization technologies. Therefore, the major aim of present investigations
is the investigation of the pastillation process and the development of a novel coating
technology. Severd sub-ams can be digtinguished:

Pagtillation process

0 Measurement of contact angles with regard to spreading and rebounding
phenomena

o Determination of the degree of deformation of drops deposited on a cooled
subgtrate for solidification

0 Prediction of deformation and crystdlization times of such positioned drops
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I nvestigation of porosity in the pastilles

0 Chaacterization of internd and externad structure of the pagtilles
0 Measurement of total porogty in the padtilles
o Determination of correlation between total porosity and overall growth rate

of the pastilles

Crystallization coating process

0 Introduction of the crystalization coating technology

0 Measurement of the metastable zone width of the coatings materials in its
solvent

0 Investigation of the surface nucleation and the formation of a crystalline
coding

0 Investigation of surface morphology and growth rate of the coating

With the successful achievement of those sub-aims a new technology featuring the

crystalline coating from solutions of a crystallized drop of a melt of an appropriate
substance, e.g. adrug should be established.
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4. CONTACT ANGLE AND CRYSTALLIZATION TIME

4.1. Introduction

Melt solidification is an important process 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. This should be done by an economical
process, employing the smallest and the simplest equipment possible. The
transformation of a melt into a solid with in acertain formand with specific physical
properties is an importart operation in chemical and process industries. In most cases
the solidification is a crystallization without the aim of separation. Crystallization under
defined process conditions influences properties of the solidified melt such as shape,
size, crystalline structure, hardness and dust content. During the last couple of decades
the large variety of different requirements for the final size and shape of a product has
led to a considerable number of solidification processes [WINO1].

The pastillation process (e.g., Rotoformer® system (Sandvik Process Systems GmbH)
([SAN88], [SAN98]), Kaiser SBS System ([KAI89], [KAI70]) is one of the
solidification technologies to bring melts into dispersed solid forms in high-speed
amost monosized and dust free. In case of a padtille production, many drops are
positioned on a cooled surface. The pastillation of melts refers to the disintegration of
the liquid directly into monosized individual volumes, which then solidify. In practice
this is done by generating drops of the melt which then are positioned on a cooled
substrate. In dependence on the size of the drops, the physical properties of the melt and
the temperature differences the drops flatten to a certain extent. The solidified drop

therefore has atypical padtille-like flattened sphericd shape ([BUE9SS], [BUEQ9)).

The form of the pastilles depends on one of the physical properties strongly on the
surfaces tension respectively the contact angle. Takahashi [TAK96] investigated a
contact angle of metals (Au, Ag, Cu, Sn Al) on three kinds of a-SiC plate. He

explained that the contact angle depends on the interfacial tension. Chandra and
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Avedisan [CHA91] visually observed drop impingement on a porous ceramic. They
found that the resulting contact angle after an impact is influenced by the impact energy

of the drop, the temperature of the surface substrate and the surface properties.

After the contact angle is formed between a drop and a solid surface, the liquid starts
spreading and rebounding (Martin [MAR93], [MAR96], Mao et a. [MAQ97], Zhang
and Basaran [ZHA97]). The kinetic energy of a liquid drop is transformed into viscous
energy and/or into interfacial energy and thereby the arresting of the spreading drop is
affected.

Many researchers (Bennett and Poulikakos ([BEN93] [BEN94]), Delplanque and
Rangel [DEL97], Kang et a. [KAN95], Liu et a. [LIUHY], Lie et a. [LIUW94],
Rangel and Bian [RAN97], Prunet-Foch et al. [PRU98], Takahashi and Kuboi [ TAK96],
Wang et d. [WANO2]) have been studying the deformation and solidification of melt
drops, particularly in the field of metal alloys, painting and coating of materials which
employ an atomizer. However, little work has been done to investigate the deformation
process of fine chemicals and medicines by a pastillation process, when drops impact on
the cooled surfaces with consideration of their crystallization time. The outlook of this
chapter is as following: An experimental setup and a procedure of pastillation are
described in section 4.2. Drop size and shape are described by the contract angle in
section 4.3. The determination of degree of deformation and a numerical study of

deformation and crydtdlization time are investigated in section 4.4.

4.2. Experimental setup and procedure

The pastillation experiments were carried out in batch scale. The schematic diagram of
the experimental apparatus for the production of pastilles is shown in Figure 41. It
consists of acrystallizer, pipette with electric heater, controller, thermostatic bath for the
control of temperatures, high-speed camera for investigating of the deformation
phenomena and the drop shape analysis to measure the contact angle. Pharmaceutical-
grade powder of pure Bisacodyl (C22H19NO4) and UrealAl-sulfate mixtures were used
as feed materials. They were completely molten in a 300 ml crystallizer. The melts were

employed in a pipette and dropped through an orifice diameter of 0.6 or 1 mm onto a

31



CONTACT ANGLE AND CRYSTALLIZATION TIME

substrate. The substrate was a cooled stainless steel surface (roughness of surface (Ra:
average roughness): 0.15- 0.31 nm) of a crystallizer. The surface roughness is measured
by means of Perthometer S2 (Mahr Federal Inc.), which takes the average deviation of
the mean height of the entire surface within the sampling length. The space of the upper
square and the height of the crystallizer were a 100 cnf and 20 mm, respectively. The
details of the box-type of crystallizer are described in Figure 4-2 [ONO97]. The
atmospheric temperature was constant at 293 K. The pipette was set in a vertica
position to the crystallizer and the orifice was positioned 5,10, 20, 30, 40 and 50 mm
above the subdtrate, respectively.

1. Crystallizer, 2. Pipette with electric heater, 3. Controller, 4. Thermostatic bath, 5.
High-speed camera, 6. Drop shape analysis system and contact angle of drop, g

Figure 4-1: Schematic diagram of experimental apparatus.

A sequence of pictures describing the impact process were taken by a high-speed
camera. The focus of the camera was adjusted using the one-dimensiona stage. The
camerais positioned at an angle 15° below the horizontal in order to obtain clear images
of the drop while spreading and rebounding upon impact. The time of each image (ms),
measured from the instant of first contact with the surface, is shown. The reflection of

each drop in the polished substrate can be seen in the photographs. Using the multiple
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exposure features, the drop impact velocities, Vo, the initia diameter, D, and the
phenomena of the drop deformation upon impact could be precisely determined. Then
the drops were detached from the substrate. The static contact angle between drop and
substrate, g the diameter of drop, D; and the verticals height of drop, x were measured
by the drop shape analysis system (DAS 10 MK2 KRUESS). Experimental and

numerica parameters are summarizedin Table 4-1.

Surface of Insde of
danlessed  Béffle crystalizer

Coolant outlet 7 (j) <

1

20 mm
S

100 mm

Figure 4-2: Detail of box-type crystallizer [BUE9S].

Table 4-1: Experiment conditions and physical properties of pastillation process.

Experimental conditions

Fina impacting velocity 0.17- 1.85m/s

Dropping distance between surface and tip of pipette 5-50mm

Degree of subcooling (DT) 113- 143K

Temperature of molten component 135- 160°C

Roughness of crysdlizer surface (R,) 0.15- 3.1 mm

Temperature of ambient air 25°C

Therma conductivity of gainless sted 15.7331 - 16.14536 W/mK
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Physical properties

Bisacody! Pure Urea (CH4N,0)
Mélting temperature 133°C 132-135°C
Dengty 1.2945 g/ml 1.335 g/ml

Surface tension (between air and melt) 0.020034 N/m
Viscogty 1.607-2.216 mPass

Latent heat 106.5 Jg

4.3. Measurement of contact angle

4.3.1. Shape and size of pastilles

Figure 43 shows productions of Bisacodyl and Urea/Al sulfate mixtures that result
after impacting on a surface in the batch scale pastillation process. As result of the
optical measurement, they show a narrow particle size distribution and a hemi- spherical
form. Average sizes of Bisacodyl Urea/ Al-sulfate pastilles are 4.1 mm (orifice
diameter: 1 mm) and 2.3 mm (orifice diameter: 0.6 mm), respectively. However, the
shape and size of pastilles strongly depend on chemical and physical properties of the
materia and the experimenta conditions.
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Figure 4-3: Production of Bisacodyl and Urea/Al-sulfate mixtures. (a) Bisacodyl
pastilles, (b) Urea/Al-sulfate mixtures pastilles, (¢) Sde view of a padtille.
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4.3.2. Surface and internal structure of pastilles

The porosity of the top part of pastillesis formed because the molten drop crystallizes
on a cooled plate. Figure 44 shows a surface morphology of the top part and the
internal structure of bisacodyl and urea/Al-sulfate mixture pastilles. Cracks and splits
can be observed on the surface of pastilles (Figures 4-4 (a) and (c)). Pores are entrapped
in bodies of pastilles (Figure 4-4 (b)) because of the crystallization kinetics (nucleation
and growth rate). Impurity (additive: Al-sulfate) is moved from bottom to top part of
pastille (UrealAl-sulfate mixtures, see Figure 3-4(d)) because of the temperature
gradient. The entrapped porosity in the pastilleswill be discussed in chapter 5.

Additive

Figure 4-4. Surface and internal structure of pastilles: (a) top part of surface of
Bisacodyl pastille, (b) cross section of Bisacodyl pastille, (c) top part of surface of
Urea/Al-sulfate mixtures pastille, (d) cross section of Urea/Al-sulfate mixtures pastille.

4.3.3. Spreading and rebounding phenomena

Figure 4-5 shows the general impact sequence of molten Bisacodyl drops on the

substrate at the conditions: final impacting velocity of 0.28 m/s, surface temperature of

10 °C and surface roughness of 0.23 nm. The time of each image (ms) is shown

measured from the instant of first contact with the surface. At t = 0 ms, just before the

impact, the drop is clearly spherical in shape. The impacting drop possesses big kinetic
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energy relatively to the surface and viscous energy. The drop deforms and spreads
rapidly upon impact in the radia direction due to the rapid kinetic energy release at the
point of impact. At t = 6.6 ms, the drop reaches its maximum spreading and is
momentarily at a rest because of the depletion of kinetic energy. The initial impact
energy of the drop is dissipated in overcoming viscous flow and in producing new
surface area. The drop moves back toward the center and rebounds upwards as a result
of the interfacial tension. At t = 20.5 ms the drop reaches the maximum contraction.
Here the kinetic energy is zero and the surface energy is maximum. At steady state, the
drop possesses a minimum energy that is equal to the static surface energy at the same
time the drop israpidly solidified.

& ¢ &= & 8-
| N Ts P
1)00ms 2)33ms 3)66ms 4)131ms 5205ms  6) Steady state

Figure 4-5: Spreading and rebounding phenomena by elapsed time.

4.3.4. M easurement of contact angle

In this section the contact angles between a single drop and the surface (stainless steel)
are investigated at experimental conditions which are initial diameter of drop, viscosity,
degree of subcooling, final impacting velocity and characteristic of used surface. Initial
diameter, density, final impacting velocity and viscosity of the drop can be expressed
through the Reynolds number.

4.3.4.1. Influence of viscosity

Figure 4-6 shows the relationship between contact angle and viscosity of molten

Bisacody! for the following set of parameters: 2 pipette orifices (diameter sizes of 0.6 or

1 mm), velocity of 0.17 m/s, degree of subcooling of Dt = 133 K, and roughness of

substrate of 0.23 im. Moreover, it additionally shows the correlation between the

viscosity of molten Bisacodyl and the temperature. The viscosity is decreased with

increasing the operating temperature ranging from 135 °C to 160 °C. The viscosity is
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calculated by the method of van Velzen et a. [VEL72]. The deformation is represented
by the static contact angle. It can be shown that contact angle increases with increasing
viscosity of the molten Bisacodyl.

® Average Wt. (inlet diameter of pipette 1 mm): 17.38 mg
v AverageWt. (inlet diameter of pipette: 0.6 mm): 11.33mg
1804 MW Operatingtemperaturevs Viscosty of molten Bisacodyl - 165
170 - .\ - 160
~— 160 A
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Figure 4-6: Contact angle vs. viscosity of molten bisacodyl and operating temperature

versus molten bisacodyl viscosity.

4.3.4.2. Influence of Reynolds number

Figure 4-7 shows that the relationship between the contact angle and the final impacting
velocity on various viscosities. The final impact velocities are measured by the high
speed camera. It corresponds to the height of drop-off, which is varied ranging from 5 to
50 mm. The degree of contact angle is exponentially decreased with increasing final
impacting velocity. A larger contact angle of the drop at the low impacting velocity is a
result of the interfacial tension and viscous energy dominant in the formation of shape

of the drop. On the other hand, a higher impacting velocity corresponds to a smaller

37



CONTACT ANGLE AND CRYSTALLIZATION TIME

contact angle. As expected, the kinetic energy decreases as the viscous energy does with

the increase of the free surface area.
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Figure 4-7: Contact angle versus velocity at various viscosities.

The contact angle of the drop is directly a function of the Reynolds number according to
Figures 4-6 and 47. The correlation between the contact angle and the Reynolds
number is shown in Figure 4-8. Each point is based on measurement of all four
parameters in equation 2-2. The Reynolds number has, therefore, a range between 200
and 3000. Figure 4-8 enables a discussion of potential contact angles in formation of a
drop. Increasing the Reynolds number results in a smaller contact angle of the drops.
This is due to the fact that at high Reynolds numbers, the vertical height for the drop-off
of drops is much higher than at low Reynolds numbers. It means that the kinetic energy
is dominant in the deformation of drops. At low Reynolds numbers, there is a big
contact angle because the viscous dissipation and the interfacial tension are dominant in

the formation of the shape of the drops.
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Figure 4-8: Contact angle versus Reynolds number.
4.3.4.3. Influence of surface properties

Figure 4-9 shows the characteristics of the used stainless steel subdrates on the impact
process at various final drop velocities. A 17.38 mg Bisacodyl drop impacts on the
surface with different types of roughnesses ranging from 0.15 to 0.31 mm. Under the
same impact conditions the contact angle of the drop on the surface with 0.31 nm
roughness is consistently larger than that on the surfaces with the two lower
roughnesses. There are different effects affecting spreading and rebounding after the
impact of a drop. When a drop impacts the interfacial energy increases with increasing
surface roughness. Then the surface area covered by the spreading becomes smaller due
to the fact that the motion of drop is restricted. Therefore, the drop on the coarsest
surface is rebounding faster than drops on the other two surfaces. In all three cases, the

drop reaches equilibrium after its excess energy is completely dissipated. However, it
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takes much longer time to reach equilibrium on the roughest surface compared to the

other two surfaces because of amuch stronger rebounding.

160 - ® Final velocity :0.17 m/s A Final velocity : 1.23m/s
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Figure 4-9: Contact angle versus degree of surface roughness at various velocities.

@ | ~ Steady
: -
% &£ & =
(b) £ ‘.Hh_' : Steady
| [T flzl 2B sae

0.0ms 6.6 ms 185 ms

s i S[¥ S8 -2k

0.0ms 6.3 ms 19.2 ms

Figure 4-10: Sequences of pictures of side views of drops impacting on surfaces with

different roughness ((a) R, = 0.15nm, (b) R, = 0.23nm, () R, = 0.31nm).
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Figure 4-10 shows a sequence of photos of drops after impacting on three stainless steel
surfaces with different roughnesses. The setting of the experimental parameters are fina
impacting velocity of 0.28 m/s and degree of subcooling of DI = 133 K. From these
photos it can be visualy certified that on the coarsest surface (see Figure 410 (c)), it
takes much shorter time to reach the maximum rebounding compared to the other two

surfaces.
4.3.4.4. Influence of degree of subcooling
Figure 4-11 shows a drop impacting onthe stainless steel substrate at 4 different degrees

of subcooling. All other parameters are kept constant: final impacting velocity of 0.28

m/s, surface roughness of

e @ (b) (© (d)
0.23 im and viscosity of S _
2.072 mPass. The degree of _—~ ™ g Q
subcooling is defined as Bﬁns _o.:r-s o oS
difference between
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Figure 4-11: Sequences of pictures of side views of drops impacting on a medium

roughness, cooled, stainless steel surface at various degrees of subcooling ((a) DI =

143K, (b) DI =133 K, (¢) DT =123 K, (d) DI = 113 K).
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As expected the degree of rebounding at the lower degrees of subcooling is much higher
compared to that of a higher degree of subcooling. This is due to a lower value of
interfacial tension between the molten drop and the cooled substrate, while the drop is
rapidly solidified.

Figure 4-12 shows the relationship between contact angle of the drop and degree of
subcooling for 2 different impacting velocities. In case of pure Bisacodyl the maximum
contact angle of the drop was 142 degree at the final impacting velocity of 0.17 m/s and
the degree of subcooling of 112 K. The contact angle of the drop is decreasing as the

degree of subcooling isincreasng.
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Figure 412: Contact angle, qversus degree of subcooling, DI' at 2-difference impact

velocities.

As shown by Figures 4-11 and 4-12, the contact angle of a drop is found to be directly
proportional to the degree of subcooling. It, however, is found to be inversey
proportiond to the Reynolds number and increasing degree of surface roughness.
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4.4. Deter mination of normalized deformation and crystallization time

In this section the phenomenon of deformation by a pastillation process is investigated
by considering its crystallization time. Degree of deformation, normalized deformation
and crystalization times are introduced through Madegski’'s model [MAD76], simple
drop solidification modd [HAM89] and experimental data.

4.4.1. Degree of deformation

Madejski has developed a simple model for the motion and solidification of a drop on a
surface based on an energy balance. Madeski’'s equations are solved for one
dimensional half-space heat conduction and solidification of superheated liquids.
Madeski was able to produce analytical expressions for some special cases. Namely,
the solidification is independent of the surface tension. He stated also that solidification
does not contribute significantly to the termination of spreading of drops. As mentioned
in chapter 2.1.2, Madejski produced analytical expressions based on his analysis of
some special cases. In the case in which the flattening of the drop is arrested solely by
viscous dissipation of energy within the splat, k = 0 = We™, the model introduces the
relationship between the degree of deformation and the Reynolds number as follows:

1.29(Re+ 0.9517 )%2 (4-1)

Dt
DO
Alternatively, for Re > 100, equation 4-1 can be approximated as following equation.

D
—L =129 Re%? (4-2)
DO

The degree of deformation is defined as the ratio of the final diameter of a drop, Dy, to

the initial diameter of a drop, D,. This is only a function of the Reynolds number.
Hamarani et a. [HAMB89] obtained a similar equation from a numerical calculation with
the SMAC (amplified Marker and Cell) dgorithm:
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D
—L = 0.83 Re®? (4-3)
DO

Watanabe et a. [WAT92] also calculated the relationship between degree of the

deformation and the Reynolds number asfollows.

D

—L =0.82 Re®? (4-4)
DO

As shown in the Madegjski model not considering the surface tension. Therefore, the
degree of deformation of a drop is only a function of the Reynolds number. The
experimental results show the measured degree of the deformation (see Figure 4-13).
The relationship between the degree of deformation and the Reynolds number can be
summarized in the form of the following equation calculated from the results by using a

regression method:
D _ o6 Rre2 (4-5)
DO

In al equations the degree of deformation is proportional to the 0.2 power of the
Reynolds number. A high Reynolds number gives a fast deformation and a large
diameter of the drop.
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Figure 4-13: Degree of deformation of a drop D¢/D, versus Re number at impact.
4.4.2. Crydallization time

From the smple model for drop solidification [WAT92] the normalized crystallization
time can be calculated by the degree of the deformation. A cylindrical drop still molten
while impacting on a substrate is illustrated in Figure 3-1. The latent heat of
crystallization at differential layersis conducted to the substrate through the solid layers
with the height. Here the height of solid layer, xs can be derived from equation 3-1 and

expressed asfollows:

E

Xg = ——————— (4-6)
r(1/4pD;)

Combining equation 4-6 and equation 3-1 gives
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1

E? = kelr (5 D) (Top - T Xt (4-7)
The degree of deformation, D; = 0.6Re®2D, is substituted in equation 4-7:

E = 0.283 Re™ D 2[kyLr | (T - T X*° 4-8)

The crystallization time, tc can be derived from equations 3-1, 45 and 48. By the
boundary conditions and the equation 3-1, it can be derived:

E2 = r L3, PD )’ (@9)

By combining equation 4-8 and equation 4-9, the crystallization time can be expressed
asfollows

2®.36r LD,” 0

(= 9 e (4+-10)
(é kDI 5

From equations 3-3 and 3-4, the normalized deformation and crystallization times are
numerically calculated. Figure 4-14 shows that relationship between normalized
deformation and crystdlization times and the Reynolds number.

t,n
ty = 42 =0.0372 Re*?® (4-11)
(e]
t
t, = Er;o = 0.924 Re'? 4-12)
(0]
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Figure 4-14: The normalized deformation and crystallization time versus Re number.

The normalized deformation and crystallization times are found to be proportional to the
Reynolds number of the same power of 1.23. In case of pure Bisacodyl the normalized
crystallization time is about 25 times higher than the normalized deformation time. It
means that the required crystallization time should be estimated on the basis of that
relation because the deformation time can easily be measured experimentally. The
required crystallization time is, however, the important parameter for the design of the
solidification technology since the crystallization time as kinetic value determines the
Sze of equipment, the Sze of cryddlizer and the speed of cooling belt.
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5. INVESTIGATION OF POROSTY IN THE PASTILLES

5.1. Introduction

Many different types of controlled dosage forms have been developed to improve
clinical efficiency of drug and patient compliance. In vivo performance of these dosage
forms, however, depends greatly on their physical and structural properties, and
consequently on their drug release mechanisms and its kinetics. A solid complex
(matrix) mostly produced by tableting techniques are commonly used in pharmaceutical
industries in order to retard the drug dissolution rate. The solid complex is, however,
still not optimal since there are problems such as instability of tablet, selection of binder
and excipient (additive). Under compressing pressure drug crystals agglomerate,
thereby porosity is entrapped in the solid complex. Some researchers ([HOGOZ],
[PAUQO3], [WES98]) aready investigated the entrapment of porosity in the tablets,
because it is an important parameters concerning bioavailability and quaity of teblets.

Pharmaceutical materials require careful consideration of their porous structure and in
fact their physical properties. Moreover, their application and performance are strongly
influenced by their pore volume, size and shape. During the pastillation process, the
pores and the cracks are formed in the bodies or on the surface of pastilles. Both pores
and micro-cracks are critical surface features. Some researchers ([BUDG69], [EMEOQ1])
investigated the kinetic equation of pore formation in granules of mineral materials with
additives under firing. The obtained equations are recommended for mathematical
modelling of the pore formation process. However, investigations of porosity (pores and
cracks) in pastilles have not been studied until today. Therefore, the total porosity, the
pore structure and the pore size distribution are investigated to determine the internal
and external structure of the pastilles. These parameters are essentially influenced by
manufacturing conditions of the pastille as the temperature gradient between surface of
substrate and the melting point of the materials (degree of subcooling), the surface
property of used substrate (surface roughness), the impacting velocity of droplet

(Reynolds number) and the composition of the materials. The amount and the size
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distribution of porosity should be estimated for the design of the drug delivery system
and the selection of the solidification technology. The outlook of chapter 5 is therefore,
as follows: introduction of mercury porosimetry technique is described in section 5.2.
Pore structure and size distribution are determined in section 5.3. The phenomena of
pores and cracks formation by experimental conditions is investigated in section 5.4.
The relationship between the total porosity and the crystallization kinetic is numerically
elucidated in section 5.5.

5. 2. Preparation of solid drugs and mercury incursion porosimeter

5.2.1. Preparation of pastille and tablet

In order to minimize the porosity of the padtilles, they are manufactured by a
solidification technique [KIMO3c] as described in chapter 4 The monosized hemi-
spherical Bisacodyl pastilles are shown in Figure 51. A SEM (Scanning Electronic
Microscope) * technique is used to measure the surface morphology and the structure of
the pastilles and the tablets. Manufacturing variables of the pastilles are: Reynolds
number of impacting drops, degree of subcooling and characteristic of used substrate.
To compare the pore structure, the total porosity and the pore size distribution,
Bisacody! tablets are manufactured by atablet compression technology (HBM GmbH) 2.
It consists of a tablet compression machine and the molds, which hold a measured
volume of material to be compressed, the upper punches, which exert pressure on the
down stroke, and the lower punches, which control the volume of mold fill and thus the
tablet weight. The lower punches moves upward after
. the compaction to gect the tablet from the molds. It is
the most common tableting method. The operating
conditions of the tablet manufacturing are summarized

FELT PRI ELL LTI N Table>-1.

Figure 5-1: Monosized hemi-spherical Bisacodyl padtilles.

"1 The help of M.Sc. J. Choi, Max-Plank Institut in Halle is gratefully acknowledged.
"2 The help of Prof. Dr. P. Kleinebudde and his team, faculty of pharmacy of the Martin-Luther-University Halle-
Wittenberg are gratefully acknowledged.
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Tablet 5-1: Operating conditions of the tablet manufacturing.

Parameter Value
Pressure (Max pressure: 20 MPa) 10, 13.5, 18 MPa
Type of mold Flatted cylindrica form
Size of dies (Radius) 6,9, 12 mm
Thickness of tablet »35mm

5.2.2. Technique of mercury porosmetry

Physical and chemical gas adsorption o called BET) as well as mercury intrusion
porosimeter are the most widely used techniques to characterize powders and solid
materials. These techniques can provide reliable information about the pore size/volume
distribution, the particle size distribution, the bulk density and the specific surface area
for porous solids regardless of their nature and shape. However, the applicable pore size
ranges of each technique are different. Figure 52 shows a limit of application of both

techniques and classifies three kinds of poresin the Sze.

2nm 500 nm

Micropores M esoproes M acr opor es

>

Mercury porosimeters

Gas absor ption

Figure 5-2: Limit of application of gas adsorption (BET) and mercury intrusion

porosimetry.

The mercury porosimetry technique (Instruments Pascal 140 and 440, Thermo
Finnigan) used to measure the total porosity, the pore size distribution and the pore
structure of the tablet and the pastille. The rate of the pressure change has been
discussed to affect the result of the porosity measurement [MOS81]. The technique is
based on the mercury property to behave as nonwetting liquid with a lot of solid
materials. As results of this property mercury penetrates through the open pores of a

solid sample under an increasing pressure. The pore radius is inversely proportiona to
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the applied pressure according to a relation proposed by the Washburn equation (pr = -
2gcosF) [KAM94] in which some assumptions have to be taken into consideration: (1)
The surface tension of mercury and contact angle of the solid material are constant
during the analysis. (2) The intrusion pressure must be in equilibrium. (3) Solids are not
deformed under the effect of pressure. By measuring the quantity of mercury
penetration in the pores and the equilibrium pressure at which intrusion occurs,
experimental data are obtained to calculate the pore volume distribution as a function of
their radius. Here intrusion and extrusion pressure rates are approximately 0.098 and
0.186 MPa/s, respectively. The total pore volume, the total pore surface area, the mean
pore diameters and the pore size distributions of tables and pastilles were determined by
both alow and a high-pressure mercury porosimeter. Determination range of pores can
be measured starting from 4 nm (pressure = 400 MPa) up to 200 um (pressure = 0.01
kPa). In addition, a microscopic image analyzing technique is employed to support the
results of mercury porosmeter.

5.3. Structure and size distribution of poresin pastilles and tablets

5.3.1. Pores structur e of pastillesand tablets

In this section, pore structures and pore size distributions are investigated by the
mercury intrusion porosimeter and the scanning electron microscopy techniques.
Mercury porosimeter data can enable the calculation of the specific surface area (nf/g)
of the samples. There are 4 models available for the surface area calculation. Here are
the cylindrical, conical, plates and spherical models. It can be distinguished by intrusion
or extrusion curves between the cumulative volume of mercury and the compression

pressure.

Figure 5-3 shows the relationship between cumulative volume of mercury and the
compressing pressure. According to the intrusion and the extrusion curve of the pastilles,
a conica model can be applied to he pastille. Moreover, these types of pores are
commonly found in natural materials, for instance in carbon coke, rocks and soils. The
model represents that the pores are located on the surface and in internal of pastilles.

The intrusion curve features a quite flat slope, indicating that mercury penetration
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increases just according to the pressure. Pores of this type are progressively filled by
mercury as the pressure rises. The extrusion curve is generaly following the intrusion

curveresulting in avery smdl hyseress.

The cylindrical model can be applied to tablets. According to shape of Figure 5-2, pores
are considered to be cylindrical. This type of model should be applied when the sample
is a solid and the penetration curve shows a steep slope (sherp pore size distribution)
and the extrusion curve follows the penetration with a hysteresis. In this case a small
amount of mercury is retained by the sample in the interconnections between pores.
According to the cylindrical model the surface area is calculated knowing the
incremental specific pore volume and the relevant average pore radius.
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Figure 5-3: Type of pore modes of tablets and pastilles.

5.3.2. Pore sizedistribution of pagtilles and tablets

Pore size didtributions of pastilles and tablets are investigated by the mercury
porosimeter and the scanning electron microscope images are used to support the result
of pore size distribution. The pore size distribution can be displayed in a shape of

histograms. The histograms numbers and dimension can be generated automatically by
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the software according to the radius limit sdection given by operating conditions.
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Figure 54: Pore size distribution of pastilles and tablets (radius range: 0,001 — 100;

histograms number: 100).

Figure 54 shows the relationship between the relative pore volume and the pore radius
of the pastilles and tablets, respectively. From the histogram the pore size distribution of
pastilles and tablets are constituted as bimodal- model. In case of pastilles the first group
of histogram (A) is occurrence of porosity due to rapid nucleation on the bottom side of
the pastille. Nucleation usualy takes place concentrically around the starting point of
the cooled surface. However, he dominant pore in the pastilles is placed in apore
diameter range between 1 and 20 nm (B). In case of tablet the dominant pores are
placed in apore diameter range between 0.5 and 1 mm. From the results of analyses the
dominant pore size distributions in tablets are smaller than those in pastilles. However,
it is analytically found that the total porosity in pastilles is much smaller than the total
porosity in tablets. Here the total porosity (%) is defined as the ratio of the sample void
volumes (in- and external porosity) to its externa volume (inverse of bulk density). It

can be observed that cracks are the dominant “pores’ that when present on the surface
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of pastilles as the molten drop crystallizes. In case of the tablets, it can be seen that the
main pore distribution is positioned in the body of tablets when the powder

agglomerates.

Figure 55 shows SEM photos of the pastilles, surface morphology of the pastilles,
grade cross-sections and cross-section of the pagtilles. It can be visualy confirmed by
the SEM photos of Figures 5-5 (b) and (c) that the dominant pore distribution is ranging
between 1 and 20 nm and the cracks are formed on the surface of the padtilles.
Moreover, pores are constituted the conical form (see Figure 55 (d)). Unfortunately, it
isimpossible to invedtigate the length and width of porous depth.

Figure 5-5: SEM photos; (a) pastille, (b) surface morphology (magnification: 15000),

(c) grade cross-section and (d) cross-section of pastille (magnification: 4000).

5.4. Total porosity

5.4.1. Total porogty in tablets

Figure 5-6 shows the relationship between the total porosity and the density of the tablet

at various compressing pressures which are chosen to 10, 13.5 and 18 MPa. The SEM

photos show cross-sections of the tablet. As mentioned before pores are entrapped in the

inner body of the tablet. The total porosity is decreased with increasing the compressing

pressure. Thereby the density is increased. The founding can be confirmed by SEM
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photos, see Figure 5-6. At the low compressing pressure, 10 M Pa, the structure of tablet
was composed as a powder (agglomeration). The total porosity and the density are
approximately 15 % and 1.29 g/ml, respectively. However, at the high compressing
pressure, 18 MPa, the structure was more compact than the structure of other two

compression pressures. The total porosity and the density are approximately 8.5 % and
1.35 g/ml, respectively.
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Figure 5-6: Amount of porosity at various compressing pressure (MPa).
5.4.2. Total porogty in the pagtille

While the molten drop impacts and crystallizes the cracks and the pores are generated
on surface of the pastilles (e.g., Figure 57). Manufacturing parameters of pastilles
should affect an occurrence of micro-pores and crack. The main factors are here:
temperature gradient between the melting and the surface temperature of cooled
substrate (degree of subcooling), Reynolds number of impacting drop and properties

of the substrate. It will be discussed how manufacturing conditions of drops affect the
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surface structure of pastilles and the total porosity in a pastille. However, the pore size
distribution haven’t discussed due to the difficulty of distinguishing. These data will

give abasis for adesign of the drug delivery system and the improvement of the pastille

quelity.

Figure 5-7: Surface layer and growth direction of pastilles.

5.4.2.1. Effect of degree of subcooling

To investigate the total porosity, pastilles were produced at different temperatures of the
cooled surface. Figure 5-8 shows SEM photos of surface morphology of the top part of
a padtille and the total porosity at different degrees of subcooling. All other
solidification parameters are kept constant such as fina impacting velocity of 0.28 m/s,
surface roughness of 0.23 mm and viscosity of 2.072 mPavs.

In Figure 5-8 (a) are the top part of the pastilles at relatively lower degree of subcooling
(Ox = 113 K) shown where no individual crystals and cracks can be identified. On the
other hand in Figure 5-8 (c) and (d), the cracking phenomenon with increasing degree
of subcooling (O = 133 and 143 K) is shown. This could be caused by relatively high
nucleation and growth rates at the initial stage of solidification. According to the
relationship between the total porosity and the degree of subcooling, it can be
analytically confirmed that the total porosity is increased with increasing the degree of
subcooling.
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Figure 5-8: Total porosity vs. degrees of the subcooling and surface morphology of the
top part of the pastille at different degrees of subcooling ((a) DI = 113 K, (b) Dr =123
K, (c) DI =133 K, (d) Dr = 143 K (Magnification: 4000)).

5.4.2.2. Effect of surface properties

Figure 59 shows SEM photos of the surface morphology of the top and at the bottom
of the pastilles resulting from 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 mPaxs 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 hesat transfer. From the SEM
photos of Figure 59 it is clearly visible that the size of crystal/pore at the bottom of the
pastilles is smaller than these of the top part of the pastilles. Therefore, relatively high
amounts of porosity are incorporated in the top part of pastille compare to the bottom
part of the pastilles Gum [GUMO02] explained that the poresin the top part of surface of
the pastille are approximately 10 times large than the pores at the bottom surface of the
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pastille. The mentioned effect is, however, influenced by the manufacturing conditions
and the physical properties of materias.

The size and the structure of pores on the top and bottom of the pastilles are
investigated at different surface roughness, whose surface roughnesses are chosen
ranging from 0.15 nm to 0.31 nm. According to Figures 5-9 (b-1), (c-1) and (d-1) the
size of the pores at the top and bottom of pastilles with the surface roughness of 0.31

mm islarger than that on the surfaces with the two lower roughnesses.

Figure 5-9: Surface morphology of SEM photos of the top and the bottom of pastilles at
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 (Ry = 0.15), (c-1) and (c-2) surface
mor phologies of top and bottom of pastille at a medium plate (R, = 0.23), (d-1) and (d-

2) surface morphologies of top and bottom of pastille at a course plate (R, = 0.31).

Figure 5-10 illustrates a porosity measured by a porosimeter on three different surface
roughnesses. Each sample of a pastille is analyzed 3 times under the same conditions.
From the Figure 510 it can be seen that the total amount of pores is increased with

increasing the surface roughness. All was confirmed by SEM photos, Figure 5-9.
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Figure 5-10: Porosity verses surface roughness of 3 different cooled plates.
5.4.2.3. Effect of Reynolds number

Figure 5-11 shows the correlation between the total porosity and the Reynolds number
of two-different masses of the drops. The Reynolds number is already defined in
chapter 4. The surface roughness of 0.23 mm, the viscosity of 2.072 mPas and the
degree of subcooling of 133 K are maintained constant. Figure 5-11 shows that the total
porosity is logarithmically increasing with 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 deformation 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 increased. Thereby, the nucleation and growth rates are increased since
the contacted surface area between the drop and the surface of substrateis increased.
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Figure 5-11: Porosity versus Re number at two-different masses of drops.

Figure 512 illustrates the surface morphology of SEM photos on the top part of the
pastilles at various fina impacting velocities which are experimentally measured by the
high-speed camera. The impacting velocity is corresponding to Reynolds numbers
which are varied ranging from 200 to 3000. Increasing the impacting velocities leads to
larger surface area of pastillesin contact with cooling plate. Therefore, at high velocities
as 1.23 and 1.85 m/s relatively big amounts of porosity are entrapped, because of the
high degree of deformation and the high growth rate of pastilles. However, a low
velocitiesas 0.17 and 0.28 m/s relatively small amounts of porosity are entrapped in the
pastille, because of the low degree of deformation and the low growth rate of pastilles.
Therefore, it can be concluded that the formation of pores is related to the Reynolds
number.
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Figure 5-12: Surface morphology shown by SEM photos at the top of pastilles at
various impacting velocities ((a) vo = 0.17 nvs, (b) v, = 0.28 nVs, (¢) Vb, = 0.42 /s, (d)
Vo = 0.76 Vs, (€) vo = 1.23 Vs, (f) Vo = 1.85 nv/s (Magnification: 4000)).

5.5. Correlation between total porosity and overall growth rate

During the solidification process the growth rate of liquidus drop is extremely fast due
to a high temperature gradient. The high nucleation and growth rate evokes
congtitutional pores in the surface and the layer of the pastilles. In this section the
relationship between the growth rate and total porosity will be investigated. The
relationship will be given to determine the processing conditions that are required in

order to minimize the porosity in padtilles.

The overall growth rate, Gy is already introduced in chapters 2 and 3. As mentioned
previously in equations 2-5 and 4-10, the layer thickness of padtille, Xs is an input taken
from the measured data while the crystallization time, t. can be numerically found. The
overdl growth rate, Gs can be derived as.

XS - I:]-ksxs %0.4

Gy === S
t.  0.36r,LD,

(5-1)
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Here surface roughness(Ra = 0.23 mm) is fixed. And assumed that the spreading and
rebounding phenomena of drops don’t contribute the formation of porosity. Figure 5-13
shows the relationship between the overall crystal growth rate and the total porosity. It
is found that the total porosity has a tendency to increase as the overall crystal growth
rate is increasing. This means that the pores and cracks are influenced by the
crystallization kinetics (nucleation, growth rate). Especialy, pores and cracks are
strongly depended the growth rate of the pastilles The total porosity of the pastilles is
increased with the increase of the overal crystallization rate. In case of the pure
Bisacodyl the overall crystal growth rate can be explained as a function of total porosity,
F by aregression method:

G =0.00067 = 10%076% (5-2)

By combing equations 5-1 and 5-2 the total porosity, F can be described as a function
of Reynolds number and degree of subcooling.

é K 0
F @13.0210g6—=°_ DT Re®(j+ 47.13 (5-3)
ér,LD, ¢

The entrapped total porosity can be minimized with decreasing the overall growth rate
since the degree of subcooling and the Reynolds number is decreased. The relationship
between the total porosity and the overall growth rate of pastilles will contribute to the
design of the drug delivery system and the selection of manufacturing parameters of

padtillation process.
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Figure 5-13: Total porosity versus overall crystal growth rate.
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6. COATING OF PASTILLES BY A CRYSTALLIZATION
PROCESS

6.1. Introduction

Some of the original reasons for coating solid dosage forms, such as pills, granules and
tablets, are e.g. the unpleasant taste or smell of a drug, the corrosive action of the active
ingredients on the mucous membranes of the gastrointestinal tract, the too low stability
of the active component in the solid dosage form [GRA95], [KLE95], [PAUOZ],
[SHU9g]).

Until now, quite often a spray-drying coating process with an atomizer has been
employed to produce coatings in pharmaceutical industries ([GUOO02], [JONOZ],
[KAGO6], [KAGI8], [KAG99], [KAGOL], [LINOZ], [LIU93], [PANO1], [ROGO2],
[RUOOZ], [WAN92], [WNU89], [WUO01]). The process is, however, still not optimal
since there are problems such as cracking and splitting on the surface of the coating and
non-uniformities in thickness of the coatings, because the final coatings are formed in

non-crysdline forms.

In pharmaceutical industry the controlled release tablets and pastilles are very
important. An agglomerated and non-crystalline formed coating is, however, not so
favourable to be used, for a controlled release medicine compared to a medicine with a
crystalline-formed coating. For those reasons, pharmaceutical industries needs processes

to make cryddline coatings and uniform coatings to control the drug release.

The batch crystallization technology is wildly used for the production of high-value
bulk pharmaceutical chemicals (BPC), especidly in size and shape control of particles
and in separation and purification processes. Unfortunately, only few researchers have
applied this process to achieve coatings (DOR97], [KIMO03a], [KIMO03b], [SEO01],
[TOY94]). In this study, therefore, a crystallization process is applied in order to
produce crystalline coatings and to improve the quality of such coatings. The coating
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process by crystallizationcompared to an atomization technique, has severa advantages
for the production of effective coatings, such as compact equipment, no necessity to use
binders and/or additives and the ability to control the coating thickness.

It is found that important parameters to achieve homogeneous crystalline-formed
coatings in the crystallization process are the metastable zone width of the solution, the
surface nucleation and the crystal growth on the surface of heterogeneous seed particles
([KIMO2a], [KIMO2b], [KIMO2c]).

When the coating materials are chosen, it has to be considered that they should be non
soluble, nonpoisonous, norreactant against the core materials and have good cohesion
at the surface of the core materials. The core materials are used as heterogeneous seed
materials ([FUNO1], [HEF99], [KUBO1], [TOY99]). Core materials are generally added
al a supersaturation of the solution of the coating material at which a crystal free
solution does not nucleate unintended. Nucleation on the surface of the seed particles is
occurring at the same conditions as nucleatation would occur in a supersaturated
solution. After nucleation the crystal growth would progress on the surface of the seed
particles. The crystal growth on the surface of the core materias and the surface
morphology of the coating are controlled by operating conditiors.

This chapter is to examine how a crystalline coating can be formed by solution
crystallization and how a operating conditiors affect to the surface morphology and the
crystal growth rate of the coating. The outlook of this chapter is as follows: An
experimental set-up of a crystallization coating process is described in section 6.2. The
metastable zone width of the solutions will be experimentally investigated in section
6.3. Surface nucleation and formation of a coating are visualy explained in section 6.4.
The effect of experimental conditions on surface morphology and growth rate is

microscopicaly eucidated in section 6.5.
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6.2. Material and experiment setup

6.2.1. Metastable zone width of coating materials

Here a pharmaceutical- grade | somaltul ose (C12H22041) and L-ascorbic acid (Vitamin C,
CsHgOg) are chosen as coating materials. Distilled water is selected as solvent. The
solubility of Isomaltulose and L-ascorbic acid in water and the nucleation behaviour
were measured at various temperatures. The solubility is measured at temperatures
ranging from 273.15 K to 3$3.15 K. The equilibrium data were determined by the
polytherma method [NYV68]. As equilibrium cell, a cylindrical glass vessdl, was used
with a thermostatic bath with a PID controller (JULABO F32). The content in the
equilibrium cell was stirred. The cell was sealed tightly to protect the system from dust
and moisture exchange. Binary mixtures were cooled and heated very dowly at less
than 0.05 K/min, especialy, near the equilibrium and the nucleation point. The crystal
disappearance and occurrence temperatures were precisely measured with a calibrated
thermocouple connected to temperature recorder. Each experiment was repeated at |east
two times. Summarized experimental conditions of measurement of solubility and
metastable zone width are shown in Table 6-1.

Table 6-1: Experimental conditions of measurement of solubility and metastable zone
width.

Experimental conditions

Solvent Didtilled water

Coating materids Isomatulose, L-ascorbic acid
Seeding materids Bisacodyl padtilles (» 2.3 mm)
Percent of loaded seed (core) (%) 0.1and 0.3

Temperature range (K) 275.15-353.15

Agitation speed (rpm) 250

Cooling/hegting rate (K/min) 0.05
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6.2.2. Core materials and procedure of the crystallization coating process

Hemi-spherical  pastilles from Bisacodyl powder (bis (p-acetoxyphenyl)-2-
pyridylmethane, Cy2H19NO,;) were formed. The pastilles, produced by a melt
solidification process as described in Chapter 4 are used as heterogeneous seeds The
average size of the seeds has a diameter of 2.3 mm [KIMO3a]. I n order to determine the
surface characteristics of Bisacodyl pastilles, spherical type Glass beads and Aluminium
oxide (Al,O3) beads are d so used as heterogeneous seed particles.

The interfacial tension as a function of the surface characteristic of the seed particles
and the concentration of solution was measured using the pendant drop method with on
optical contact angle measuring system (DAS10, KRUESS GmbH). The solution
density plays a fundamental part when determining the interfacial tension. The density
measurements (DMA 4500, Anton Paar) are performed by an oscillation method
([wu9g], [WuU99)).

The batch crystallization apparatus is used for the production of effective coatings and
is described in Figure 6-1. It consists of 300 ml-double jacketed crystalliser,
programmed thermostatic bath, agitator with turbine-type stirrer and separation
apparatus with a sieve. The seed particles (heterogeneous core materials) were prepared
and loaded into the supersaturated solution after it has been prepared in the crystallizer.
In al experimental works the amount of seed particles was about 0.1 wt.%, whichis
correponding to total mixturesinweight percent.

The coating process was carried out at different experimental conditions. Parameters
varied are such as the concentration of the solutions (Isomaltulose and Vitamin C) and
the surface characteristics of the used seed particles, the agitation speed, the degree of
subcooling and the retention time. Details of the experimental conditions are
summarized in Table 6-2. At the end of the coating process the coated seed particles are
separated by means of a Seve from the mother liquid and are dried at room temperature.
An image analysis system with a CCD camera and the SEM (Scanning Electronic
Microscope) technique are used to measure growth rates of the layer thickness of the
crystals representing the coating and to investigate the surface morphology and the
sructure of core materids and coatings, repectively.
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Figure 6-1: Crystallization coating process.

Table 6-2: Experimental conditions of the crystallization coating process (in case of the

Isomaltul ose as coating material).

Experimental conditions

Hemi-spherica padtilles, sphericd type

Core materids Glass beads and Aluminium oxide
Degree of subcooling (DT) 15- 45

Agitation speed (rpm) 100 - 400

Concentration (wt.%) 50-65

Retention time (min) 10-180

6. 3. Measurement of metastable zone width

The metastable zone width of the binary systems of |somaltulose-water and L-ascorbic
acid-water were measured. The parameters for the coating process are decided by the

metastable zone width revealed macroscopically under the superimposed effects of
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operating conditions, such as cooling rate, agitation intensity, fluid dynamic situation,
feed concentration, specific properties of the crystallizer and the presents of seeds. A
big width of the metastable zone is an essential element for a good coating by
crystallization, because nucleation behaviour and growth rates can then more easily be
controlled.

Figure 6-2 shows the experimentally determined solubility line and the upper limit of
the metastable zone of the Isomaltulose-water and L-ascorbic acid-water systens with
seeds ard without seeds. Solubility and nucleation lines are directly proportiona to the
increasing temperature. In Isomaltulose-water system the chosen parameters lead to an
area of the supersaturation ranging from 0.249 to 0.314 (g/g) a a range of weight
percents of Isomaltulose of 50 wt.% to 80 wt.%. The solution, which has more than 80
wt.% of Isomaltulose, becomes so highly viscous that it prevents from crystallization
and would settle to a glass-like state. In the case of less than 50 wt.% of Isomaltulose,
however, not Isomatulsoe but ice crystallizes. In L-ascorbic acid-water system the
selected parameters are as follows: supersaturation is ranging from 0.02 to 0.11 (g/g)
and the range of weight percents of L-ascorbic acid is 25 wt.% to 55 wt.%. Above or
below the selected weight range, the phenomena of glass-like state and ice
crystallization takes place in the L-ascorbic acid-water system, too. Moreover, it can be
predicted that the binary mixtures of isomaltulsoe-water and L-ascorbic acid-water
represent eutectic systems.

These results underline that the width of the metastable zone increases with decreasing
temperature and with decreasing concentration of the Isomaltulose and L-ascorbic acid.
After homogeneous or heterogeneous seed particles were added, nucleation occurred.
As shown in Figure 6-2, nucleation is generated in the bulk by 0.1 and 0.3 wt. % of
heterogeneous seed particles, which are added in such a supersaturated solution. It is
found that the metastable zone width became more narrow as the amount of
heterogeneous seed particles was increased. The heterogeneous seeds lead to initial
breading which is considered a type of secondary nucleation The experimental results
show that the Isomaltulose-water and L-ascorbic acid-water system have a big
metastable zone width, respectively.
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In case of a narrow width of the metastable zone (e.g. over 40 wt.% of L-ascorbic acid),
easily atoo high supersaturation can be created which leads to sudden nucleation which
will generate too many crystals. In such an operation it can be difficult and tricky to
induce surface nucleation and crystal growth on the surface of the seed particles. As a
result, the possibility of nucleation on surface of seed particles (surface nuclegation) is
very low compared to that of the nucleation in the bulk, which is discussed in section
6.5. The nuclestion rate is, therefore, an important kinetic parameter for the coating

process. It can determine whether there is surface nucleation or not.
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Figure 62: Solubility and upper limit of the metastable zone lines with and without
seeds of the Isomaltulose-water and Vitamin C-water system. Experimental conditions:
agitation speed of 250 rpm and cooling and heating rates of 0.05 K/min.
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6. 4. Surface nucleation and formation of a coating

6.4.1. Surface nucleation

Figure 6-3 shows the surface nucleation of the Isomaltulose (Figure 6-3 (a)) and
Vitamin C (Figure 6-3 (b)) on the surface of the Bisacodyl. As shown in Figure 6-3 a
high number of nuclei occur and the nuclei agglomerate and grow on the surface of the
Bisacodyl. As mentioned chapter 2.3.1.3, the surface nuclei are formed when the
supersaturation is exceeded after nuclei take place in the supersaturated bulk. Therefore,
the probability of surface nucleation rises due to increasing number of nuclei in the
bulk. However, Do high supersaturation (@driving force) generates a high number of
spontaneous nuclei that automatically restrict the growth rate of the coating layer. There
are suitable zone of surface nucleation which is changeable depend on the chemical
properties of materials and operating conditions (i.e., cooling rate, agitation speed). It
will be visually explained in section 6.5 in detail. The surface properties of used the
seed particles (i.e., interfacia tension) and the specific power input (i.e., agitation
speed) are aso effect for the formation of the surface nucleation. It aso will be
explainedin section 6.5.

Surfacenucdle Surface of seed Surfacenucdle Surface of seed

Figure 6-3: Surface nucleation of Isomaltulose (a) and Vitamin C (b).

6.4.2. Formation of a coating

A homogeneous crydaline-formed coating is obtained by solution crystdlization
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process. Figure 64 shows the SEM photos of seed material (Figure 64 (a)), coating
with Isomaltulose and Vitamin C (Figures 64 (b-1) and (c-1)) and morphology of
surface of the coating (Figures 6-4 (b-2) and (c-2)). In Figures 6-4 (b-1) and (b-2) it is
shown that Bisacodyl seeds are coated by Isomaltulose and Vitamin C. The coatings
were very uniform and the surfaces were consistent crystallines. The data of X-ray
diffraction (BRUKER axs, D4 ENDEAVOR) proved that these coatings are crystallines.
The crystal surfaces of the coatings are found to be composed of evenly systematic

pyramid morphology (Figure 6-4 (b-2)) and orthorhombic morphology (Figure 6-4 (c-
2)), respectively.

Figure 6-4. Crystalline aoating and surface morphology of coating with Isomaltulose
and Vitamin C: coating with Isomaltulose (b-1); surface morphology of coating with
Isomaltulose (b-2; coating with Vitamin C (c-1); surface morphology of coating with
Vitamin C (c-2).

Also Paraffin wax and Urea are used to coat the Bisacodyl pastilles. Ethanol is selected
as solvent. Figure 6-5 shows the coatings and the surface morphologies of coatings with
Paraffin wax and Urea. In supersaturated Paraffin wax-ethanol and Urea-ethanol
systems, poor quality of coatings were obtained, because these surfaces consisted of
noncrystalline material (amorphous). Cracks occur on the surface of the coatings. It can
be concluded that the formation of the coating in these systems is happening only by

agglomeration mechanism, not by a growth mechanism. There is no surface nucleation
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phenomenon on the surface of the seeds. All explanations are confirmed by SEM photos
see Figures 6-5 (b-2) and (c-2).

From Figures 6-4 and 6-5 it is found that the surface nucleation is a crucial parameter
for the formation of a crystdline coating.

Figure6-5: Coating and surface morphology with Paraffin wax and Urea: coating with
Paraffin wax (b-1); surface morphology of coating with Paraffin wax (b-2); coating

with Urea (c-1); surface morphology of coating with Urea (c-2).

Isomaltulose is, hereafter, selected as coating materials for further investigation. This is
due to the metastable zone width of Isomaltulose-water system which is much bigger
than the one of Vitamin C-water system. In order to investigate how the surface
nucleation takes place and how the crystals of |somaltulose grow on the surface of the
seed particles a sequence of SEM photos is taken and shown in Figure 6-6. A photo per
time (min.) detected after nucleation in bulk is shown. The surface nucleation occurs
first, and then the fine crystals grow on the surface of the seed. At a short retention time
of 10 minutes, it can be seen that the crystals of Isomaltulose start to nucleate directly
onto the surface of the Bisacodyl seeds as shown in Figure 6-6 (a). It can be concluded
that the interfacial tension between the surface of the seed particles and the solution of
Isomaltul ose reflecting the degree of subcooling is the main driving force of the surface
nuclestion on the seeds.
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After surface nucleation both mechanisms crystal growth and agglomeration affect the
formation of the crystalline coating. The thickness of crystalline coat is rapidly
increasing on the surface of the Bisacodyl pastilles as time is progressing. The
morphology of crystalline coating on the surface of the seed particles is, however, not
uniform until 60 minutes (Figure 6-6 (d)), because the agglomeration mechanism is at
the beginning dominant in formation of the coating.

At long retention times of 120 or 180 minutes (Figure 6-6 (e) and (f)), when the size of
nuclei pass the critical size, the morphology of the coatings is formed complete uniform,
crystalline and it is sequentially grown on the surface as a crystalline layer, because the
crysta growth mechanism is dominant in formation of the coating. After 180 minutes
the crystal morphology on the surface of the seed particles does not change any more
but the thickness of crystalline layer is slowly increased. The influencing parameters on
crystal growth and the morphology of crystals on the surface of the seed particles are
operating conditions such as degree of subcooling, retention time, agitation speed,
concentration of the solution.

(d) 60 min. (e) 120 min. () 180 min. codtings

Figure 6-6: Microphotographs of coating surface by elapsed times.
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6.4.3. Structure of coating

Figure 6-7 shows the thickness of the coating on the surface of the seed particles
(Figures 6-7 (a) and (b)) and a cross section of a coated particle (Figure 6-6 (c)). The
structure of the crystalline coating was formed very compact and the crystalline layer is
grown in one direction without splitting and cracking. As shown in Figure 6-7 (b) the
thickness of the coating reached approximately 110 mm at parameters. agitation rate of
250 pm, Isomaltulose concentration of 55 wt.%, degree of subcooling of 35 K and
retention time of 180 minutes. However, the thickness of the coating is influenced by
the experimental parameters. Here the parameters are chosen that high numbers of

nuclel are generated on the surface of the seed particle and than the surface nuclei

agglomerated and grew together to form a crystalline layer on the surface of the
heterogeneous seed particles.

Figure 6-7: SEM photos of the cross section and the surface of the cross section ((a)
and (b); thickness of coating on surface of seed particles, (c); cross section of coated

particle).

6.5. Surface mor phology and thickness of coating

The quality of a coating is normaly estimated by the thickness, by the surface
morphology and by the structure. As already noted in section 6.4.3, the structure of the
coating layer was formed very compact without cracking (in case of the Isomaltulose-
water and Vitamin C-Water systems). Therefore, the thickness and the surface

morphology of the coating are discussed here with respect to the experimental
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conditions such as interfacial tension, retention time, degree of subcooling and agitation
speed. The interfacial tension is induced by the concentration of solution and the surface
characteristics of the used seed particles.

6.5.1. Interfacial tension

6.5.1.1. Effect of surface properties

The surface characteristic related to a surface roughness has an effect on the surface
nucleation and the crystal growth rate as well as on the crystal morphology of the
coating. Especialy, the surface nucleation is strongly influenced by the condition of the
surface of the seed particles. To investigate the effect of the interfacial tension on the
surface nucleation, three different surface characteristics of the seed particles (Bisacodyl
pastilles, spherical type Glass beads and Aluminium Oxide beads) are used as
heterogeneous seed surfaces (particles). In the first place the interfacia tensions of three
different seed materials are measured by the pendart drop method (by contact angle),
which is the most practical way to obtain the surface energy (vapor-liquid, solid-vapor
and solid- liquid surface tensions) ((WU98], [WU99]). It is well established that contact
angle measurements can be used to calculate surface tensions of solids. Generally the

interfacia tenson isincreasng with increased surface roughness.

Figures 6-8 (a-2), (b-2) and (c-2) show SEM photos of the surface morphologies of the
coated particles at retention times of 10 minutes. Changes in surface properties play an
important role in a coating process. On the surface of Glass seed particles, the
nucleation does not occur under the chosen conditions. However, a high number of
nuclel are already formed on the surface of the Bisacodyl and Aluminium particles. The
degree of surface nucleation is influenced by conditions of the surface properties of the
seed particles. The surface nucleation could be improved by a rougher surface of the
seed particles.

Figure 6-8 shows how the interfacia tension affects the morphology of crystals on the
surface. Figure 6-8 (a-3) shows the surface morphology of the coating obtained on very
smooth Glass seed particles (interfacial tension: 7.547 mN/m). This uneven surface

congtitution is easily destroyed, because it is formed out of a number of small
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fragments. In Figure 6-8 (b-3) the crystal morphology obtained on the Bisacodyl
particles with medium surface roughness (interfacial tension: 12.396 mN/m) is
presented. A systematic evenly pyramid formed surface of crystals can be seen. These
layers grow perpendicular to the surface. In Figure 68(c-3), the morphology of the
crystalline layers obtained on a surface of Aluminium oxide bead with a coarse
roughness (interfacial tension: 18.633 mN/m) can be seen. It can easily be recognized
that the surface morphology and the crystal growth on the seed with a high interfacial
tenson is much coarser and faster than that of the other two surfaces.

Figure 6-8: Surface morphology of seed particles and coated seed particles ((a); Glass
bead, (b); Bisacodyl pastille, (c); Aluminium oxide bead). Experimental conditions:
agitation speed of 250 rpm, Isomaltulose of 55 wt.%, degree of subcooling of 35 K and
retention time of 10, 60 and 300 minutes.
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Figures 6-8 (a-4), (b-4) and (c-4) show the surface morphology of three-difference type
of seed particles after a retention time of 180 minutes. These photos show that the
coatings eventualy have the same surface morphology. Since the crysta habit is
affected by solvent/crystal interactions it is significantly dominating the formation of
the surface morphology. It is clear that the surface properties to a certain extent
influence the formation of the surface morphology while the crystal growth proceeds.
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Figure 6-9: Interfacial tension versus surface types and crystal growth rate versus

retention time at three different seed materials.

Figure 6-9 shows the relationship between the crystal growth rate on the surface of the
seed, G and the retention time at three different interfacial tensions reflecting each seed
material. The interfacial tension was measured at constant temperature (283.15 K or
degree of subcooling of 35 K) by an optical contact angle measuring system. The
interfacial tension increases as the surface of the seed particles gets rougher. A crystal

growth rate obtained on the surfaces of the seed particles with a high interfacial tension
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isrelatively larger than the one of the other two surfaces with lower interfacial tensions.
Here, the increasing thickness, D is measured by an image analysis system. The growth
rate is defined by the ratio of increasing thickness and retention time, [t as it is
mentioned in equation 2-20.

6.5.1.2. Effect of concentration of solution

Variable concentrations of the solution are used to investigate the crysta growth rate
and the surface morphology of the coating. Figure 6-10 shows the value of the
interfacial tension of each concentration. The measuring temperature of the interfacial
tension was always 283.15 K. The interfacial tension is getting higher with increased
concentration of Isomaltulose. It seems that the viscosity may play the decisive role at

the constant temperature.
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Figure 6-10: Interfacial tension versus concentration at the temperature of 283.15 K.
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Figure 6-11 shows the relationship between the growth rate and the concentrations of
Isomaltulose a various operating times. In principle the probability of surface
nucleation rises with increasing supersaturation, because the number of surface nuclei
increases rapidly. The growth rate of the Isomaltulose on the surface of the Bisacodyl
pastille is, however, only increased until 55 wt.% of Isomaltulose and than the growth
rate begins to decrease. This phenomenon can be seen at each retention time. The reason
for the mentioned behaviour is that a high number of nuclei are suddenly occurring not
only on the surface of seed particles but aso in the bulk, while the supersaturation
decreases and the viscosity of solution increases. At such a high supersaturation and
viscosity the crystal growth (by agglomeration and the growth mechanism) should be
restricted. Therefore, at a relatively high concentration of e.g. 65 wt.% of Isomaltulose
the possibility of surface nucleation on the surface of the seed particle is lower than at a

lower concentration as 55 wt.% as | somdtulose.
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Figure 6-11: Crystal growth rate versus concentration with retention time as parameter.
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From the experimental results it is found that the interfacial tensionis related to surface
properties and solution concentrations. Both parameters have an effect on the surface
nucleation and the crystal growth rate as well as on the crystal morphology of the
coding.

6.5.2. Effect of degree of subcooling

6.5.2.1. Degree of subcooling

The thickness and the uniformity of coating are investigated to improve the quality of
the coating (taste, surface morphology, durability etc.) as function of the degree of
subcooling. Normally the crystal growth rate is increased with increasing the degree of
subcooling until the maximum value is reached. This maximum is then maintained
within certain limits and before the growth rate begins to decrease. The reason for the
behaviour lays in the increased viscosity of the solutions, which leads to a reduction in
heat and mass transport rates (i.e. nucleation and growth rate). The crystal growth
phenomenon can be observed in Figure 6-12. The crystal growth rate is increased with
increasing degree of subcooling. However, if the degree of subcooling exceeds 35K
suddenly the growth rate decreases. Too high degrees of subcooling (driving force) will
generate a high number of spontaneous nuclei that automatically reduce the driving
force, hence, the growth rate.
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Figure 6-12: Growth rate versus degree of subcooling.

Figure 6-13 shows crystal morphologies at various degrees of subcooling and elapsed
retention times. As shown in Figure 6-13 (b) and (c) (at degree of subcooling of 25 K
and 35 K), the morphology of the crystals on the surface of the seed particles is till
formed non-uniformly at short operation time, 30 minutes. The morphology of the
crystals is formed completely uniform and it is sequertially grown on the surface as a

crysdline layer & alonger operation time as e.g. 180 minutes.
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Figure 6-13: Crystal morphologies at a medium surface roughness at various degrees of
subcooling and operating temperatures ((a); DI=45 K, (b); DI=35 K, (c); DI=25K,
(d); Dr=15 K)). Experimental conditions: agitation rate 250 rpm; Isomaltulose: 55
wt.%.

The crystalline uniformity is further more related to the degree of subcooling. It can be
seen that the crystalline uniformity is fast formed with increasing degree of subcooling
up to a degree of subcooling of 35 K due to an increasing driving force. However, the
crystalline uniformity is quickly decreased again when the degree of subcooling exceeds
Dr = 35 K because of the too high number of spontaneous nuclei. Therefore, the degree
of supersaturation of 35 K is the optimum condition to coat the Bisacodyl pastilles in
case of the Isomaltulose-water system. The phenomenon of the crystal growth rate on a
surface of a seed particle can be confirmed as described in Figure 6-12.
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6.5.2.2. Growth rate versus supersaturation in a coating process

In the previous section 6.5.2.1 the crystal growth rate is investigated by the degree of
subcooling on the basis of the experimental data. | n solution crystallization normally the
growth rate, G is expressed by the power of the supersaturation. Figure 6-14 shows the
relationship between the overall growth rate of the crystals on the surface of the seeds
and the supersaturation. The log-log plot of the growth rate and the supersaturation was
found to give adraight line. The growth rate is expressed by:

G = k,x9 =-3.09x>’ (6-1)

Here DC and g are the supersaturation and the coefficient of crystal growth rate,
respectively. The growth rate of Isomaltulose on a surface of the seed system is
proportional to the supersaturation to the power of 5.7. The growth rate, G was
expressed by the power of the supersaturation, which is related to the growth
mechanism (agglomeration and crystal growth). The thickness of the coating, therefore,
is controlled by a combination of the two mechanisms agglomeration and crystal growth
in the crystallization coating process. At the beginning of crystallization coating process
the agglomeration mechanism is dominant in formation of the coating. After the crystals
agglomerated, the crystal growth mechanism is dominant in formation of the coating.
Moreover, it can be predicted that the experimental result of the mass (thickness)
increase of the crystals on the surface of seed particles is smaller than the result of the
crystal growth in solution of the I somaltulose-water system, because the crystals on the

surface of seed particles grow only in one direction.
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Figure 6-14: Overall growth rate versus supersaturation.
6.5.3. Effect of agitation speed

Here the surface morphology and the growth rate of the coating are investigated as
function of the agitation speed. The agitation speed was chosen ranging from 100 to 400
rpm. If the agitation rate is less than 100 rpm, the solid Bisacodyl particles are still just
laying on the bottom of the crystallizer and are not suspended. If, however, the agitation
rate is higher than 400 rpm a fragmentation process of the crystals takes place. From the
microscopic photos the size and shape of crystals on the surface of seed particles were
determined experimentally as shown in Figure 615. It can be visually seen that the
crystal sizes on the surface of the seed particles is decreased with increasing agitation
rate.

Most of the nuclel are generated by contact with the crystallizer walls and the stirrer.
With increasing agitation rate the size of nuclei should become smaller. This

phenomenon also takes place on the surface of the seed particles. As shown the Figure
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6-15 at a high agitation rate of 300 or 400 rpm, relatively small crystals are poisoned on
the surface of the seeds compared to a slow agitation rate of 100 or 150 rpm. Figure 6-
16 shows the relationship between the growth rate and the retention time at various
agitation rates. Decreasing the agitation rate leads to an increased thickness of coating.

It can be proved as described in Figure 6-16.

Figure 6-15: Crystal morphologies of seed particle coatings at various agitation rates
((a@); 100 rpm, (b); 150 rpm, (c); 250 rpm, (d); 300 rpm, (e); 400 rpm). Experimental
conditions: degree of subcooling: 35 K, concentration of Isomaltulose: 55 wt. % and

operating time: 180 minutes.

The optimized conditions for an excellent crystalline coating by solution crystallization
in the case of the Isomaltulose-water system can be summarized: agitation speed of 250
rpm, concentration of solution of 55 wt.%, degree of subcooling of 35 K and retention

time of 180 minutes.
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Figure 6-16: Growth rate versus retention time at various agitation rates.
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7.  UMMARY

It was shown from literature that drugs needed to be in cryddline form and need
cryddline coaings for a controlled release rate. Existing technologies are ill not good
enough to fulfill wishes of the market. Therefore, the am of this work is to design a
mdt olidification (cryddlization) technology and to develop a new coating technology
by solution cryddlization A padtillation process is employed to achieve the desired sze
and shape of padilles and to determine the deformation and cryddlization times The
tota porogty, the pore sructure, the pore Sze digtribution and the behaviour of pore
formation are invesigated by mercury porosmetry technique. A solution crystdlization
processis gpplied to obtain an uniform and crystaline coating.

7.1. Pastillation process

The cryddlization and deformation (by padtillation technology) of drops on a cooled
subgtrate is examined to achieve the desired size and shape of the product and to predict
the required cryddlization time. As example a Bisacodyl medt is chosen. The
cyddlization occurs immediately after the deformation. The rule of the contact angle
of the drop on a subdrate is investigated by different experimentd varidbles. The satic
contact angle is increased with increasing degree of surface roughness. It is, however,
decreased with increesng Reynolds number and degree of subcooling. The
phenomenon of spreading and rebounding of drops is observed and used to discuss the
deformation process. Madgski's modd predicts the degree of deformation. It is
increased with increesng Reynolds number and found to be proportiond to the 0.2
power of the Reynolds number. Usng a smple drop solidification modd dlows to
numericaly study the degree of deformation based on the achieved experimentd data
To edimate the normdized deformation and crydtdlization times, which are found to be
proportiona to the Reynolds number to the power of 1.23 the numerica study can aso
be used. On bass of the cryddlization time the solidification eguipment (3ze of
equipment, size of crystalizer and speed of cooling belt) can be designed.

88



SUMMARY

7.2. Investigation of porosity in the pastilles

In order to determine the total porosity, the pore structure, the pore size distribution and
the behaviour of pore formation, the surface and internal characterigtics of padtille and
tablets are investigated by the mercury intruson porosmetry and the scanning eectron
microscopy (SEM) techniques. To compare the pore structure, the total porosty and the
pore sze didribution, Bisacodyl tablets are used. It is found tha the pore Sze
digribution of pedilles and tablets are condituted in a bimoda-modd. The totd
porodty in padilles is much smaler than the total porosty in tablets The micro-pores
and cracks are the dominant pores in the padtilles. It is experimentaly found that the
manufacturing parameters of the padtilles influenced the occurrence of micro-pores and
cracks in the padilles while the molten drop impacts and cryddlizes. The totd porosity
is increesed with increesng degree of subcooling, Reynolds number and surface
roughness. It is explained via the cryddlization kinetics (nuclegtion, growth rate). It is
found that manufecturing parameters of padilles should Affect an occurrence of pores
and crack. The man factors are here degree of subcooling, Reynolds number of
impacting drop and properties of the substrate. In order to minimize the porodty in
the padilles the rdationship between overdl growth rate of the pedilles and tota
amount of porogty is numenicdly investigated. The tota porogty is increesed with
increesng the overdl growth rate. The data of the porosity are estimated because they
ae necessxy for the desgn of the drug deivery sysem and the sdection of

manufacturing parameters.

7.3. Crystallization coating process

A new coating process is developed using solution cryddlization. It is experimentdly
found how the crygdline coating can be formed by solution crysdlization and how the
operating conditiorns affect the surface morphology and the crystad growth rate of the
coding. The metastable zone width of the binary sysem of Isomdtulose/water and
Vitamin C/water are measured. It is found that a big width of metastable zone is
essentid for a good coating by cryddlizaion. The mechanism of coating of a seed
particle by a crysdlization process is defined by a few steps 1. the generation of a high

89



SUMMARY

number of nuclei on a surface of a seed particle (surface nucleation), 2. a surface nucle
agglomeration, 3. an agglomeraion and crystd growth of nucle and 4. crysd growth
to form a layer on the surface of the heterogeneous seeds. Effective cryddline-formed
coatings are achieved by this technology. Here the crysd layer is found very compact
and without porogity and cracking in the gdructure of the coating. The crystd growth is
influenced by the interfacid tengon relaed to the surface characterigtic of the used seed
particles and the concentration of the solution. The growth rate of the crystaline coating
is increased with an increasing vadue of interfacia tenson of the used seed particles. It
IS, however, only increased to a certain extent of concentration and than it begins to
decrease because of a high number of nude. The growth rate of the coating on the
surface of seed particles is increased with the increasing degree of subcooling to a
certain extent, with increasing retention time and with decreasing agitation speed. The
overdl growth rae on the suface of the Bisacodyl seed particdes in the
Isomdtulose/water system is proportiond to the supersaturation to the power of 5.7.
The surface morphology of coding is invedigaed by operaing conditions.
Experimental conditions dso have an effect on the cryddline uniformity. The optimized
conditionsin the case of 1somaltulose-water system have been found experimentaly.

In summary the desgn of a solidification technique of pedtilles can be taken from the
contact angle, an edimation of the crysdlization time and an assessment of the
determination of the pores in the padilles. An effective estimation of Sze and shape of
crysaline dosage form is possble on that grounds, too. It has been proven that a
cryddlization coating technology can successfully be applied to produce crystdline
codings. This technology will enlage the fidd of applications of crygdlization
technologies.
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8. ZUSAMMENFASSUNG

In der Literaur zeigt dch, dass pharmazeutische Wirksoffe in krigdliner Form
vorliegen und krigdlin beschichtet sein missen, um ene kontrollierte Freigabe der
Subganzen dcher zu ddlen. Vorhandene Technologien snd noch nicht  ausgereift
genug, um die Winsche des Marktes zu efillen. Folglich i es das Zid dieser Arbat
ene Vefedigungdechnologie auff Bass der Schmdzkrigdlisation zu entwerfen und
ene neue Beschichtungstechnologie durch Ldsungskriddlisation zu entwicken., Ein
Schmelzeerdarrungsprozess wird eingesetzt, um die gewinschte Gréfie und die Form
der Padillen zu eziden und um de Deformaions- und Krigdlisaionszeiten
festzulegen. Die Gesamtporogitét, die Porengtruktur, die Porenkorngrol¥enverteilung und
das Verhdten der Porenanordnung wird durch ein Queckslber-Porosmeter vermessen.
Um dne deachmdige  krddline  Schicht zu  ezeugen, wird én
L 6sungskrigtalisationsprozess eingesetzt.

8.1. Pastillationsverfahren

Die Krigdlisation und Deformation von Tropfen auf einem gekihiten Tréger wurde
untersucht, um ene gewunschte Partikelgrof3e und Form vom Produkt zu erzeugen und
die nétige Krigdlisationzeit zu besimmen. Als Beispid wurde Bisacodyl ausgewdhlt.
Die Kriddlisation geschieht sofort nach der Deformation des Tropens nach dem
Aufprdlen. Die Rolle des Kontektwinkes vom Tropfen auf einem gekihiten Tréger
wurde untersucht. Der datische Kontaktwinkd — erhht sch  mit  steigendem
Rauhetsgrad. Er nimmt &ber ab mit deigender Reynolds-Zahl und steigendem
Unterkiihlungsgrad. Das Phanomen von 2Spreading? und 2Rebouncing? von  Tropfen
wurde beobachtet und fur die weteren Diskussonen Uber die Deformation benutzt.
Nach von Madgski's Modd geigt der Deformationsgrad mit steigender Reynolds—Zahl
und wurde zur 0.2 Potenz von der Reynolds-Zahl ermittdt. Zur Abschézung der
normaiserten Krigdisaion und Deformationzeit, die proportiond zur 1.23 Potenz der
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Reynolds-Zahl ermittelt wurden, kann man auch numerische Methoden anwenden.
Anhand von der Krigalisationzat kann die Erdarrungsanlage ausge egt werden.

8.2. Untersuchung der Porositat in den Pastillen

Fur die Ermittlung, der Porengtruktur, der Vertellung der Porengrél3e und des Verhdtens
der Porendeformation, der oberflachlichen und internen Charakteriserungeigenschaften
von Tabletten und Padtillen, wurde die Queckslber Porosmetry und das Ruder-
Elektronen-Mikroskopie verwendet. Es wurde gesehen, dass die Porengrol¥enverteilung
von Tabletten und Pedillen durch en bimodades-Modd dargestellt werden kann. Die
Porogté in Padillen ig vid kleiner ds die Porodtét in Tebletten. Risse snd die
dominanten Poren in den Padillen. Es wurde experimentell herausgearbeitet, dass die
Hergdlungsparameter von Pedlillen das Auftreten von Poren und Rissen beanflussen,
wahrend zeitgleich der geschmolzene Tropfen krigtdlisert. Die gesamte Porogtét siegt
mit steigendem Unterkihlungsgrad, Reynolds-Zahl und Rauheit der Obeflache. Das
wurde Uber die Krigdlisationskinetik (Keimbildung, Wachstumsrate) begrindet. Es
wurde ermittdt, dass die Hergtdlungsparameter der Pedtillen das Auftreten von Poren
und Brichen beanfluBen. Die Hauptenflullgrolen snd hier der Grad der
Unterkiihlung, die Reynolds-Zahl der auftreffenden Tropfen und die Eigenschaften des
Subgrates Um die Porogté in den Pedillen zu minimieren, wurde die Beziehung
zwischen der Wachsumsgeschwindigkeit und der Porostéd numerisch untersucht. Die
Porogtéd deigt mit deigender  Wachsumsgeschwindigkeit. Die Progtésdaten wurden
intensgv diskutiert, well de die, unbedingte Voraussetzung fir die Entwicklung von den
Arzneémittdhergdlungssysemen  und fir die Wahl der Hedgdlungsparameter
darstellen.

8.3. Kristallisation Beschichtungsverfahren

Ein neues Vefaren wurde unter Vewendung der Losungskrigalisation entwicket. Es
wurde  expaimentdl  emittdt, wie e@ne krigdline  Beschichtung — mittels
Losungskrigallisation  dettfindet und  wie  die  Betriebsbedingungen,  die
Oberfléchenmorphologie und die Krigdlwachsumsrate eine Beschichtung  beanflussen
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kann. Die metadabilen Bereiche von den binden Systemen von |somatulose/\Wasser
und Vitamin C/Wasser wurden vermessen. Es wurde gezeigt, dass en breterer
metadtabile Bereich flr ene gute Beschichtung glndgiges ist. Das Phdnomen der
Beschichtung enes heterogener Kriddlisationskemes wurde in einige Schritte zerlegt:
1. Die Bildung ener grolen Anzahl von Kemen auf der Oberflache der Patikeln
(surface nucleation). 2. die Oberfléchenagglomeration und 3. en Wachstum gekoppdt
mit den agglomierten Keimen um ene Schicht auf der Oberfléche des heterogenen
Kemes zu erzeugen. Es warde dine effektive krigdline, sehr kompakte Beschichtung
wurde mit dieser Technologie erecht. Das Krigdlwachsum wird von der
Grenzflachenspannung  beainflu®, welche von den Oberflécheneigenschaften  der
verwendeten Saatkeime und der Konzentration der LoOsung abhdngig ist. Das
Krigdlwachdum der krigdlinen Schicht deigt mit deigender  Grenzfléchenspannung
der Patikedn. Es geigt aber nur bis zu ener bestimmten Konzentration und dann
beginntes wegen der hohen Anzahl der Keime wieder zu sinken. Das Krigalwachstum
der Beschichtung auf der Obeflache steigt mit seigendem Unterkihlungsgrad bis zu
ener bedimmten Hohe bel gegender Verwellzeit und snkender RUhrerdrenzahl. Das
gesamte Wachstum auf der Bisacodyl-Oberflache im IsomdtuloseWasser System it
proportional zur 57 Potenz der Ubersittigung. Die Oberflachenmorphologie der
Beschichtung wurde untersucht. Die experimentellen Bedingungen beeinflussen auch
die Einhetlichket und Glechmdigket der Krigdlinitd. Zum Schloss werden die
optimaen Bedingungen fir das |somdtuloseWassr Sysem wurde experimentell
ermittelt.

Zusammengefdd: Es wurde ene Strategie entwickdt, fur en Erdarungsverfahrens,
welches auf dem Kontektwinkd, der Krigdlisationzeit und der Porenstruktur basiert.
Eine effektive Abschdtzung der Grolee und der  Strruktur  von  krigalinen
Doserungformen i€ somit  mdglich. Ein  neue  Krigalisationsbeschichtungs-
Technologie i entwickdt worden und kann erfolgreich angewendet werden.Diese
Technologie wird die Einsaizmoglichkeiten der Indudridlen Krigdlisationsverfahren

erwetern.
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9. NOMENCLATURES

Kd
Kg, kg

Congtant

Attachment factor of agglomeration
Coefficient of Reynolds number
Nuclesgtion rate

Surface nuclegtion rate
Supersaturation (=C-C")
Metastable supersaturation

Molar concentration of component
Concentration of solution

Solution concentration a equilibrium
Heat capacity

Drop diameter

Diffuson coefficient

Initid drop diameter

Termina drop diameter

Molecular diameter

Energy

Activation energy

Growth rates

Overdl growth rete of padtille
Maximum difference on the free energy
Coefficient of crystd growth rate
Hest transfer coefficient

Equilibrium (digtribution) coefficient, factor
Mass transfer coefficient

Congants
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)

)

)
(m®st)
(m®st)

(kmol/n?)
(kmol/r?)
(kmol/nT)

)

)
(JkgK)
(m)
(n/9)
(m)
(m)
(m)

I
(Jmol)
(m/s)
(m/s)
(Jmol)

(W/mPK)
()
(m/s)
()
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Kr Growth integration rate constant (kmol*" n2 s'1) )
k Therma conductivity (W/mK)
kn, Kny K'n - Congtants )
L Latent heet due to solidification (Jg)
My Suspension density (kg/n®)
N Number of particles per unit suspension volume (m?3)
No Starting number of crystals per unit volume (m?3)
R Gas constant (8.314YmolXK) )
Ra Roughness of crystdlizer surface (mm)
s Criticdl radius (m)
S Supersaturation radio (S= c/c* = s+1) )
Dr Degree of subcooling (K)
Tmp Temperature of mdting point (K)
Teub Temperature of the cooled substrate (K)
te. Cryddlization time (overd| solidification time) (9
tq Deformation time (9
Vp Pore volume of a padtille (n?)
Vb Bulk volume of a pestille ()
W Adgitation rate ()
Xs Thickness of drop (crystalline layer thickness) (m)
Z Degree of agglomeration )
Greek symbols

a Volume shape factor, fraction )
F Porosity (%)
F Effective porosity (%)
g Surface energy (surface tension) (In?)
oL L Interfacial tension (InP)
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NOMENCLATURES

g Shear rate (sY
g Edge energy (Jm)
g'® Surface energy of Lewis acid-base component (In?)
g-W Surface energy of Lifshitzvan der Waals component (In?)
g’ Election-acceptor parameter of the acid-base surface free energy

component/Lewis acid parameter of surface free energy (In?)
g Election-donor parameter of the acid-base surface free energy

component / Lewis base parameter of surface free energy (In?)
h, m Visoosity (mpPevs)
j Volumetric crystal holdup (e/nt)
n Impacting velocity (m/s)
r Densty (kg/nT)
s Relative supersaturation (= c/c ) )
q Contact angle (deg.)
tg Normalized deformation time (= tyn, / D,) Q]
tc Normdlized cryddlizationtime (= t.n, / D,) (-)
UpN Polynuclear growth rate (m/s)
Subscripts
agg Agglomeration
B+S Birth and spread
BCF Burton-Cabrera- Frank
b Bulk

CL, S Crystal-liquid, Solid-liquid

d Deformation
eff Effective

i Inclusion

L Ligud
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NOMENCLATURES

PN Polynuclear

p Pore

S Surface, Solid

s Solidification

t Totd

Superscripts

AB Acid-base

d Disperse

g Kinetic order of growth
LW Lifshitzvan der Waals
p Polar

r Order of the integration process

Equilibrium dtate, saturation

Dimensionless groups

Re Reynolds number (= rn D, / m) (-)

We Weber number (= rnZD, / m) (-)

Pe Péclet number (= DnyrC, / k) ()

k Dimensonless parameter of Madejski’s equation
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