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The spatial distribution of solid components and porosity within a composite granule—
its microstructure—is an important attribute as it carries information about the process-
ing history of the granule and determines its end-use application properties, particularly
the dissolution rate. In this work, the problem of rational design of granule structure is
formulated, and two methods for its solution are proposed—stochastic design, which is
based on random permutation of points within the structure using the simulated annealing
algorithm, and variational design, which is based on direct simulation of granule
formation from its constituent primary particles, followed by direct simulation of granule
dissolution. The variational design method is demonstrated in a case study of the effect of
primary particle size, radial distribution of components, and composition of a two-
component granule (active, excipient) on the dissolution profile. Selected granule struc-
tures designed computationally were also physically made by fluid-bed granulation, their
structure analyzed by X-ray micro-tomography, and dissolution curves measured. It was
confirmed that the designed structures are feasible to manufacture and that they meet the
required dissolution profiles. © 2006 American Institute of Chemical Engineers AIChE J, 52:
3762-3774, 2006
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Introduction

Granules—that is, agglomerates of primary solid particles—
represent an important class of products manufactured by the
chemical process industries. Examples of product categories
supplied in the form of granules include fertilizers, foods,
detergents, and pharmaceuticals.! In these formulated products,
the granule typically contains one or more main functional
ingredients as well as a number of other, auxiliary formulation
components. From the application point of view, the granule
can be regarded as a delivery form because most of the active
ingredients eventually perform their function in solution.? The
rate at which the active ingredients are released from the
granule into a solution during end-use application depends on
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the physico-chemical properties of all the components (their
individual solubility and diffusion coefficient) and on the gran-
ule microstructure—that is, on the spatial distribution of the
formulation components and porosity within the granule.

The physico-chemical properties of the ingredients are given
by their molecular composition. Therefore, once the formula-
tion (the ingredient list) is fixed during the initial “chemical”
phase of product development, modification of the granule
microstructure during the “engineering” phase of product de-
velopment remains as the only possibility to control the disso-
lution rate of the final product. The microstructure is the result
of four factors: (i) the process by which the granule has been
formed (high-shear granulation, fluid-bed granulation, and so
forth), (i) the initial physical state of the formulation ingredi-
ents (initial particle size, and so forth), (iii) the order of their
addition into the granulation process, and (iv) the specific
granulation process conditions (shear rate, temperature, binder
spray-on rate, and so forth). Microstructure is, therefore, an
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important attribute that, on the one hand, carries information
about the processing history, and on the other hand, co-deter-
mines the end-use application performance of a formulated
product.

Despite the stated importance of microstructure, very few
studies linking granule microstructure quantitatively to pro-
cessing conditions and end-use behavior (dissolution) can be
found in the literature.> Perhaps as a consequence, granule
microstructure per se is not normally specified as a target
attribute during product development, that is, it is not the focus
of systematic and rational design activity in the same sense as
the product composition (formulation) normally is.*> Instead,
the common practice during the engineering phase of product
development is to engage in a more-or-less empirical search for
a combination of granulation process parameters that result into
granules with satisfactory dissolution profiles,® without neces-
sarily knowing which features of the granule microstructure are
being modified and to what extent. This leads to inefficiency in
the product development process and, ultimately, longer time-
to-market.

The objective of our present work, therefore, is to help
establish quantitative relationships between processing, micro-
structure, and end-use behavior (dissolution) through a combi-
nation of physical experiments and computer simulation stud-
ies, and to develop a systematic procedure for rational granule
microstructure design. This article is organized as follows:
First, the microstructure design problem is posed in a mathe-
matically rigorous way and two different approaches to its
solution, called stochastic and variational, are proposed. The
latter approach is then demonstrated in a case study involving
the design of a two-component granule with a specified release
profile of one of the components. Experimental granulation
protocols for the preparation of the proposed designs are then
shown, the granule microstructures analyzed by X-ray micro-
tomography, and the dissolution curves of the prepared gran-
ules are measured and compared with those predicted by com-
puter simulations. Finally, conclusions are drawn and
directions for future research indicated.

The Microstructure Design Problem
Problem formulation

Let us consider the following problem: It is required to
produce a granule with radius R that must be between R,,;,, =
R = R, and composition specified by a vector of K mass
fractions of the formulation ingredients, w = [w, w,, . . ., wgl,
such that a specified release rate of one of the components
(further called the “active”) from the granule be met. Let the
requirement on the release rate be given in the form of integral
characteristics such as the 7, 154, and fy, (the time necessary
for 10, 50, and 90%, respectively, of the active to be released
into the solution under specified temperature and hydrody-
namic conditions). The unknown in this problem is the granule
radius R and a set of K + 1 phase functions, f,(r), that describe
the spatial distribution of each formulation ingredient and
porosity within the granule—that is, they uniquely define the
microstructure. The phase functions’ are defined as:

__[1 if point r contains component k
filr) = 0 otherwise M
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and it is further required that X' f,(r) = 1 in every point r.
The structure of the granule is normally encoded on a discrete
three-dimensional grid of Ny X N, X N, volume elements
(voxels) with spatial step (resolution) 4. Each “point” r in that
case denotes the coordinates of a single voxel on this discrete
grid, rather than a true point in the continuous real space 3.

Depending on the physico-chemical properties of the formu-
lation components (their individual dissolution rates), there
may be no structure that satisfies the problem specification,
there can be a finite number of such structures, or a continuum
of possible solutions. In the former case, the product must be
reformulated or some of the requirements on size or dissolution
profile relaxed. In the latter cases, the remaining degrees of
freedom give the opportunity to impose further constraints,
pose an optimization problem, or simply choose a structure that
is the most “simple” to make in some sense (for example,
requiring little or no customization of existing process setup).

Let () be a set of solutions of the granule design problem,
that is, a set of all microstructures (phase functions) that satisfy
the requirement on dissolution profile and granule composition.
Let us also define Q) C () to be a set of feasible microstruc-
tures, that is, such microstructures that can be formed by
conventional granulation processes or their combination. On
the other hand, microstructures belonging to y; = Q — Qp will
be called hypothetical microstructures. Although such micro-
structures satisfy the requirement on dissolution time, the spa-
tial arrangement of the K components and porosity in these
structures is such that it cannot be physically realized by
existing (conventional) granulation processes. Although one is
primarily interested in identifying microstructures belonging to
Qp, those from () are also interesting—not only from the
theoretical point of view but also practically. If a hypothetical
microstructure gives a significantly improved end-use perfor-
mance compared with any existing one, this may be an incen-
tive for the development of novel granulation processes. On the
other hand, if even the “best” hypothetical microstructure is
only marginally better than any of the feasible ones, this means
that no significant opportunities for product improvement are
being missed. Let us now describe two solution strategies to the
design problem posed above.

Stochastic design method

The stochastic design procedure starts from a random dis-
tribution of components in the granule structure, that is, ran-
dom initial phase functions f,(r), which are iteratively updated
according to the Metropolis algorithm.® In every iteration step,
two points within the granule, r, and r,, are randomly chosen
and their phase functions swapped. The dissolution profile of
the new microstructure is then calculated by means of the
dissolution model described in the section “Granule dissolution
model” below. Formally, the action of the dissolution model
can be represented as a mapping, D, from the microstructure
space to the space of dissolution profiles, that is, [#,,ts50,f90] =
D(f,), as shown schematically in Figure 1. The root mean
square error is evaluated as a measure of the difference be-
tween the required (¢%) and calculated (# in the i-th iteration
step) dissolution time:

/(tim = 150 + (15 — 15)* + (oo — 1%5)°
o' = \/ 3 2
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A ¢ granulation process parameters

i variational

i design

; G(x) granule formation model
> §A0) phase functions (microstructure)
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it design

b & D) granule dissolution model
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Figure 1. Representation of the functional relationship
between granulation process parameters, x,
the granule microstructure, f,, the dissolution
profile, [t,o,t50:190]; and the stochastic and vari-
ational approaches to granule structure de-
sign.

If o' =< o'/ (that is, if the dissolution profile in the i-th iteration
is closer to the required one than in the previous iteration), the
new microstructure is accepted. On the other hand, if o' > o',
the swap of phase functions between the two points is only

accepted with a probability

ol — o
p= eXP(f)- 3)

Here, T is a fictitious temperature, which may change in the
course of iteration in order to improve convergence (simulated
annealing). The algorithm ends when no significant improve-
ment in o' occurs over a specified number of successive itera-
tions.

The main attraction of the stochastic approach is that it can
lead to the “discovery” of entirely new, unexpected microstruc-
tures. The main disadvantages are that the majority of micro-
structures obtained by stochastic design tend to belong to
and that no information about how to physically make these
structures is provided. The use of the stochastic approach to
granule design is described in a separate article.” Beyond
granulation, the stochastic approach has been applied, for ex-
ample, for the reconstruction of porous media having specified
two-point correlation function.!® Also the problem of designing
composite materials with a required thermal and electric con-
ductivity has been solved by a similar method.!!-12

Variational design method

The variational design of granule microstructure is based on
a rather different philosophy: New granule microstructures are
not generated by random permutations of points within the
microstructure itself, but constructed by the simulation of the
process of granule formation from its constituent parts (primary
particles) according to a granulation model described in the
section “Granule formation model” below. The granule forma-
tion model can be formally represented by a mapping, G, from
the space of the granulation process parameters to the space of
phase functions (microstructures), that is, [f;(r)/(I),. . . fis (0]
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= G(x), as shown in Figure 1. Parameters that control the
granule structure formation for a fixed composition are the
primary particle sizes, the sequence of primary particle addi-
tion, and in the case of wet granulation, also the binder droplet
size and the binder solidification rate. These parameters are
systematically varied (hence, the name variational) until a
structure is generated whose dissolution profile closely matches
the required one.

Finding such microstructure in a rigorous way involves
solving an optimization problem to minimize o (defined by Eq. 2)
with respect to x, where X is a vector of N input parameters for
the granule microstructure formation model. The main factor
affecting the choice of the optimization method is that a single
evaluation of the objective function o(x) involves the simula-
tion of granule formation, G(x), and dissolution, D(f), both of
which are relatively time-consuming. Gradient-based methods,
such as the steepest-descent method, requiring numerical eval-
uation of partial derivatives in g = [(do/dx,) --- (do/
dx,)]", would, therefore, be computationally prohibitive. Di-
rect-search methods such as interval halving or the Nelder-
Mead algorithm tend to be more appropriate for situations
where the objective function does not exist in closed form.' In
this work, we construct the dependence of the dissolution
profile on individual granulation parameters (particle size, or-
der of addition, pure component dissolution rates) by a para-
metric study (see the section “Structure-dissolution relation-
ships”). This can be regarded as a grid-based direct-search
method—that is, the objective function is directly evaluated for
a priori selected values of the independent variable x in order
to gain information about its shape. The heuristics generated in
this way can then be used for actual design.

An advantage of the variational approach is that by linking
granulation process parameters to the dissolution profile via
granule microstructure (see Figure 1), it is in fact a computa-
tional analogy of physical experiments. Therefore, once a so-
lution to the optimization problem, x", is found, it can be used
directly to guide the physical preparation of a small batch of the
proposed granule design. The second major advantage of the
variational design approach is that by definition it generates
only feasible structures (). A disadvantage of the variational
design approach is that there is always a possibility of missing
potentially superior microstructures if the initial estimates x°
are chosen outside their domains of attraction in the parameter
space.

Auxiliary models

Both methods for the solution of the granule design problem
require a granule dissolution model in order to calculate the
dissolution profile from a given microstructure and, hence, the
error, o. The variational method also requires a model of
granule formation.

Granule Dissolution Model. The granule dissolution
model is based on our earlier work.'* The input to the model is
the granule structure encoded by the phase functions, f,(r), and
the density p,, solubility ¢, ", and diffusion coefficient in water
D, (at a given temperature) of each component. The granule
dissolution profile is obtained by the solution of the diffusion
equation for each species in the liquid phase in and around the
granule (Fick’s diffusion is considered, as in most cases we are
dealing with dilute, liquid-phase systems):
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Figure 2. lllustration of the simulation of diffusion-limited dissolution of a virtual granule.

The solid-liquid interface is eroded according to the local diffusion mass flux, obtained by solving the diffusion equation in the boundary layer
within the surrounding fluid. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

dcy 5
g = DkV Cy (6)

simultaneously with the evolution equation for the phase func-
tions (moving boundary problem) on all internal and external
solid-fluid interfaces:

1
E (—DkVCk) ° ns(r) Yreoas (7)

u(r) =
0 otherwise

In Eq. 7, u,(r) is the erosion rate of component & in point r, n
is the solid-liquid interface normal vector, and dS denotes the
solid-liquid interface. The evolution equations for the phase
functions are related to the erosion rate by:

dfy 1
LR ®

where £ is the spatial discretization step. The boundary condi-
tions for Eq. 6 are ¢, = ¢¥ Vr € 9S, and ¢, = ¢,"™* on the
boundaries of the diffusion sub-layer of thickness 6y (for
dissolution in excess liquid, ¢,®™™ = 0; otherwise ¢,™ is
coupled with the granule dissolution via mass balance). The
thickness of the diffusion boundary layer is calculated from the
Sherwood number Sh = L/, where the characteristic length-
scale, L, is taken to be the equivalent-volume diameter of the
granule (the granule volume is calculated as the minimum
convex envelope of the solid phase). The Sherwood number is
evaluated from the well-known correlation

Sh=12.0 + 0.60 Re" Sc'? )

where Re = UL/v and Sc = v/D are the Reynolds and the
Schmidt number, respectively. It should be noted that Eq. 9 can
only be applied if the diffusion sub-layer thickness is suffi-
ciently larger (~10X) than the surface asphericities of the
granule; otherwise, the full convection-diffusion problem
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should be solved around the granule.'* The dissolved fraction
of each of the K components as a function of time is obtained
by numerical integration of Eqs. 6 and 8, and from it the three
dissolution times [#,¢,fs0,f90]- The evolution of a single-compo-
nent granule with parameters ¢” = 0.252 gcm >, D = 0.905 X
102 ecm?s ', and p = 1.35 gem ° (these values correspond to
D-mannitol in water at 25°C) during dissolution at Re = 1.6 is
shown in Figure 2 for illustration. The color-map surrounding
the granule structure represents the concentration profile.

Granule Formation Model. ~ The granule formation model
has been fully described in our recent work,'> and only the
main principles will be repeated here. The modeling of granule
formation from its constituent elements (primary solid particles
and binder droplets) proceeds by random sequential deposition
of the primary objects into a simulation unit cell where they are
attracted to an imaginary center of gravity, positioned in the
middle of the unit cell—see Figure 3. The asymptotic position
of each incoming particle is found by the ballistic deposition
algorithm.'® In the absence of binder, a close random packing
of primary solid particles is formed; in the model, the particles
are allowed to overlap slightly (typically 1-5% of the particle
volume) at the contact points. The shape, size distribution, and
order of addition of the primary particles determine the struc-
ture of the virtual granule—its void fraction and the radial
distribution of components. In this work, only binderless gran-
ules are considered. Detailed analysis of the effect of binder
droplet spreading and solidification on granule microstructure
can be found in reference'>.

Structure-Dissolution Relationships

Effect of primary particle size and radial distribution of
components

Before addressing the full granule design problem for a
specific system, let us investigate the relationship between
granule structure and its dissolution rate for the simplest pos-
sible case: a model two-component system (solids S, and S,)
without binder. Primary particles in this case are partially
fused— computationally this is achieved by allowing a small
particle overlap during the close random packing. For a fixed
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Figure 3. lllustration of the ballistic deposition method
for the construction of virtual granules.

The primary particles are inserted into the simulation unit cell
from random directions and attracted to an imaginary center
of gravity in the middle of the box.

composition, the distribution of an active (be it S,) within the
granule can be varied in two modes, as illustrated in Figure 4.
In cases a-c the particle size of the active is changing, but the
distribution of the particles within the granule is random and
spatially uniform—the structures are isotropic. On the other
hand, in cases d-f the particle size remains the same but the
radial distribution of the active within the granule is chang-
ing—the structures are layered.

Three-dimensional granule structures composed of a binary
mixture of S, and S, particles have been generated by the
method described in the section “Granule formation model.” In
the first series of structures, the composition was kept constant
at 50% by volume of S,. and the only variable parameters were
primary particle size of S, and its distribution within the
granule. The values of solubility, diffusion coefficient, and
density were ¢* = 0.252 gcm °, D = 0.905 X 10> cm’s ',
and p = 1.35 gem ™, respectively, for both components in
order to investigate the pure effect of granule structure on
dissolution. The default primary particle diameter was d,, = 90
pum with dimensionless surface roughness amplitude and cor-
relation length (for definitions, please refer to reference '7) of
a = 0.33 and L. = 0.17, respectively. Granules containing 500
primary particles have been generated; the equivalent diameter
of the resulting granules was d, = 840 um and their porosity
& = 0.28 in all cases. The structures are shown in Figure 5a-f.

Case a is the default case—a random mixture of equal-size
primary particles. Cases b and ¢ have the same composition by
volume as case a, that is 50% of S,, but were realized from S,
particles having a smaller (d, = 60 um) and larger (d, = 120
pm) diameter than in the base case, respectively. The number
of particles was adjusted in these cases in order to maintain the
volume fraction of the S, component at 50%. In cases d, e, and
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f, the primary particle diameters are back to the default value
but the order of addition of the S, and S, primary particles was
varied. Granule in case d was formed by first adding 250 S,
primary particles and then 250 S, particles (the active is in the
shell). In case e, the order of addition was 50 S, followed by
250 S, and, finally, the remaining 200 S,. Case f is similar to
case d, only the roles of S, and S, have been switched (active
in the core).

Dissolution simulations of granule structures from Figure
5a-f have then been carried out. Their results are summarized
in Figures 6 and 7. It should be noted that the overall dissolu-
tion time of the granules was the same in all cases (regardless
of structure) because the physico-chemical properties of the
two solids were chosen to be identical and the total granule
volume was also essentially the same in all cases. However, the
release rates of the individual components were different due to
their different spatial distribution within the structure. In Figure
6 the fraction of S, in the remaining undissolved granule is
plotted as a function of elapsed time during dissolution. It,
therefore, gives an indication of the qualitative and quantitative
difference in the release dynamics of component S, in the
various cases. In case a, the composition remains at 50% of S,
throughout the dissolution due to the random dispersion of the
S, component within the granule. The small deviation from the
50% baseline in the final stages of dissolution is simply due to
the discrete nature of the granule—the few particles in the
center happen to be slightly outnumbered in favor of S,.
Looking at case b we can see that when the particles of the S,
component are smaller than in the default case, they tend to
dissolve faster (presumably due to the larger specific surface
area) and, consequently, the remaining granule has less than
50% of S,. On the other hand, as the curve for case ¢ shows,
when the S, particles are comparatively larger, their dissolution
rate is slower and the granule becomes enriched by that com-
ponent (the curve c is above the 50% baseline).

Figure 6 further shows that the core-shell structures have an
even stronger influence on the release profile of the active than
particle size (compare the related problem of non-uniform
catalyst distribution in heterogeneous catalyst pellets'®). In case

d) €) )

Figure 4. Possible distribution of an active ingredient
within a granule.

Cases a-c show a random dispersion of normal, milled, and
pre-agglomerated particles of the active. Cases d-f show the
active located in the shell, in an intermediate layer, and in the
core of the granule.
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e)

f)

Figure 5. Virtual granules formed by the ballistic deposition algorithm and mimicking the model structures from

relative volume fraction of S, [-]

0.8

0.2

Figure 4.

The composition of the granule is 50% of each of the two solid components on a volume basis. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

f) .~
b) |
- d)
0 10 20 30 40 50 60
time [s]

Figure 6. Relative volume fraction of component S, (the
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active) in a granule during dissolution.

The labels at the curves denote the corresponding structure
from Figure 5. Curves below the 50% baseline mean that the
active is preferentially released from the granule, and vice
versa.

November 2006 Vol. 52, No. 11

d when the S, component is in the shell, its release is rapid and
its fraction in the remaining granule drops sharply. On the other
hand—-case f—when the active component is in the core, its

tyg [s]

e
p—t 1 80
— iy |
60
1 50
1 40
4 30

1 20

tsg, taq I]

a) b) c) d) e) f)
structure

Figure 7. Integral characteristics (dissolution times t,,,

Published on behalf of the AIChE

ts0, and tyo) evaluated from the computational
dissolution of structures shown in Figure 5.
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20 %

Figure 8. Binary granule with a varying composition of the active component.

The 20% case represents a structure where S, is above its percolation threshold and S, below; the 40% case is a characteristic bi-continuous
structure (both components are above the percolation threshold); and the 60% case is a transition case where the S, component is just around
its percolation threshold while S, percolates. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

release is delayed and the granule becomes rapidly enriched by
S,. The intermediate, layered case e shows a combination of
the above trends, with a characteristic maximum clearly appar-
ent on the residual composition curve. The integral character-
istics, that is, the dissolution times #,, 5o, and o, for the S,
component, and all six cases are plotted in Figure 7. This graph
confirms the trends observed on the composition curves in
Figure 6, that clearly the distribution of the active component
within the granule has a strong effect on the release profile. The
core-shell structures in particular seem to be very effective in
controlling the release times—the o is more than twice in case
f (S, in core) than in case d (S, in shell).

Effect of composition

In the above study, the net effect of component distribution
within a granule structure on its release rate was shown. The
computational study made it possible to keep the physico-
chemical properties of both components exactly the same. Let
us now investigate the effect of non-equal individual dissolu-
tion rates (due to a difference in the component properties:
solubility, density, or diffusion coefficient) on the release rate
of the active ingredient from a granule structure. In this case
the structure itself will be kept simple—the default case of a
random mixture of two components with equal particle size and
shape will be considered (case a from Figure 5). The properties
of S, will be kept at the default values; however, those of the
S, component will be set to ¢© = 0.359 gcm °, D = 1.99 X
107> em? ™!, and p = 2.17 gem ™ (corresponding approxi-
mately to NaCl in water at 25°C).

Granules consisting of 500 primary particles (equivalent
granule diameter d, = 840 um, porosity & = 0.28) were
generated with varying volume fraction of randomly distrib-
uted S, particles, ranging from O to 1 in 0.1 increments. Three
such structures are shown in Figure 8 for illustration. They
represent cases of S, below the percolation threshold, bi-
continuous structure, and S, below its percolation threshold.
The dissolution time 7y, of components S, and S, and of the
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entire granule, as a function of composition, is plotted in Figure
9. The figure shows that the pure-component dissolution times
are indeed different in this case due to their different physico-
chemical properties. It also shows that the dissolution of each
component is the fastest (limiting case is o, — 0s) when that
component is dilute within a granule composed almost entirely
of the other component. Due to the relatively high granule
porosity in this case (¢ = 0.28, percolating voidage), all pri-
mary particles are in contact with the liquid phase at all times.
When a given component dominates the structure, the liquid in
the pore space of the granule becomes saturated relatively
quickly and only primary particles on the outside of the granule
can dissolve thanks to the external diffusion in the boundary
layer. However, isolated particles of a given component within
the structure can dissolve effectively as if they were isolated in
the liquid and, therefore, their dissolution is very fast.

80 . T ; S;
70 F Sy .
granule

tgq [s]

= - . .

0 0.2 0.4 0.6 0.8 1
relative volume fraction of S, [-]

Figure 9. Dependence of the dissolution time ty, on
granule composition for a granule with poros-
ity of 28%.
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Porosity

Figure 10. Triangular diagram showing the composi-
tions of granules used in the dissolution
study.

Two granules’ porosities—6 and 28%—have been realized,
and for each porosity the relative volume fraction of the S,
component was varied from 0 to 1 in 0.1 increments.

The combination of the monotonously increasing to, for S,
as a function of its volume fraction in the granule, and the
monotonously decreasing 7y, for S, gives rise to a minimum in
the overall dissolution time for the entire granule, as is apparent
in Figure 9. The existence of this minimum is very interesting
as it means that, although S, is the faster-dissolving component
of the two, a granule composed entirely of it is not necessarily
the fastest-dissolving granule. An even faster dissolution (o, =
22 s at the optimum point as opposed to 32 s for the S,-only
granule) can be achieved by diluting the S, particles in the
granule by another component (S,), even if this component on
its own is slower-dissolving than S, (¢, = 65 s for S,-only
granules). This finding is very significant for product formula-
tion.

The case discussed above was characteristic by the fact that
all primary particles within the granule structure were in direct
contact with the liquid phase and had a diffusion path to the
granule surface at all times during dissolution thanks to the
relatively high porosity. The composition of a two-component
porous granule can be represented by a point in the triangular
phase diagram, as shown in Figure 10. Each dot in the figure
represents a single granule that was realized and its dissolution
modeled. In the second series of computational experiments,
the fraction of S, in the granule was again varied from O to 1
but the porosity was lower at approximately € = 0.06. This was
achieved by allowing a larger (0.25) inter-particle overlap in
the packing algorithm. The primary particle size and shape
were kept the same as in the previous (large porosity) case;
hence, the number of primary particles required to form the
granule had to be increased in order to maintain the same
granule diameter (d, = 840 um). The physico-chemical pa-
rameters of components S, and S, were also kept the same as
in the low-porosity case.

The dissolution time o, as a function of the S, fraction in the
granule for the low-porosity case is plotted in Figure 11. Three
features are immediately noticeable. First, the granule dissolu-
tion time is longer in this case due to the lower porosity (larger
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volume fraction of solids in a granule of identical size). Sec-
ond, the granule dissolution time again has a minimum as a
function of composition, and the position of this minimum is
relatively close to that in the high-porosity case (70% and 62%
of S,, respectively). This would suggest that high granule
porosity is not a necessary condition for the existence of the
minimum. Third—and this is the main qualitative difference
from the high-porosity case—also the individual component
dissolution times have minima with respect to composition,
rather than being a monotonously increasing (S,) or decreasing
(S,) function of the S, fraction in the granule. The reason for
this behavior is that the 6% porosity is non-percolating and,
therefore, the dominant component always blocks the dispersed
one. This means that in the limit of S, — 0 and S, — 1 the
dissolution times of both components are equal; for example, in
the case S, — 0, although in the high-porosity case the few
dispersed particles in the granule structure could dissolve al-
most instantly, now they are blocked by the slower-dissolving
S, phase surrounding them. Further analysis of the effect of
percolation on the dissolution of multi-component tablets can
be found in references !°-2!. It should also be noted that in the
case discussed above, the two components did not influence
each other’s solubility of diffusion coefficient; in situations
such as dissolution or surfactants or polymers in the presence
of electrolytes, this is not the case and more complicated
behavior can be observed.

In summary, the simulations performed in this section have
provided the following design guidelines for granule structur-
ing: (1) smaller primary particle size of the active generally
leads to faster release rate; (2) core-shell structure is a very
effective means of achieving delayed or phased release of the
active, whereas random dispersion of the active within the
granule leads to a gradual release; (3) the release rate of an
active can be increased by forming a composite granule, even
if the other ingredient(s) are individually dissolving at a slower
rate than the active. In the following section, the design guide-
lines will be used for the physical preparation of granule
batches with varying microstructure, and thereby experimen-
tally confirmed (or otherwise).
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Figure 11. Dependence of the dissolution time ty, on
granule composition for a granule with po-
rosity of 6%.
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Table 1. Summary of Granulation Process Conditions Used for the Preparation of Individual Batches

Primary B-S NaCl to NaCl Size

Batch Process Mode Solids (S) Binder (B) Ratio S Ratio Range (um) NaCl Addition Mode
SPG-07 in-situ melt Suglets PEG 0.11 0.06 75-212 Dispersed within PEG binder
SPG-08 in-situ melt Suglets PEG 0.11 0.06 75-212 As dry particles mixed with Suglets
SPG-09 in-situ melt Suglets PEG 0.11 0.06 250-355 Dispersed within PEG binder
SPG-11 in-situ melt Suglets PEG 0.11 0.03 <32 Dispersed within PEG binder
MHC-01 spray Mannitol Aqueous HPC 0.02 0.05 75-212 As dry particles mixed with Mannitol
MHC-02 spray Mannitol Aqueous HPC 0.02 0.02 N/A As aqueous solution with HPC binder

Experimental Realization
Materials

Granules for this study were prepared by fluid-bed granula-
tion from sugar spheres “Suglets” (NP Pharm, France) and
D-mannitol “Pearlitol-200SD” (Roquette, France) using poly-
ethylene glycol (PEG) and aqueous solution of hydroxypropyl
cellulose (HPC) as binders, respectively. The two solids are
common pharmaceutical excipients, and the binders are typical
examples of a melt and aqueous binder, respectively. The sugar
spheres are themselves agglomerates composed of sucrose
(92% dry basis) and maize starch. They offer good control in
granulation due to their high sphericity and narrow particle size
distribution. The particle size range of Suglets used in this
study was 250-355 wm. The PEG binder (mol. wt. 6000; VWR,
UK) used for melt granulation of the Suglet particles was
milled and sieved; the 710-1000 wm size fraction was used in
granulation. The mannitol used was a spray-dried powder; the
150-250 wm size fraction was used for granulation. With
mannitol, a 5% aqueous solution of HPC (Fisher Scientific,
UK) was utilized as a spray-on liquid binder. Sodium chloride
(Fisher Scientific, UK) was used as a model water-soluble
active ingredient in granule formulation. The active ingredient
(NaCl) was added as solid particles in the primary powder
batch, as aqueous solution with the HPC binder, or as solid
dispersion in the PEG binder depending on the required distri-
bution of NaCl in the granule structure. The solid dispersion
was prepared by introducing a specific amount of NaCl parti-
cles into molten PEG and then allowing the suspension to cool
at ambient temperature under constant agitation. The agitation,
which was necessary to keep uniform distribution of NaCl
particles in the PEG continuum, was stopped when the suspen-
sion turned into paste. The paste was then left overnight to fully
solidify, and finally milled and sieved.

Granulation protocol

Granulation for both systems (NaCl-Suglets-PEG and NaCl-
mannitol-HPC) was performed in a desktop fluidized bed gran-
ulator of the 4M8 range (Pro-C-epT, Belgium) equipped with
computer logging of process parameters. PEG was applied as
in-situ melt binder, while HPC was added as aqueous solution
through a top spray. A single melt granulation experiment
consisted of three steps: mixing, heating, and cooling. A 200 g
batch composed of Suglets and PEG particles, together with
NaCl in the appropriate form, was first fluidized at ambient
temperature for approximately 120 s to achieve mixing. The
inlet air flow-rate was kept in the range of 1.4-1.5 m*/min.
Temperature of the bed was then raised at the rate of 7-10°C
per minute to 60-65°C (that is, just above the melting point of
the PEG binder) and maintained at the same level for 120 s.
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Agglomeration occurred in this stage. Finally, the bed was
gradually cooled down to 40°C before discharging.

The spray granulation procedure used for the mannitol-HPC
system may also be divided into three steps, namely: heating,
agglomeration, and drying. A mass of 200 g of mannitol or
mannitol and NaCl was fluidized by maintaining the air flow-
rate in the range of 0.5-0.6 m*/min (due to smaller particle size
and density compared with Suglets). Temperature of the bed
was raised to 50°C before introducing 70 ml of the aqueous
solution of HPC or HPC and NaCl as a top spray through a
two-fluid nozzle at a flow-rate of 15 ml/min. The solution was
sprayed in two intervals, that is, the spray was stopped for 60 s
after the addition of 25 ml and then for 120 s after dosing
further 25 ml. These time intervals were necessary to keep the
bed in a fluidized state. The nozzle height and atomizing air
pressure were kept constant throughout the study. The addition
of aqueous binder caused the process temperature to drop—the
bed had a temperature of approximately 40°C during the binder
addition phase. The drying regime was started immediately
after completing the dosage of the liquid binder, and the
granulation end-point was taken when the bed again reached
~50°C (the inlet air temperature). Table 1 provides a summary
of the batches prepared using the above-mentioned protocols.
SEM images of typical Suglet- and mannitol-based granules
are shown in Figure 12. The Suglet-based granules are visibly
rounder and more compact, due to the in-situ melt granulation
technique (immersion mechanism?>23).

Structure analysis

Granule microstructure was characterized by means of X-ray
micro-tomography?* using the SkyScan 1072 desktop X-ray
micro-tomograph (SkyScan, Belgium). Granule samples were
scanned using a 0.9° scan step from 0 to 180°, and the typical
acquisition time was around 25 min. Cross-sectional pixel size
in the range of 3.66-4.20 wm was maintained for all samples.
Cross-sectional and three-dimensional images were recon-
structed using the SkyScan software package. Both transmis-
sion and reconstructed X-ray images of selected granules can
be seen in Figure 13. The gray-scale level in the image is
proportional to the local X-ray attenuation in the granule struc-
ture, which in turn is proportional to the density. Hence, the
NaCl, Suglet primary solid particles, and pore-space can be
clearly distinguished. Segmentation of the PEG binder, on the
other hand, would require the use of specialized segmentation
algorithms.?>

Dissolution rate measurement
Dissolution tests were carried out in duplicate in a 400 ml
beaker filled with 250 ml of de-ionized water at a constant
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Figure 12. SEM micrographs of granule samples from
batches SPG-07 (NaCl-Suglet-PEG as in-situ
melt binder) and MHC-02 (NaCl-mannitol-
HPC as spray-on aqueous binder) .

For details of granulation conditions, please refer to Table 1.

temperature of 20°C. A granule sample of 1.00 g was intro-
duced, and the release of NaCl in water was monitored by
measuring conductance (Jenway, model 4510) of the dissolu-
tion medium at constant time intervals. The batch was stirred
by an overhead stirrer at 50 rpm. The height and speed of the
stirrer were chosen so that the sample granules were not in
direct contact with the stirrer blades in order to avoid mechan-
ical attrition and breakage. As a result, granule disintegration
did not occur in any of the cases discussed below (that is, the
granules dissolved predominantly by the shrinking-core mech-
anism). The selected size ranges for dissolution study were
1000-1500 wm for Suglet-based and 500-710 wm for mannitol-
based granules. As a reference, the intrinsic dissolution of NaCl
particles was also measured. The particles were introduced into
the system as 20% by weight suspension in iso-propanol
(VWR, UK) to keep the individual particles physically sepa-
rated. If introduced directly, the particles had a tendency to
form aggregates and affect the dissolution rate. Iso-propanol
has been chosen as the dispersion aid because it is an anti-
solvent for NaCl but at the same time it mixes well with water.
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The total quantity of iso-propanol introduced into the system
was small enough (0.5 ml) not to affect the dissolution of NaCl
in water.

Results and Discussion
Granule structures

Batches of granules containing NaCl as a model “active” and
consisting of Suglet and mannitol primary particles with PEG
and aqueous HPC binder, respectively, were prepared accord-
ing to the protocol described above and summarized in Table 1.
The X-ray shadow images of granules randomly selected from
batches SPG-07, SPG-08, SPG-09, and SPG-11 and their cor-
responding reconstructed mid cross-sections are presented in
Figure 13. These images clearly show a strong influence of the
method of addition of the active on granule microstructure. The
NaCl crystals appear in the X-ray images as dark pixels due to
their higher density (hence, X-ray attenuation coefficient), and
are easily distinguishable within the light-gray structure of the
granule.

In our recent work?®?® it was shown that in in-situ melt
granulation, when the binder particle size was relatively
coarser than the primary solids, the particle build-up process
follows the immersion and layering mechanism and hollow-
core granules are formed. According to this mechanism, a
binder particle serves as a nucleus for a single granule and the
growth occurs by a gradual build-up of primary solids on the
surface of the nucleus. As the binder particle melts, the liquid
is drawn by capillary forces into the upper granular structure
and thus develops a hollow core. Granule batches SPG-07,
SPG-09, and SPG-11 were prepared using this approach.

For batch SPG-08, which was prepared by granulation of a
mixture of NaCl and Suglet particles, it can be seen that the
spatial distribution of NaCl within the granule structure was
random. The images of batch SPG-11 also show the spread of
fine NaCl particles throughout the granule, but in this case they
generally positioned themselves between the co-ordination
points of the primary solids, along with the PEG binder. On the
contrary, the active ingredient in the granules belonging to
batches SPG-07 and SPG-09 restricted itself to the middle
section as core, and these structures may therefore be called
encapsulated granules. The main factor affecting the spatial
distribution of NaCl crystals in cases SPG-07, SPG-09, and
SPG-11 was their size. When the size of NaCl crystals, in solid
solution with PEG, was less than 32 um (batch B), it was
uniformly transported by molten binder through the inter par-
ticle pores to all over the structure. On the other hand, the
advancement of the NaCl particles seems to be limited within
the core section when its size in solid solution was comparable
with primary solids (batch SPG-07 and SPG-09, respectively).
Batch SPG-09 granules represent the case where the active
(size range 250-355 wm) did not flow with the binder along the
pores at all. Thus, the method of addition of actives or any
other component as solid dispersion in a melt binder represents
an effective way to control its positioning within the granule
matrix, and in this novel technique the ratio of active-ingredi-
ent particle size to primary solids appears to be an important
variable.

The effect of different means of addition of NaCl on granule
microstructure was also studied for the mannitol-HPC system
using the conventional spray-granulation mode. Two batches
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Figure 13. X-ray micro-tomography images of NaCl-Suglet-PEG granules (please refer to Table 1 for details of

granulation conditions) .

In each case, the left column shows a transmission image and the right column a horizontal cross-section of the granule after beam

reconstruction. The dark areas are NaCl particles.

were prepared, namely, batches MHC-01 and MHC-02 (see
Table 1). In the preparation of the former, NaCl was introduced
as particles with primary solids, while in the latter case NaCl
was added as 5% secondary solute into the HPC solution. The
tomographic images of granules from these batches are not
shown. Batch MHC-01 bears a qualitative similarity with the
corresponding melt binder case (batch SPG-08) in that the
granules contain randomly distributed NaCl crystals within the
structure. In contrast, batch MHC-02 granules can be consid-
ered as a limiting case for the NaCl particle size tending to
zero, and the structure therefore bears a qualitative similarity to
SPG-11. The NaCl component coincides with the HPC binder
at the mannitol particle contact points.

Dissolution profiles

Figure 14 shows the dissolution curves of granules from
batches SPG-07, SPG-08, SPG-09, and SPG-11, and the intrin-
sic dissolution of NaCl particles, which were in the size range
of 75-212 um. As shown in the figure, despite constant binder-
to-solid ratio of 0.11 that was maintained in all the cases,
dissolution profiles especially in the initial phase are signifi-
cantly different. Notice the initial time lag in release, which is
considerable for the cases SPG-07 and SPG-09, that is, those
where NaCl is located in the core. On the other hand, NaCl
release is more gradual in the two cases where NaCl particles
are randomly distributed within the granule (SPG-08 and SPG-
11). Notice, however, that in case SPG-11, although the NaCl
particles are smaller than in case SPG-08, the dissolution rate
is slower due to the fact that the salt particles are immersed in
the PEG binder. This situation is similar to the high- and
low-porosity cases discussed in the computational section: in
case SPG-08 the salt particles have immediate access to the
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liquid phase, whereas in case SPG-11 their dissolution is hin-
dered by the slower-dissolving PEG.

The release behavior exhibited by granules SPG-07 was also
very interesting, although not totally unexpected. As can be
seen in the tomographic images (Figure 13), NaCl particles
formed a core inside the granule and, hence, were completely
surrounded by the Suglet particles and the binder. This struc-
tural setting provides virtually no contact between the NaCl
particles and the dissolution medium, and this is also percep-
tible by the dissolution behavior. It is shown in the graph that
for about 160 s, there is practically no release of NaCl, con-

0.6 j;';

ClCmax 7]
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/ 24 SPG-09 —=—
0 v , . SPG-11 —e—
0 500 1000 1500 2000
time [s]

Figure 14. Experimental dissolution curves of NaCIl-Sug-
let-PEG granules and of pure NaCl.

On the y-axis is the relative concentration of NaCl in the
solution.
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firming the argument that the shell needs to be dissolved first
before reaching to the active core by the dissolution medium.
But once the medium reaches to the core, the dissolution rate
was much faster and the release curve even slightly exceeded
that of case SPG-08. This is nicely demonstrated by comparing
the #,, t50, and to, times plotted in Figure 15: while SPG-07 has
longer both #,, and 5, its to, is comparable to that of SPG-08.

The other trend predicted in the computational section, that
is, that the smaller the particles, the faster the dissolution under
otherwise identical conditions, was validated next. Batch
SPG-09 was prepared with larger NaCl particles (250-355
mum). As far as the initial time delay phenomenon is concerned,
this batch exhibited more or less similar behavior as was noted
in batch SPG-07 (see the ¢, times in Figure 15); however, in
this case the subsequent release was somewhat slower, also
evident by the large value of ty, (1550 s).

The effect of the method of active ingredient addition on the
dissolution of granules produced by spray granulation is illus-
trated in Figure 16. The time scale in this case is much shorter
because of the open structure and smaller granules (see Figure
12). However, apart from the time scale, the shape of curve
MHC-01 in Figure 16 is very similar to the corresponding
curve SPG-08 in Figure 14—that is, both batches were pre-
pared from a dry mix of NaCl and excipient particles and,
therefore, contain a structure with randomly distributed NaCl
particles. On the other hand, when NaCl was added as aqueous
solution in granule formulation (batch MHC-02), the release
was instant and comparable with the intrinsic dissolution rate
of isolated NaCl crystals in the size range of 75-212 wm. This
is probably because of the formation of a submicron layer of
NaCl, which provides large surface area and, hence, greater
contact to the dissolution medium.

In summary, it can be said that all three main qualitative
trends predicted by simulations in the section “Structure-dis-
solution relationships” have been observed in experimental
structures: (1) smaller particles size means faster dissolution;
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(2) core-shell structures cause an initial time lag in release; and
(3) in situations where the active particles are completely
surrounded by a non-porous matrix of another formulation
component (the PEG binder in this case), their dissolution rate
is fundamentally limited by that of the matrix component.

Conclusions

In this work the problem of granule microstructure design
was formulated in mathematical terms. Two approaches for the
solution of the design problem have been proposed—the sto-
chastic design approach, which is based on random permuta-
tion of points within the granule structure, and the variational
approach, which is based on computer simulation of granule
structure formation and dissolution. A parametric study of the
effect of particle size, radial distribution of components within
the granule, and the granule composition and porosity on the
release rate of the active has been performed and used to
generate basic design guidelines for granule microstructure.
These guidelines were then used for the physical preparation of
granule batches with varying internal structure. The predicted
effects of primary particle size on dissolution rate, as well as
the effect of core-shell versus random distribution of the active
within the granule, have been confirmed experimentally. The
predicted maximum of release rate as a function of granule
composition is still to be confirmed in future experiments.

A novel approach to controlling the spatial distribution of the
active ingredient (or any other component, for that matter)
within the granule structure, by employing the in-situ melt
granulation technique, has been demonstrated. The arrange-
ment of the active ingredient in the composite matrix was
shown to have a profound influence on the dissolution profile.
When the component of interest is randomly distributed, the
release was found relatively faster and without any initial time
lag. The initial time delay in release was observed when the
active ingredient was encapsulated by the excipient particles,
and its subsequent dissolution response was found dependent
on the particle size of the active component.

The method of addition of the active ingredient also plays an
important role in the granules prepared by the spray granulation
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Figure 16. Experimental dissolution curves of NaCl-
mannitol-HPC granules and of pure NaCl.

On the y-axis is the relative concentration of NaCl in the
solution.
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mode. In the case when the active component was randomly

dispersed, the shape of the dissolution curve, although with
much shorter time scales, was found similar to the correspond-
ing batch prepared by the in-situ melt binder. When the active
ingredient was added as aqueous solution together with the
binder in the granule formulation, the release was found instant
and comparable with the intrinsic dissolution of the active
component.
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Notation
¢ = solute concentration, kgm > 1
d = diameter, m
D = diffusion coefficient, m*s™" 1
D(f,)= dissolution mapping
f = phase function
g = gradient of objective function 1
G(x) = granulation mapping
h = spatial discretization step, m
K = number of formulation components 1
L = characteristic length, m
n = normal vector 1
N = grid size
o = objective function 1
p = probability
r = spatial coordinate 1
R = radius, m
Re = Reynolds number
Sc¢ = Schmidt number 1
Sh = Sherwood number
t = time, s 1
T = temperature in simulated annealing
u = solid-liquid interface velocity, ms ™"
U = characteristic velocity, ms™' 1
w = mass fraction
x = vector of granulation process parameters
2
Greek letters
8, = diffusion boundary layer thickness, m 2
& = porosity
v = kinematic viscosity, m?s~"
€) = set of microstructures 2
p = density, kgm *
2
Subscripts and superscripts
10, 50, 90 = dissolution of 10%, 50%, and 90% of active 2
F = feasible
g = granule 2
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H = hypothetical

k = formulation component
p = particle

s = solid
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