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A systematic iterative procedure is presented for determining granulator operating
parameters to produce granules with desired product attributes. These include mean
granule size, size distribution, porosity, strength, and spatial distribution of the constit-
uent components. After selecting the equipment and binder, a preliminary experiment is
performed to determine base case results, which usually do not match the desired
attributes. The final product is obtained using an iterative procedure with both analyses
and experiments. The qualitative analysis identifies the operating parameters that can
effect changes to the off-spec attribute. This is followed by a quantitative analysis—based
on simple physically based mathematical models in the form of sensitivity analysis—that
determines the parameter that has the greatest effect on the relevant attribute. Experi-
ments with the modified formulation and operating conditions are conducted and the
entire procedure is repeated until the desired product is obtained. A system with lactose
and starch using hydroxypropyl cellulose as binder in an agitated fluidized bed granulator
(Hosokawa Micron Agglomaster™) is used to illustrate this procedure. © 2006 American
Institute of Chemical Engineers AIChE J, 52: 3189-3202, 2006
Keywords: wet granulation, powder processing, fluidized bed granulator, agglomeration,

solids processes

Introduction

Granulation has been used extensively for a wide range of
materials including minerals, agricultural products, pharmaceu-
ticals, detergents, food products, and specialty chemicals. In
the chemical industries, it has been estimated that 60% of
products are manufactured as particulates and a further 20%
use powders as ingredients.! Many of these are high value-
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added products. Pharmaceuticals, with global sales reaching
US$491.8 billion in 2003,2 are delivered primarily in solid
form and granulation is used extensively in their manufacturing
processes.

Despite its widespread use, significant advances in under-
standing the fundamentals of granulation were not achieved
until the last two decades.?> For example, the importance of
binder viscosity on granulation was first recognized by Ennis et
al.* in the early 1990s. The effect of spraying conditions (such
as droplet size) and binder properties (such as viscosity and
surface tension) on nucleation,>°® granule consolidation,”-® and
granule coalescence® were identified even more recently. In
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addition to qualitative understanding of granulation phenom-
ena, models of granule consolidation,'®!" granule coales-
cence,'>'* and the overall granulation process'>-'7 have been
developed. These models often contain parameters whose val-
ues for a specific set of materials for granulation might not be
readily available. Compounded by the idiosyncrasies of the
design and operations of various granulators, a priori prediction
of how to produce the desired granules in a systematic manner
is difficult.

At present, considerable trial and error is required to obtain
the granulator operating parameters that would produce gran-
ules with the desired attributes. Such tuning highly depends on
the operator’s experience with the materials being granulated.
For this reason, the more sensitive parameters in a fluidized bed
granulator have been identified using population balance mod-
eling and experiments.'® These include the bed bowl charge,
binder spray rate, air flow rate, input air temperature, binder
spray rate, and binder droplet diameter. The goal of this article
is to develop an iterative procedure that builds on all the recent
advances, to facilitate the trial and error effort of nonspecial-
ists. Instead of predicting the actual granulation process, the
qualitative understanding and quantitative models are used to
guide experimental runs with the aim of minimizing time and
effort to get to the target. The procedure is illustrated with three
examples on the granulation of starch and lactose in an agitated
fluidized bed granulator.

The Iterative Procedure

First, a base case is obtained by performing a preliminary
experiment using suitable equipment and binder. These base
case results are expected to deviate from the specifications.
Because various parameters simultaneously affect the granula-
tion process, it is often tricky to determine which parameter
should be adjusted to achieve the desired product attributes.
Therefore, the strategy is to use qualitative analysis to screen
all the parameters involved to identify the most promising set
of parameters, and then to perform quantitative analysis to
identify the most effective parameter from this set. Further
experiments are conducted with the modified operating param-
eters and the entire procedure is repeated until a product with
the desired attributes is obtained.

Development of base case

Identification of Desired Product Attributes. The first step
toward developing a base case is the identification of desired
product attributes, including mean granule size and particle
size distribution (PSD), porosity, tensile strength, shape, and
content uniformity. These attributes determine the product
quality of the granules and affect how they should be pro-
cessed. For example, granule size and porosity determine the
dissolution rate of granules. Smaller granules possess larger
interparticle force, which may lead to bridge formation in the
hopper of solids processing equipment such as a tableting
machine. Uniform distribution of ingredients within granules
(intragranular content uniformity) and among granules (inter-
granular content uniformity) are also important, given that
nonuniform distribution of active pharmaceutical ingredients
(APIs) may lead to uneven rate of release.

Selection of Equipment and Binder. Three types of granu-
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Table 1. Characterization Methods for Different
Product Attributes

Principle/Techniques for

Product Attributes Measurement

Granule size and PSD

Sieving (dry, wet, air-jet)

Light scattering

Granule porosity
Pore volume
True density

Granule shape

Content uniformity

Gas adsorption (BET analysis)

Pycnometer

Image analysis

Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS)

lation methods are used in pharmaceutical processing: wet
granulation, dry granulation, and melt granulation.!® Pressure is
applied in dry granulation to bring the constituent and binder
particles together, whereas binder solution is sprayed on the
powder bed in wet granulation to effect cohesion. In melt
granulation, the solid binder is melted to form bridges among
particles. The selection of the granulation method is mainly
based on material properties.?® We focus on wet granulation in
this article.

Various equipment types can be used for wet granulation. A
suitable granulator can be selected using a feed and product
size map along with some heuristics based on material prop-
erties.?! For example, a high shear mixer granulator is most
suitable for handling cohesive materials and produces dense
granules, whereas a fluidized bed granulator is a better option
for producing granules with lower density. Detailed descrip-
tions of different granulators can be found elsewhere.!%-22-24

Binders are added during granulation to increase the cohe-
siveness of powder to form granules upon particle—particle
impact. Examples of commonly used binders in pharmaceutical
applications and their properties can be found in the litera-
ture.?S Guidelines for picking a suitable binder are also avail-
able. For example, starch and glucose would constitute suitable
binders for producing soft and hard granules, respectively.?¢

Preliminary Experiments. With the selected equipment
and binder, a preliminary experiment is performed. Operating
conditions for the base case can be obtained from the literature
or by following equipment manufacturer’s suggestions. Com-
mon characterization methods for different product attributes
are summarized in Table 1. PSD could be quantified using the
coefficient of variation (CV):

d84 - d16
V=S4~ (1)

where d ¢, dso, and dg, are particle sizes corresponding to 16,
50, and 84% weight fractions on the cumulative PSD. These
base case results will be compared with the desired product
attributes to determine how the process conditions should be
modified. For a fair comparison, the mixing time and the
post-binder-addition (drying) time are the same for all experi-
ments.

Screening of Operating Parameters
In general, a product attribute P; can be described by the
following equation:
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Table 2. Look-up Table for the Effect of Operating Parameters on Product Attributes

Product Attribute P,

Mean Granule CV of Granule Granule Granule Granule Shape Granule Content
Operating Parameter «;, f3; Size, a“" Size Distribution Porosity, & Strength, o, Factor Uniformity
Binder
Spreading coefficient of liquid
over solid, A, ¢ + - +
Binder viscosity, +! + +1 +1 -
Binder surface tension, o +2 +2 +2
Binder volume, V + +/=3 +4
Binder flow rate, V + + -
Equipment
Degree of binder dispersion - +
Spray droplet size, d, +3
Spray droplet size distribution +3
Process intensity - - +
Others
Constituent particle size + + -
Constituent particle PSD - - +
Post-binder-addition time + -
Notes:

. Valid when viscous force is dominant.
Valid when capillary force is dominant.

I e N N

Valid when fluidized bed granulator is used.

Pi = P[(a’ B’ q) (2)

where a« represents equipment parameters such as granulation
operating conditions, 3 represents nonequipment parameters
such as physical properties, and q includes all the intermediate
variables necessary for relating the product attribute to the
parameters. Both qualitative and quantitative analyses are used
to screen the parameters.

Qualitative relationships between operating parameters
and product attributes

Table 2 identifies qualitative relationships between operating
parameters « and 3 and product attributes from literature. A
positive sign indicates that an increase in the parameter would
lead to an increase in the value of the product attribute, while
a negative sign indicates the reverse. For any product attribute
that needs to be changed to meet the specifications, all the
relevant parameters that can effect such a change are identified
first. In most cases, the list of relevant parameters could be
shortened by eliminating parameters that are harder to change.
For example, it is certainly harder to change binder surface
tension than binder flow rate. These cause—effect relationships
are governed by the forces among the particles, which in turn
depend on the materials and the granulator operating condi-
tions, as explained below.

Particles are held together inside granules by the force due to
the liquid bridge and inter-particle frictional force. The former
is made up of capillary pressure and viscous effect. The latter
arises from the normal force generated at interparticle contacts
and should be considered for fine particles held by a nonvis-
cous binder. The capillary number (Ca)

_rU
Ca = p 3)
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.+, valid when viscous force is dominant; —, valid when capillary or frictional force is dominant.
. Valid except for systems dominated by frictional force, which has a maximum granule strength at 20-30% pore saturation.

compares the relative strength of viscous and capillary effects.*
Here, w is binder dynamic viscosity, o is binder surface ten-
sion, and U is the relative velocity between particles, which
could be related to the granule radius (a) and average shear rate
inside the granulator (y):

U=ay (C)

The capillary effect is dominant at low shear rates, whereas the
viscous effect dominates at high shear rates, which is the case
for most industrially relevant conditions, with Ca > 107427

For this reason, many of the controllable operating parame-
ters in a granulation process are associated with the binder. For
example, larger, stronger, and denser granules can be produced
if the binder spreads and forms a film over the powder sur-
face.?® Such a condition can be approximated by the spreading
coefficient (Ay):

As = o(cos B — 1) (5)

where 6 is the contact angle. The surface tension and contact
angle of commonly used binders are available.?> In addition, a
stronger attractive force to hold constituent particles from
breaking away is needed to produce larger granules. This can
be achieved by increasing either binder viscosity or surface
tension, depending on whether viscous or capillary effect is
dominant, respectively. However, there is an optimum viscos-
ity for granule growth. An excessively viscous binder cannot
be squeezed out between granules and inhibits growth.?® Larger
granules can also be obtained by increasing binder volume and
flow rate because this increases the amount of liquid sprayed
onto the granules, making the granules more deformable and
therefore more susceptible to coalescence and growth. Al-
though increasing binder flow rate tends to increase mean
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granule size, the net effect is more complicated because binder
flow rate can also affect binder droplet size distribution.

Binder dispersion in turn affects the PSD of the granules.
Granules with a wide PSD are obtained if the binder is not
dispersed evenly, leading to preferential growth at different
locations inside the granulator.?® Various parameters can affect
the degree of binder dispersion. For example, a low viscosity
binder disperses much easier than a viscous one, and binder
delivered by atomization spreads more evenly than binder
delivered by pouring. The degree of binder dispersion can be
represented by the dimensionless spray flux s, 3

3V
%_M@

(6)

where V is the binder volumetric spray rate, A is the flux of
powder surface traversing through the spray zone, and d,, is the
droplet diameter. With the same droplet diameter, a lower
value of s, represents better binder dispersion. For spraying
inside a fluidized bed granulator, the droplet size also affects
the mean granule size, as given by the correlation

a * dg )

where 7 is a constant between 0 and 1. Therefore, a narrower
PSD can be obtained by decreasing the binder spray rate and by
controlling the nozzle position and the spray angle inside
granulator, whereas larger granules can be obtained by increas-
ing the droplet size.

Granule porosity and strength are both related to the PSD of
the constituent particles as well as to each other. Granules of
fine particles with a wide size distribution are generally stron-
ger as a result of the higher density of interparticle contacts. A
longer post-binder-addition time also compacts the granules,
up to the minimum porosity. Also, the smaller pore size among
particles lead to an increase in the capillary or viscous effect
inside granules, which contributes to the granule strength.
Because these granules are less deformable because of lower
internal porosity, they tend to grow slowly and have a smaller
final size. A more complicated picture exists on the effect of
binder volume, which depends on the dominant force inside
granules. When the viscous effect is dominant, increasing
binder volume increases the binding force and granule strength,
concomitantly reducing particle mobility and producing less
compact granules. If frictional force is dominant, increasing
liquid content at low saturation levels increases particle mobil-
ity to form a more compact granule, thus increasing granule
strength. However, at higher saturation levels, the effect of
binder lubrication becomes significant and increasing liquid
content reduces frictional force and granule strength. The max-
imum strength occurs at 20-30% liquid saturation.?

Little is discussed in the literature on the effect of operating
parameters on granule shape. It is known that granules are
more spherical at higher impeller speed or fluidization velocity.
At such high process intensity, smaller granules are produced
as a consequence of more frequent breakage inside the granu-
lator. The amount of consolidation also escalates, leading to
denser granules. The ingredients are distributed more uni-
formly within and among granules if the binder is dispersed
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evenly inside the granulator. This provides uniform wetting
over the powder surface, reducing the chances of preferential
wetting over the hydrophilic particles.

Quantitative models relating operating parameters to
product attributes

After identifying a list of parameters that are likely to be
effective in modifying a product attribute (Table 2), we need to
quantify the relative impact of each parameter and to identify
the required change in the parameter to achieve the desired
product attribute. To this end, sensitivity coefficients, S Q‘, will
be obtained from the product attribute general model (Eq./2) by
the direct differentiation method.3! It shows the dependency of
P; on a; or, equivalently, B;, with or without the presence of a
set of intermediate variables q:

P, daP; dq,
P': _— = —_—
Se, [aa]ao % [aqk 804/]&0 ®

J

In general, the parameters «; can differ by orders of magni-
tude. For example, binder viscosity is usually in the order of
1072 to 102 Pass, whereas binder flow rate is usually in the
order of 1077 to 10~ ® m%s. To compare the effect of these
parameters on an equal basis, a set of normalized sensitivity
coefficients 3’;; are used instead:

?e——ﬁl— = Si'Aay ©)
o 90t Aot oy T max
max Jo
where Aq; ., is the maximum expected range of a;. The larger

the absolute value of a normalized sensitivity coefficient, the
more impact the corresponding parameter exerts on the product
attribute.

After identifying the most effective parameter, the required
change in the parameter to obtain the desired product attribute
can be estimated using finite-difference approximation:

_ Aqg;
— E Pi J
AP =2, 8, A,

. ,max
j ]

(10)

Experiments are then performed with the new operating con-
ditions. If the new experimental results do not match the
estimations from this quantitative analysis, as will be demon-
strated in the examples below, any uncertainties in Eq. 8 are
removed using the experimental data. This will help improve
the accuracy of the predictions in subsequent iterations.
Models describing mean granule size, PSD, granule poros-
ity, and tensile strength are summarized in Table 3, which also
shows the intermediate variables such as thickness of liquid
layer h, dimensionless penetration time 7, and granule porosity
&. If no established relations exist between q and either P; or a,
expressions for dP/dq, or dq,/dc; in the sensitivity coefficient
obviously cannot be evaluated. In such cases, these terms are
estimated through experiments. Table 4 gives order of magni-
tude estimates of some of these terms for typical granulation
processes, which can be used as initial guesses in the absence
of better information. For example, changes in binder layer
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Table 3. Models Used in Quantitative Analysis

Product Attributes (P) Intermediate Variables (q) Relationships
Granule size, a” Thickness of liquid layer, & If ag,, < agyp a” = (1 = fac,, + fiag, (11)
Critical Stokes’ number for Ifa > a . a = q<r. 12)
deformation, St¥, coal defr def
where
(218N (13)
Aoy = :
If capillaryp effect is dominant,
. <3a'FL.0h Stf(U[,,>°'25 (14)
acaa = a(‘ coa = I R
! ! ! 4pp72
s —o(L_ 1\, h, s)
Cecoat = e A
If viscous effect is dominant,
<9l-‘~ St’f,mz>°'5 (16)
eoal = Avcoal =\ ™ g o
b e 8p,7
St = | 1+ ! 1 ! a
G coal = o/ I,
Granule PSD, CV Dimensionless penetration For operating conditions inside the nucleation or induction
time, 7, regime of the granule growth regime map:
Dimensionless spray flux, t, (18)
., (Eq. 6) =
t,=1.35 i - a
P &R ore 0 COS O
Granule porosity, & Thickness of liquid layer, & If capillary effect is dominant,
Ein | (20)
(1 - 8min)3 - Z
‘- 32 p,gH i a @n
° 3 flw) d(s)ocos O
If viscous effect is dominant,
h (22)
7= 11+ exp(=St, )]
8p,Ua (23)
St coar = i
g 9 w
de 3(1—s) @24
dh~ a+h
Tensile strength, o, Granule porosity, & 1—c0cos b (25)
g, =sC

e 2a

thickness and binder flow rate are typically in the order of 10~
to 107° m and 10~® m¥/s, respectively, leading to a value of
10" to 10% s/m? for ah/aV. The models in Table 3 are briefly
described below.

Granule size can be modeled by considering the two key
mechanisms that determine the final granule size: coalescence
and breakage. Larger granules form as a result of successful
coalescence of smaller granules. Granules can also deform and
break up into smaller pieces when they collide. Using critical

values of the Stokes’ number (St), which signifies the relative
importance of rebound velocity in a collision compared to the
capillary or viscous effect that holds the granule together,
critical sizes for granule coalescence (a(,,;) and deformation
(ag.p) can be obtained.!! Collision of granules of sizes above
all ., does not lead to coalescence to form larger granules.
Granules of sizes above ag,, deform and break up into smaller
granules when they collide.

Two outcomes are possible depending on the relative values

Table 4. Order of Magnitude for Differential Terms dP/dq, or dq,/dc; Used in Sensitivity Analysis

P, or g,

Binder Layer
Thickness, i (m)

g Of @;

Critical Stokes’ Number

for Deformation, St*d‘ef Coefficient of Variation, CV

Binder viscosity, u (Pa * s)

Binder flow rate, V (m>/s) (+), 10'-10?
Binder volume, V (m?) (+), 1073-1072
Fluidized air velocity, U (m/s) (—), 107°-107?

Dimensionless spray flux, i, —
Dimensionless penetration time, 7, —

(+), 10°-10" —

(+), 10°-10° —

(+), 10'-10° —

(=), 107'-10° —
— (+), 1072-10°
— (+), 1072-10°
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Figure 1. Granule growth regime map (after Iveson et
al.9).

of these critical sizes. If ag,,, < ag,, the granule size will
stabilize at a size between ag,,,; and ag,, for the reasons given
below. Granules of size larger than ag, cannot exist as a result
of breakup. For granules of size smaller than a{, ,,, they grow
larger as a result of coalescence. In addition, small granules can
grow by layering to produce granules that are larger than a., ,.
The parameter f; (0 = f; = 1) in Eq. 11 represents the
importance of layering on granule growth; a larger f; implies
more layering. Depending on the dominant force inside gran-
ules, the coalescence critical size based on capillary effect
(ag.,qp) or viscous effect (a.,,,) is defined by Eqs. 14 and 16
in Table 3, respectively.!! If ag;,, > ag, . the granule size will
stabilize at ag,, as given in Eq. 12.32 An expression relating
St} to other operating parameters is not available but it can be
determined experimentally using a fluidized bed Couette de-
vice.”> As a general guideline, experiments show that St}
generally assumes an order of magnitude of unity.

Established relationships between PSD and operating param-
eters are available only if the operating conditions are located
inside the nucleation or induction regime of the granule growth
regime map (Figure 1), which identifies the growth behavior at
different maximum pore saturation (s,,,,) and Stokes’ number
for deformation (St,,,). In these regions, PSD is controlled by
nuclei size distribution because the granules are not sufficiently
deformable and the pores are not sufficiently saturated to
produce a binder layer on the granule surface for coalescence.’
Nucleation behavior depends on two intermediate variables:
dimensionless spray flux (i,) and dimensionless penetration
time (7,), as shown in the nucleation regime map in Figure
2.633 A narrow nuclei size distribution is obtained if the oper-
ating conditions are located inside the drop-controlled regime
where one drop produces one nucleus. Outside this regime,
drop coalescence occurs, leading to a broader nuclei size dis-
tribution.

Granules gradually consolidate to a lower porosity if the
collision force overcomes the resisting force inside the gran-
ules. When the capillary effect is dominant, minimum porosity
(€min) can be expressed as a function of the dimensionless
granule compaction rate (K,; Eq. 20).'© When the viscous
effect is dominant, a different model featuring interparticle gap
distance as a measure of porosity is more suitable. The reduc-
tion in interparticle gap distance (Ax) increases with increasing
Stokes’ number for viscous effect (St,, .,,;). By replacing Ax in
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the equation by Ennis et al.'' with 2(h, — h), Eq. 22 is
obtained. Here, h, and h are the thicknesses of liquid layer
before and after consolidation, respectively. To obtain the
sensitivity coefficient of & with respect to «;, the value of de/dh
is estimated by considering the consolidation of equal-size
particles with initial porosity g, (Eq. 24). Derivation of this
equation is given in the Appendix.

Tensile strength is closely related to porosity; a more porous
granule has a lower tensile strength. A model assuming capil-
lary force being dominant (Eq. 25) has been used in a wide
range of applications in the area of powder technology, includ-
ing the design of hoppers and bins.3*

Examples

Three examples focusing on PSD (Example 1), granule
porosity (Example 2), and uniformity of spatial distribution of
an active ingredient (Example 3) are now discussed to illustrate
the application of this approach in qualitatively screening the
operating parameters and identifying the suitable changes for
producing granules with the desired attributes. An agitated
fluidized bed granulator (Model AGM-2-PJ; Hosokawa Micron
Corporation) is used for all experiments. As shown in the
schematic diagram in Figure 3, heated air enters at the bottom
of the chamber. A distributor and a slit disk are used to
distribute air evenly across the cross-sectional area. Inlet air
and the tumbling action of the agitator blade provide fluidiza-
tion of powders. The binder is atomized through the nozzle and
sprayed onto the powders. Sufficiently small particles are car-
ried by the fluidized air to the upper part of the chamber where
they are trapped by filters. Compressed air passes intermittently
through the filters to eject these small particles back to the
chamber. Temperature indicators are available to measure
product and exhaust temperature, and a temperature controller
controls the fluidized air temperature at the inlet. Pressure
indicators are also available to measure inlet, chamber, and
exhaust pressures along the process, which could be adjusted
using the forced and exhaust blowers. Correlation is provided
to convert the pressure measured at the suction inlet air to
fluidized air velocity. A humidity probe is also used to measure
the humidity of the exhaust air. A pulse jet intermittently issues
compressed air, allowing granulation and coating of submicron
particles. For all experiments, the powder was mixed for about
10 and 15 min, before and after binder addition, respectively.

10
Mechanical
dispersion
regime
1
% Intermediate
A
0 Drop
controlled
regime
0.01 0.1 1 10
7,

Figure 2. Nucleation regime map (after Hapgood et al.®).
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Example 1

The objective is to produce granules with a mean size of 80
pm and a CV of 0.85 from a mixture of starch and lactose
using hydroxypropyl cellulose as binder. Preliminary operating
conditions as suggested by Hosokawa Micron Corporation as
well as other relevant input information for the base case are
summarized in Table 5, where some of the estimated parame-
ters were assumed based on typical values from various refer-
ences.'!3> The mean granule size measured with a laser dif-
fraction particle size analyzer (Model LS13320; Beckman
Coulter) was 50 wm. The corresponding particle size distribu-
tion, which had a CV of 0.73, is shown in Figure 4. A
photomicrograph of typical granules for the base case is shown
in Figure 5. The results of all experiments are summarized in
Table 6.

Because the mean granule size in the base case was much
smaller than the desired value, the formulation and operating
conditions must be modified. First, the dominant force among
particles was identified by calculating the capillary number
using Eq. 3 with input values from Table 5. Given that Ca =
0.1, the viscous effect dominates. From the list of all parame-
ters that can be used to increase the mean granule size (Table
2), we began by modifying parameters that were easier to
change in practice: binder viscosity, flow rate, and volume.
Changing other parameters such as constituent particle size and
its distribution is not desirable because this requires pretreat-
ment of the raw materials. Spray droplet size and its distribu-
tion are more difficult to adjust because they depend on the
characteristics of the nozzle and the spraying conditions.

AIChE Journal September 2006 Vol. 52, No. 9
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Changing binder contact angle is also difficult because it might
require the addition of a surfactant.

Sensitivity analysis of binder viscosity, flow rate, and vol-
ume on mean granule size was then carried out to quantify the
relative effects of these parameters. Using the general model
for product attribute (Eq. 2), the mean granule size can be
expressed as

a”=a"(w, V, V, h, Sti,) (26)

Because ag,,; < ag,, and the viscous effect dominates in the

system, Eqs. 11, 13, 16, and 17 were used to constitute the
granule size model, and the normalized sensitivity coefficients
are expressed as

- cor aaffwal aafi;f 6 Stjef:|
S = (1 - ) - + ‘max
" [ h M hi 9 St?;ef Em ) I
=i S PR PRI
1209w\ )M,
0.5 s
Ty J Stc‘ief}
+ . E3 A max 27
fl(ZPpﬂ/ZStd‘ef) o [ D)
o 9GS pu I dag, 0 Sth, .
Sy = [(1 W n v thy Sth, av AV
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Table 5. Operating Conditions and Physical Parameters

for Example 1 Base case
Formulation and operating conditions
Mass of lactose 350 g
Mass of starch 150 g
Binder spray position Tangential spray
Binder volume, V 394 cm?®
Binder concentration 5wt %
Binder viscosity, u SmPa-s
Binder flow rate, V 11 g/min \
Binder surface tension, o 46 mN/m
Binder contact angle, 6 34° \
Pure liquid binder density 1.24 g¢/mL
Fluidized air velocity, U 0.84 m/s \
Fluidized air temperature 60°C L ! ]
Rotating disc speed 300 rpm
Pulse jet Off 1 10 100 1000
Droplet diameter, d, 26 wm : :
Post-binder-addition time 15 min Particle size (pm)
Eszﬁlated parameters s Figure 4. Particle size distribution for base case in Ex-
Sur?ace asperities, &, 0.5 pm ample 1.
Particle density, p, 2000 kg/m? [Color figure can be viewed in the online issue, which is
Average shear rate inside available at www.interscience.wiley.com]
granulator, ¥ 9000 s~
Coefficient of restitution, e 0.5 05 —os
Yield strength, 7, 3000 Pa _ {(1 i) [ 9o |+ 1 ' 1 ho\ ™" oh
Critical value for Stokes’ number - h 320 e n h ai
for deformation, St%, 0.5 prY “ v
fi ) 0.8 , T, 0.5 5 Stje/- 4
Powder flux, A ‘ 0.021 m/s +f1 > 'éS - . AVmaX (28)
Powder bed porosity, &, 0.097 PV Sy %
Pore radius, R,,,,, 0.36 wm
Circulation time, 7, 0.056 s or or %
Maximum change of viscosity R 1 -7£) aaw'wl % aatkff d Stdc’f AV
Apn.y (Base case) 30 mPa - s v Yoon o av o Mo Stjef v |, max
Maximum change of viscosity 05 B og
Aptynae (Run 2) 15 mPa - s @ =) me | I\ ™ | ho\ ™" dh
Maximum change of binder flow - =1 n 329,/)7 + . n E FY%
rate AV, . 3 X 107" m'/s
Maximum change of binder T, 059 St ;
volume AV, .. 2 X 107 m? + > =tAV, 29
a ﬁ 2pp’yzStZlkef 6V max ( )
oh o o
av 20 s/m? Using input values from Table 5, S}, S7 , and Sy were
calculated to be 2.98 X 1075, 2.54 X 107>, and 5.07 X 107°
oh
av 0.015 m™2
NI
Em 2 Pa-s)!
a St}
av 6 X 10° s/m* '
a St}
A% 100 m—?
acv
Y, 0.5
acv 1
an 0.5 I 0.05 mm

Figure 5. Photomicrograph for base case in Example 1.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Table 6. Results for Example 1

Base Case
(Run1) Run2 Run3 Run4
Formulation and operating
conditions

Binder volume, V (cm?) 394 394 394 500

Binder concentration (wt %) 5% 10% 8% 8%

Binder viscosity, u (mPa - s) 5 20 14 14

Binder flow rate, V (g/min) 11 11 13 13
Results

Mean granule size (um) 50 79 68 79

cv 0.73 1.03 0.84 0.83

m, respectively. Given that 3“;” > 59 >3 ‘\’,, binder viscosity
was likely to be the most effective parameter in changing the
mean granule size. To obtain a desired change of 15 wm in
mean granule size Aa“’, the required change in viscosity Au
was estimated from

Ag = Sva”'

(30)

This gave A = 15.1 mPa-s. Therefore, binder viscosity was
increased in Run 2 from 5 to 20.1 mPa-s by increasing binder
concentration to 10 wt %, following a correlation provided by
the vendor (Figure 6). This produced granules with a mean
diameter of 79 um, but this also led to a wider PSD (CV =
1.03).

Because the CV obtained by increasing binder viscosity
from base case to Run 2 overshot the target, the PSD had to be
narrowed down by lowering either binder viscosity or flow rate
(Table 2). The normalized sensitivity coefficients for parame-
ters that are more effective toward PSD, that is, binder viscos-
ity and flow rate, are

o[22 2
o Op 0T, O]
acv %5
= 1.3 9T, 1,82R,0,.0 COS GAM"“”‘ (D
35V=[‘ZCV8% acvaﬂ AVmX=1.56,CVA.Vm“* (32)
p, 9V 97, IV ], I, Ad,

Using input values in Table 5, S and S were calculated to
be 0.61 and 0.42, respectively. Because S5* > S, binder
viscosity was more effective in modifying PSD. However,
lowering the viscosity definitely led to a smaller mean size than
the desired value. This could be compensated by increasing the
binder flow rate. The required changes in binder viscosity and
flow rate were then estimated by simultaneously solving the
following equations:

Aa =50 s av 33
“ a a A”’max .V AVmax ( )
_ A . AV
— qov v
ACV =81 L —+5 gy (34)
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By specifying Aa” = 0.5 wm and ACV = —0.18, and using
input values in Table 5, A and AV were found to be —5.72
mPa-s and 3.82 X 10" ¥ m? s ™!, respectively. Therefore, binder
viscosity was decreased to 14.3 mPa's (corresponding to a
binder concentration of about 8 wt %) and binder flow rate was
increased to 13 g/min in Run 3. This gave granules with a mean
diameter of 68 wm and CV = 0.84 (Table 6). Granules were
slightly smaller than the desired value albeit with an acceptable
size distribution. Because these results were inconsistent with
the predictions using Eqs. 33 and 34, f, and aSt}, /ou were
reestimated to be 0.6 and 12.5 (Pa's)_l, respectively, so as to
match the experimental results. These updated values were
used in subsequent calculations. Note that such reestimation is
warranted by the fact that accurate determination of parameters
such as f; and St};, is not possible because of the complexity
of the related physical phenomena. In the rare case that a
reestimated parameter carries an opposite sign compared to that
of the original estimation, the user should verify the validity of
the assumptions and relationships used in the analysis. More
experiments may be needed to provide additional data for
making the subsequent move.

The next step was to further increase the mean granule size,
without affecting the CV of the PSD. From Table 2, binder
volume is the only parameter that is effective on granule size,
but not the spread of the PSD. The required change in binder
volume could be calculated from

_ AV
Aa =57 1 35)

From this equation, a AV of 1.06 X 10~* m? corresponding to
a binder volume of about 500 cm® was used in the next run.
Run 4 produced granules with a mean diameter of 79 um and
CV of 0.83, which met the target for desirable product at-
tributes.

Example 2

Starch and lactose with hydroxypropyl cellulose as binder
are again studied in this example using the Hosokawa Micron
Agglomaster”. This example aims at producing granules with
a mean diameter between 65 and 70 wm and porosity between
0.01 and 0.015. Preliminary operating conditions are shown in
Table 7. Results of all runs are summarized in Table 8. The

100

Binder viscosity (mPas)
=

1 .

1 1
Bindarscnncemralinnﬂ{wm] 2
Figure 6. Correlation between binder viscosity and
binder concentration.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Table 7. Operating Conditions and Physical Parameters
for Example 2

Formulation and operating conditions

Mass of lactose 350 g
Mass of starch 150 g
Binder volume, V 490 cm?®
Binder concentration 10 wt %
Binder viscosity, u 20 mPa - s
Binder flow rate, V 15 g/min
Binder surface tension, o 46 mN/m
Binder contact angle, 6 34°
Pure liquid binder density 1.24 g/mL
Fluidized air velocity, U 0.77 m/s
Fluidized air temperature 50°C
Binder spray position Tangential spray
Rotating disc speed 300 rpm
Pulse jet Off
Post-binder-addition time 15 min
Estimated parameters
hih, 8
Surface asperities, &, 0.5 um
Particle density, p, 2000 kg/m?
Average shear rate inside
granulator, ¥ 9000 s~
Coefficient of restitution, e 0.5
Yield strength, 7, 3000 Pa
Critical value for Stokes’ number
for deformation, St%, 0.5
h 0.1
Maximum change of viscosity
Afimax 15 mPa - s
Maximum change of binder flow
rate AV, 2 X 1077 m%s
Maximum change of binder
volume AV, .. 2 X 107* m?
Maximum change of fluidized air
velocity AU .« 1.2 m/s
oh
av 10 s/m>
oh
v 0.001 m~2
oh
U -1 X 10°s
9 Sty
Em 5SPa-s)!
9 St
v 6 X 10° s/m*
a St}
% 100 m—3
a Sth,
U —0.1 s/m

base case produced granules with a mean diameter of 50 wm
and porosity of 0.021, as measured by a laser diffraction
particle size analyzer (Model LS13320, Beckman Coulter) and
BET gas adsorption (Model Autosorb-1 and Ultrapycnometer
1000, Quantachrome Instruments), respectively.

Because the granules produced in the trial run did not meet
the specifications, improvements were attempted using the
qualitative and quantitative analyses described in the proce-
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dure. The dominant force inside granules was identified using
input values from Table 7. A capillary number of 0.34 indicates
that the viscous effect dominates. From Table 2, binder vis-
cosity, binder volume, and process intensity are identified to
have an effect on both mean granule size and porosity, whereas
binder flow rate affects only the mean granule size. Process
intensity can be represented by the fluidized air flow rate in this
example.

Next, sensitivity analysis on granule porosity and size was
carried out with respect to these parameters. According to
Table 3, granule porosity can be expressed as

e=¢e(p, V, U, h) (36)

Because the viscous effect is dominant, Eqs. 22-24 were used
to obtain normalized sensitivity coefficients for granule poros-
ity. Using input values from Table 7, S, 5%, and S were
calculated to be —0.096, 0.047, and 0.02, respectively. Because
the absolute value of S¢, is the largest, fluidized air flow rate
was expected to have the greatest effect on granule porosity.

Sensitivity analysis was also carried out on granule size
using Egs. 27-29. The calculated values were 3.08 X 10_§,
1.12 X 107°, and 1.23 X 10°° m for 5%, §¢', and S{,
respectively. To calculate the normalized sensitivity coefficient
of fluidized air flow rate, Eq. 11 is differentiated with respect
to U and normalized using Eq. 9. Using input values from
Table 7, §¢, = —7.37 X 10~° m. By comparing the absolute
values of the normalized sensitivity coefficients, binder viscos-
ity was found to have the greatest effect on granule size. An
option was to simultaneously change fluidized air flow rate and
binder viscosity. The required changes can be estimated by
solving

e =5yl g SH 37
? T AU T A 67
A cr _ Qa<’ AU Sw“ AI'L 38
T AU T B 58

By specifying Ae = —0.0085 and Aa" = 8.75 wm, AU and Ap
were determined to be 0.28 m/s and 5.5 mPas, respectively.
This gave a fluidized air flow rate of 1.05 m/s and binder
viscosity of 25.5 mPa's (binder concentration = 12 wt %).
Experiments with modified operating conditions produced
granules with a diameter of 58 wm and a porosity of 0.011.
Because experimental results were different from estimations
in sensitivity analysis, the values of 0h/0U and 9St}, /0 were

Table 8. Results for Example 2

Base Case Run2 Run3

Formulation and operating conditions

Fluidized air velocity, U (m/s) 0.77 1.05 1.05

Binder concentration (wt %) 10% 12% 12%

Binder viscosity, w (mPa - s) 20 25.5 25.5

Binder flow rate, V (g/min) 15 15 20
Results

Mean granule size (wm) 50 58 68

Granule porosity 0.021 0.011  0.013
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Table 9. Operating Conditions for Example 3

Formulation and operating conditions for base case

Mass of lactose 315 ¢

Mass of starch 125 g

Mass of paracetamol 50¢g

Binder volume, V 391 cm?®

Binder concentration 5wt %

Binder spray position Tangential spray
Binder flow rate, V 15 g/min

Fluidized air temperature 60°C

Fluidized air velocity, U 0.8 m/s
Rotating disc speed 300 rpm
Pulse jet Off

reestimated to be —3.5 X 107° s and 4 (Pass) ™!, respectively,
to match the experimental results.

Although the granule porosity was within the desired range,
the mean granule size was too small. Given that qualitative
analysis shows that binder flow rate is the only parameter that
is effective in modifying mean granule size but does not affect
porosity, Run 3 was performed with a higher binder flow rate.
The necessary increase in binder flow rate was estimated from

_ . AV
Ba" =587 (39)

The estimated AV from this equation was 8.1 X 1078 m’ss,
which corresponded to a binder flow rate of about 20 g/min.
Performing the experiment using the modified operating con-
ditions gave granules with a mean diameter of 68 wm and a
porosity of 0.013, values that were both within the specifica-
tions.

Example 3

The uniformity of the spatial distribution of paracetamol
within and among granules containing starch and lactose with
hydroxypropyl cellulose as binder is studied. Paracetamol rep-
resents an active pharmaceutical ingredient present at a mass
fraction of about 0.1. Time-of-flight secondary ion mass spec-
trometry (ToF-SIMS; Model PHI 7200, Physical Electronics)
was used to characterize the content uniformity. In ToF-SIMS,
a pulsed primary ion beam strikes the sample surface so that
secondary ions are extracted from the sample. A histogram of
counts at different mass to charge (m/z) ratio is obtained and, at
a defined m/z ratio, a map of counts over the sample surface is
also available. A more detailed review of this technique can be
found in Chan and Weng.?>

After performing ToF-SIMS analysis of pure components,
the representative peak for paracetamol was found at an m/z
ratio of 152. Therefore, the analysis focused on maps at this m/z
ratio. The counts (level of whiteness) represent the strength of
the signal (secondary ions) from the granule surface. The
counts on a map were summed up along the y-axis and the
mean and standard deviation among these sums at different
x-axis values were calculated. A lower ratio of standard devi-
ation to mean represents a more uniform distribution. Operat-
ing at base case conditions (Table 9)—a binder flow rate of 15
g/min and a binder concentration of 5 wt %—showed a rela-
tively nonuniform distribution of paracetamol among granules
(Figure 7a, standard deviation/mean = 0.74 count™ ). To ob-
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10 um
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(a)

10 um

(b)

—_
A

20 um

20 um

(c)

Figure 7. ToF-SIMS results for Example 3.

(a) Binder flow rate = 15 g/min, mean = 0.325 count,
standard deviation (SD) = 0.241, SD/mean = 0.74 (count) ';
(b) binder concentration = 2.5 wt %, mean = 0.159 count,
SD = 0.128, SD/mean = 0.81 (count) '; (c) binder flow
rate = 10 g/min, mean = 0.7 (count) !, SD = 0.431, SD/
mean = 0.62 (count) '
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tain granules with better content uniformity, either binder flow
rate or binder viscosity (binder concentration) should be re-
duced (Table 2). The results of the corresponding trials are
shown in Figures 7b and 7c, respectively. The results show that
lowering binder viscosity did not give the expected trend,
which may be explained by the fact that understanding of the
effect of operating variables on content uniformity of granules
is still in a preliminary stage. Decreasing the binder flow rate to
10 g/min did give a more uniform distribution of paracetamol
among granules (standard deviation/mean = 0.62 count '),
which agrees with the expectation from Table 2.

Conclusions

Granulation is widely used in a number of industries. De-
spite significant advances in understanding its phenomena, it is
still very challenging to obtain, in a systematic manner, gran-
ules with the desired attributes. This article presents a novel
approach in integrating analyses with experiments to determine
the operating conditions of a granulator that would produce
granules with the desired attributes. Starting with the results of
a base case experiment, necessary modifications to the formu-
lation and operating conditions are identified for a subsequent
experiment. All candidate parameters are qualitatively
screened to identify the most effective ones; sensitivity analy-
ses are then performed to quantify the effects. This analysis—
experiment cycle is repeated until granules with the desired
product attributes are obtained.

The iterative procedure allows effective use of available
models despite the fact that values of some model parameters
are not known. A rough estimate of these parameters is often
sufficient for the model to reveal the correct trend. As more
data become available, these estimates are updated in subse-
quent runs to improve the accuracy in the prediction of the
operating parameters. In contrast to factorial design, which
simultaneously investigates the effects of multiple factors,3¢-37
the operating parameters in each run are determined based on
the results of previous runs. Given the numerous variables
affecting the product attributes, such an approach minimizes
the number of runs required to determine the desirable operat-
ing conditions, when compared to the factorial design. This
definitely speeds up the development of a granulation process.

The procedure can be expanded to involve additional oper-
ating parameters, models, and product attributes to allow for
wider applicability. A severe limitation is the availability of
suitable models arising from the complexity of the phenomena
involved in granulation. The assumptions used in deriving a
model often limit its validity within a certain range of condi-
tions. For example, models discussed in the procedure are
developed for continuous mode or under equilibrium condi-
tions. Therefore, they do not fully describe the transient be-
havior of a batch granulation process, for which a model with
more parameters would be necessary. Indeed, there is always a
compromise between model accuracy and uncertainties in
model parameters. Experimental techniques or simulation tools
for estimating these parameters such as neural network and
discrete element models would be valuable additions to this
procedure. Efforts in these directions are under way.

3200 DOI 10.1002/aic

Published on behalf of the AIChE

Acknowledgments

The financial support of Research Grants Council (HKUST 602703) for
this work is gratefully acknowledged.

Notation

a = granule radius, m
A = powder flux through spray zone, m*/s
C = material constant in Eq. 25
Ca = capillary number, dimensionless
CV = coefficient of variation, dimensionless
d, = binder droplet diameter, m
d\e, dso, dg, = particle size corresponding to 16, 50, and 84% weight
fraction on the cumulative PSD, m
e = coefficient of restitution, dimensionless
fi = coefficient in Eq. 11 representing the importance of lay-
ering on granule growth, dimensionless
f(w) = function of coefficient of sliding friction at interparticle
contacts, dimensionless
F_, = constant signifying the capillary force at zero porosity,
dimensionless
g = gravitational acceleration constant, m/s”
h = thickness of binder liquid layer, m
h, = characteristic length scale of the surface asperities, m
H,.. = maximum height of granule fall in granulator, m
, = dimensionless granule compaction rate, dimensionless
n = correlation coefficient in Eq. 7, dimensionless
N = number of particles inside a granule, dimensionless
P = product attribute
q = vector including all the intermediate variables in granu-
lation
R = pore radius, m
s = liquid pore saturation in Eq. 25 and Figure 1, dimension-
less

S = sensitivity coefficient

S = normalized sensitivity coefficient

St = Stokes’ number, dimensionless

t. = circulation time, s

t, = drop penetration time, §

U = relative velocity between particles, m/s

V = binder volume, m>

V = binder volumetric spray rate, m*/s

V, = binder drop volume, m?>

V, = volume of void space excluding binder layer inside gran-

ules, m?

Vp = volume of particle, m?

V, = volume of void space, m*

w = mass ratio of liquid to solid, dimensionless
Ax = reduction in interparticle gap distance, m

Greek letters

a = vector of equipment parameters in granulation
A ,.x = maximum expected range of «;
B = vector of nonequipment parameters in granulation
& = granule porosity, dimensionless
g, = powder bed porosity, dimensionless
¢(s) = function of granule saturation and particle assembly, di-
mensionless
v = average shear rate inside granulator, s~
A, ¢ = spreading coefficient of liquid over solid, N/m
W = viscosity, kg m~' s™!!
0 = contact angle, rad
p; = liquid binder density, kg/m?
p, = particle density, kg/m’
p, = solid powder density, kg/m?
o = binder surface tension, N/m
o, = granule tensile strength, Pa
7, = dimensionless penetration time, dimensionless
7, = yield strength, Pa

{, = dimensionless spray flux, dimensionless

~
1

<

September 2006 Vol. 52, No. 9 AIChE Journal



Subscripts

i, j, k = indices
¢ = capillary effect
coal = coalescence
def = deformation
max = maximum
min = minimum

v = viscous effect

0 = initial value

1 = represents parameters before consolidation

2 = represents parameters after consolidation
Superscript

* cr = critical value
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Appendix: Derivation of Eq. 24

Collision in a wet granulation process is modeled as two
equal-size spheres with wet surfaces approaching each other.
As the two spheres draw closer together, the two liquid layers
merge and the combined liquid layer is squeezed out. In a
similar way, consolidation under dominant viscous effect is
modeled as equal-size spheres with wet surfaces getting closer
to each other such that the granule porosity becomes smaller.

Figure Ala shows the initial condition before consolidation,
in which particles with radius a are separated at a distance of
2h, from each other. The total volume of particles in a granule
(V,,) can be expressed as

4mwa’N
v, = 3 (A1)

where N is the number of particles inside granules. By drawing
a control volume in the shape of a sphere with radius a + h,
around each particle, the void volume in a granule (after the
liquid binder is removed) before consolidation (V, ;) can be
expressed as

4
Vi = 3 [(@+h) —dIN+V,, (A2)
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(b)

Figure A1. Granules before consolidation (a) and after
consolidation (b).

where V, | represents the amount of void volume outside of the
control volume. From the definition of granule porosity,

4ar R
- Ve El A3
OV, + Vo (A3)

477 3 el
T(d + h)’ + N

€

By rearranging this equation, an expression for V, /N in terms
of &, can be developed:

VeA,I . 477[613 - (a + h1)3(1 - 81)]
N 3(1 — g))

(A4)

Similarly, the final condition after consolidation is shown by
Figure Alb, in which the particles are now separated at a
distance of 2h, from each other. By choosing a sphere with
radius a + h, around each particle as the control volume, and
assuming that the particles stay intact during consolidation,

expressions similar to Egs. A2 and A3 can be developed for the
void volume and granule porosity after consolidation. Note that
the control volume can be viewed as a collection of randomly
packed equal-size spheres, with a smaller radius after consol-
idation. Assuming there is no significant rearrangement of the
spheres, the void fraction in such a system is constant regard-
less of the radius of the spheres. In other words, V/(V, + V)
stays constant during consolidation, or

Ve',l Ve,2
N N
4m )3 Veu T 4x ) 2 (AS)
3 (a+h)’ + N 3 (a+ hy)" + N
which implies that
4 R 4 R
3 (a + hy) 3 (a + hy)
4 e Ve T 4n e Vel (A)
3 (a + h) + N 3 (a + hy)’ + N

The change of porosity during consolidation (Ag) is

4 4m

73 -3
. B 3 4 3 a
ET BT SI T yg )3 V.. 4w )3 Vea
T(a'f' ])+N ?(a-i- 2)+N
(A7)
Substituting Eq. A6 gives
4
B
3 (a + hl)3
Ag = 1 - 3
dm o Vel @t
3 (a + 1) N
After substituting Eq. A4 and simplifying, we get
a+h)\?
Ae=(1—¢g)|1— ath, (A8)

By replacing h, by h, + Ah and taking the limit as Ah
approaches zero, we obtain

i Ae de
im = —-
anmo AR dh

3(1 —g)
= ath (A9)

e1,h1
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