
A

c
s
t
w
p
g
“
s
C
o
a
c
w
t
c
©

K

1

s
d
fl
s
d

i
e

0
d

International Journal of Pharmaceutics 334 (2007) 92–102

Experimental study of wet granulation in fluidized bed:
Impact of the binder properties on the granule morphology
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bstract

In this work, the effect of the physicochemical properties of aqueous hydroxypropyl-cellulose (HPC) binder solutions and different pharma-
eutical excipients (mannitol and anhydrous CaHPO4) on the agglomeration kinetics and granule properties were investigated. First, a particle
ize distribution (PSD) analysis together with a detailed analysis of morphological properties of the excipient particles were performed. Second,
he viscosity, density, surface tension and size of the spray droplets of binder solutions with different HPC concentrations were determined and
etting characteristics of the binders on the excipients were measured. Third, several fluid bed wet granulation experiments were conducted for
ure excipients and their blends with binder solution of different HPC concentrations in a pilot plant Wurster granulator. The observed granule
rowth for different binder concentrations was a strong function of the binder concentration and the excipient solubility. For mannitol, a significant
coating” period followed by a slow granule growth was observed for the case with the diluted 5% binder. The “coating” period was significantly
horter for the 10% HPC binder and did not exist for the 15% HPC for which immediate and fast granule growth was observed. For anhydrous
aHPO4 (trademark A-TAB), no growth was observed for the 10% HPC binder and a long coating period followed by fast granule growth was
bserved for the 15% HPC. Simple physically based criteria were also evaluated, which employ the morphological properties of excipients (size
nd surface roughness) together with physical properties of the used binder for prediction of the coating versus agglomeration regime at given flow
onditions (collision velocity). As expected, a preferential coalescence and growth of the mannitol granules from the blend of mannitol + A-TAB

as observed. Finally, the mechanical and morphological properties of the produced granules were measured and correlated to the HPC concen-

ration of the binder used in the experiments. A clear correlation between the granule porosity (evaluated by X-ray tomography) and the binder
oncentration was found for the mannitol granules.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Wet granulation is a size enlargement process of converting
mall-diameter solid particles (typically powders) into larger-
iameter agglomerates to generate a specific size, improve
owability and to produce a powder with specific properties
uch as dissolution rates, granule strength and apparent bulk
ensity (Tardos et al., 1997; Iveson et al., 2001).
According to the operating conditions and the physicochem-
cal properties of the primary particles and binder solution, the
volution of granule properties during granulation is controlled
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y three processes: coating, growth (agglomeration) and attrition
breakage). During coating, a liquid binder solution is sprayed
nto the powder to form a layer of liquid surrounding a par-
icle. This mechanism is observed when the wetted particles
ecome dry before their collision or when the cohesive strength
etween the wetted particles is weaker than the breakup forces
nduced by particle–particle collisions in the fluidized bed. Dur-
ng agglomeration, large particles or granules are produced by
maller particles adhering to one another via liquid bridges. Liq-
id bridges are formed as wetted particles coalesce. Strong solid
ridges that hold a granule together develop from the liquid

ridges during the subsequent drying step. General reviews sig-
ifying the interest of wet granulation were published recently
Iveson et al., 2001; Litster et al., 2004; Boerefijn and Hounslow,
005; Cameron et al., 2005; Reynolds et al., 2005). It has also

mailto:pavol_rajniak@merck.com
dx.doi.org/10.1016/j.ijpharm.2006.10.040
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Fig. 1. Comparison of top-spray vs. Wurster fluid-bed granulators.

een suggested that even though some pharmaceutical excip-
ents may be somewhat soluble in the granulating liquid, the
olymeric binders are still required to assure appropriate gran-
le strength. Recent works (Farber et al., 2003; Bika et al., 2005)
how however, that excipients that are strongly soluble in the liq-
id binder play a major role in the formation and strength of solid
ridges inside a granule.

In recent years several experimental studies were performed
o investigate the influence of process variables and physico-
hemical properties on the granulation mechanisms (Bouffard et
l., 2005; Cryer and Scherer, 2003; Pont et al., 2001; Abberger,
001) and various theoretical models were developed to pre-
ict coalescence probability from the physical properties of the
rimary particles, granules and binder (Liu et al., 2000; Ennis
t al., 1991; Adetayo and Ennis, 1997; Stepanek and Rajniak,
006). These models combine size and morphology of the pri-
ary particles/granules with physicochemical properties of the

inder and collision velocities of the granules. Most of the mod-
ls are able to predict whether the granules will stick together
r rebound on collision.

Examples of various types of process vessels used in granu-
ation processes include pan, drum and fluidized beds. The main
dvantage of a fluid-bed granulator is that it is a gentle, tun-
ble and robust process during which many steps (pre-blending,
ranulation, drying) can be performed in the same piece of equip-
ent. Usually, no milling is required after granulation. Other

dvantages are usually indicated to be the milder process con-
itions and product granules with higher porosity and narrower
ize distribution (Boerefijn and Hounslow, 2005; Bouffard et
l., 2005; Cryer and Scherer, 2003; Pont et al., 2001; Abberger,
001; Guignon et al., 2003; Panda et al., 2001). Two typical
et-ups of fluid-bed granulators operating in the bottom-spray
ersus the top-spray batch mode are compared in Fig. 1. Pow-
er is initially charged into the fluid-bed system. Air is then
orced into the granulator at the bottom of the column. A fine
esh/screen keeps powder from leaving at the bottom, while
lters at the top of the column allow air to pass, but keep solid
articles from escaping. Once the powder is fluidized (and mixed
f appropriate), a binder agent is pumped through atomization

ozzles and added to the fluid bed in the form of fine droplets.
he addition of the binder begins the coating and agglomera-

ion process. When the granules have grown to an appropriate
ize or the target quantity of binder has been added to the bed,

d

R
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he binder solution flow rate is terminated and the granules are
hen allowed to dry during the drying phase as air is contin-
ally being passed through the system. Relatively new is to
mploy the Wurster unit, frequently used for coating, for gran-
lation (Shelukar et al., 2005). The Wurster unit operation has
he potential to provide better control of the granulation process,
ranules with more uniform drug distribution and with tighter
article size distribution (PSD). The regular circulation pattern
lso promotes uniform distribution of binder spray throughout
he powder and thereby uniform granulation. Also important
re the capabilities for on-line control of granule size and for the
cale-up of the granulation process using chemical engineering
rinciples.

This work is focused on experimental investigation of the
mpact of physicochemical properties of aqueous HPC binder
olutions and morphological properties of primary particles on
he agglomeration kinetics and granule properties of different
harmaceutical excipients (mannitol and A-TAB) in the Wurster
uidized bed granulator. Simple physically based criteria are
lso tested, which combine the morphological properties of
xcipients (size and surface roughness) together with physical
roperties of the used binder for prediction of the coating versus
gglomeration regime at given flow conditions.

. Theoretical

Ennis et al. (1991) published their landmark paper on the
mportance of the force balance between binder viscosity and
article inertia (expressed in a critical Stokes number) for
uccessful coalescence. They considered the collision of non-
eformable, elastic granules completely covered with liquid
ayers at the surface. More recently Liu et al. (2000) extended
he model of Ennis et al. (1991) by including granule deforma-
ion behavior during collisions. In this model, coalescence of
wo surface-wet granules is assumed to occur when the kinetic
nergy of impact is fully absorbed through viscous dissipation
n the liquid layer and plastic deformation of the bulk granules.
he coalescence model gives conditions for two types of coa-

escence. Type I coalescence occurs when granules coalesce by
iscous dissipation in the surface liquid layer and before their
urfaces touch:

ype I coalescence : Stv = 8m̃u0

3πμD̃2
< ln

(
λ

ha

)
(1)

ype II coalescence occurs when granules are slowed to a halt
uring rebound, after their surfaces have made contact. For
rimary particles with negligible permanent deformation the
ondition is as follows:

ype II coalescence : Stv < 2 ln

(
λ

ha

)
(2)

he condition for rebound (i.e. coating) of colliding non-

eformable particles is then:

ebound : Stv > 2 ln

(
λ

ha

)
(3)
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here Stv is the viscous Stokes number and m̃ and D̃ reduced
article mass and diameter, u0 velocity of collision, μ the binder
iscosity, and λ is thickness of binder layer on the solid surface
ith asperity (roughness) ha.
During early stages of the fluid-bed granulation process orig-

nally dry particles pass through the spray-zone and are wetted
y the binder droplets, which are generally much smaller than
he primary particles (Boerefijn and Hounslow, 2005). We pro-
ose a simple extension of the above model also for collisions
f primary particles only partially covered by a single binder
roplet or by several droplets. One droplet of the binder with
olume v creates a spherical cap on the solid surface. Relations
or calculations of the base diameter dcap and height hcap of the
ap with the wetting angle θ are (de Ruijter et al., 1999):

cap = 2 3

√
3vφ

π
hcap = dcap

1 − cos θ

2 sin θ
(4)

here

= (1 + cos θ)sin θ

(1 − cos θ)(2 + cos θ)

urther we assume that the height of the cap can be replaced
y the height of a short cylinder having the same volume and
iameter:

= 4v

πd2
cap

= λmin (5)

n other words, λ = h = λmin is the average minimum thickness
f the binder layer on the solid surface to be used in criteria (1)
r (2) for successful coalescence of primary particles partially
overed by the binder. Note that the thickness increases with the
roplet volume v and with the wetting angle θ.

Once formed and grown to a certain size, granules either
urvive further particle–particle or particle–wall collisions or
reak. Tardos et al. (1997) proposed a simple criterion for the
ranule breakage. They defined a dimensionless Stokes number
or deformation Stdef and assume that breakage occurs if

tdef = m̃u2
0

2D̃3τY
> St∗def (6)

here τY is a characteristic strength of the granule and St∗def is a
ritical value of the Stokes number. For example, assuming that
he wet granule is a very concentrated slurry of the binder and
he original particles and neglecting the apparent viscosity, the
haracteristic strength for the wet granule can be approximated
y the yield strength Yd. Different models (crush strength model,
ecrystallized bridge model, autoadhesion model) for calculation

f the solid granules strength are reviewed in Bika et al. (2005).
n traditional granulation theory, it is assumed that a binder such
s a polymer is required to hold particles together once granules
orm in the granulator and are dried. However, it has been shown
Farber et al., 2003; Bika et al., 2005) that excipients strongly
oluble in the liquid binder solution system also play a major role
n the formation and strength of solid bridges inside a granule.
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. Experimental

.1. Materials

Narrow sieve cuts of mannitol (Pearlitol SD-200, Roquette
harma, Lestrem, France), anhydrous CaHPO4 (A-TAB,
nnophos, Cranbury, NJ, USA) and their blends were the starting
owders used for granulation experiments. Hydroxypropyl-
ellulose (HPC) binder solutions (5, 10, 15, 20, 25, 30%, w/w)
ere prepared by adding HPC-SL powder (Nisso Soda Co. Ltd.,
okyo, Japan) to de-ionized water under constant stirring. The
olution was gently stirred overnight to allow hydration and
egassing.

.2. Particle size distribution and morphology of solids

Particle size distribution (PSD) analysis of raw materi-
ls and granules was performed using the (Sympatec GmbH,
lausthal-Zellerfeld, Germany) analyzer combining (Helos)

aser diffraction system in combination with (Rodos) dry powder
ispersion and (Vibri) oscillating feed systems. Low pressure
f the inlet air was used for the analyses to minimize impact
f the granules attrition. A detailed analysis of morphological
roperties (mean gyration radius, aspect ratio, surface rough-
ess) was performed based on images of primary particles using
scanning electron microscope (Quanta 200, FEI Co., Hills-

oro, OR, USA). A high resolution desk-top microcomputed
omography system (SkyScan-1072, Aartselaar, Belgium) was
lso employed for morphological analysis of granules.

.3. Surface tension, viscosity, density and droplet size of
inders

Surface tension was measured using the plate method (Ten-
iometer K12, Krüss GmbH, Hamburg, Germany) and the
ynamic viscosity was measured by an automated dynamic shear
heometer with cone-plane geometry (Rheometer AR-1000,
A Instruments, New Castle, DE, USA). Solution density was
btained by precisely weighing 10 cm3 of solution. Droplet size
istribution was measured using a laser size analyzer (Spraytec,
alvern Instruments Ltd., Malvern, UK). A drop shape ana-

yzer (DSA-10, Krüss GmbH, Hamburg, Germany) was used for
easurement of the wettability of binders with different HPC

oncentrations. The equipment employs the direct measurement
f a liquid drop spreading on the mannitol or A-TAB tablets
repared using the automatic press at compaction pressure of
87.3 MPa.

.4. Equipment and granulation

The experimental apparatus was a commercial fluid-bed pro-
essor (Glatt GPCG3, Glatt GmbH, Binzen, Germany) equipped
ith the Wurster insert and operated in a bottom-spray batch

ode. Before entering the powder bed the fluidizing air flow

ate is measured by mass flow meter and preheated. The air dis-
ributor is a stainless steel perforated plate with two different

eshes and is used to distribute the heated air flow rate, which
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Fig. 2. SEM images of primary parti

s greater in the central tube than in the periphery. This assures
regular circulation pattern of the particles. Binder solution is
elivered to the powder bed from below through a two-fluid
chlick nozzle fed by a peristaltic pump from a reservoir posi-

ioned on a balance. The liquid flow rate is controlled by the
ump revolution setting and by the continuous record of reser-
oir weight. The atomizing air flow rate is controlled by needle
alve and measured by a mass flowmeter. The atomizer is an
pward facing nozzle and is located in the inner tube in the bed.
he air and liquid flow rates, temperatures and pressure drop
ere monitored during granulation.
.5. Characterization and chemical analysis of products

During granulation, samples of powder/granules from the
uid bed were taken at every 5 min for off-line measurement of

I
a
a
w

Fig. 3. Basic physical properties for HPC
f mannitol (left) and A-TAB (right).

SD and bulk and tapped densities. In-process growth samples
ere not dried prior to particle size characterization, however,

he final time point was dried prior to characterization as a result
f normal process operation. Previous experience has shown
hat there is little or no impact of drying the in-process granule
amples (in a vacuum oven) prior to particle size measurement.
t is recognized that there is a possibility for attrition to occur
uring characterization. For this reason, particle size analysis
sing the Sympatec laser diffraction system was conducted
t the lowest possible dispersion pressures (0.5 bar g) while
nsuring adequate presentation of granules to the laser field, and
his pressure was held constant throughout all the experiments.

n order to understand or to explain some phenomena, chemical
nalysis (assay) of different samples obtained during the run
nd at the end of granulation was performed. Sieve fractions
ere analyzed for dibasic calcium phosphate (CaHPO4,

solutions, mannitol, and A-TAB.
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Table 1
Summary of basic experimental conditions in Wurster granulator

Experiment # Solid HPC
concentration (%)

Mass of solid
(g)

Mass of added
HPC (g)

Rate of binder
addition (g/min)

Bed temperature
(◦C)

Air flow rate
(cfm)

1 Mannitol 5 920 80 10.9 20.0 50–60
2 Mannitol 10 920 80 14.6 20.6 50–70
3 Mannitol 15 920 80 11.0 22.4 50–70
4 A-TAB 10 920 80 16.7 19.9 50–80
5 A-TAB 15 920 80 12.5 20.6 50–70
6 7
7 8
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Mannitol + A-TAB 10 866
Mannitol + A-TAB 15 920

-TAB) using a titrimetric assay according to the official USP
onograph. Samples were analyzed for mannitol by using

on chromatography with amperometric detection on a Dionex
hromatography system. Mannitol was quantified relative to
n external mannitol standard (100% purity, USP).

. Results and discussion

.1. Input parameters for the analysis

A sieve fraction of mannitol with average diameter D =
20 �m was used for experiments with pure mannitol. Slightly
arger sieve cuts of primary particles of mannitol and A-TAB,
ith average diameter D = 152 �m, were used for experi-

ents with pure A-TAB and 50/50 blend (w/w) of mannitol

nd A-TAB. Scanning electron microscopy (SEM) images of
oth primary particles are compared in Fig. 2. Both materi-
ls have irregular shape. A-TAB particles have a very rough

t
c
i
a

Fig. 4. Comparison of growth profiles for m
5 14.3 18.9 50–80
0 9.8 20.7 50–70

urface. Asperity (surface roughness) of the primary particles,
a = 3.5 �m for mannitol versus ha = 6.1 �m for A-TAB, was
stimated by the detailed morphological analysis (Stepanek et
l., 2006; Stepanek and Rajniak, 2006). Solubility of the man-
itol is 1 g in 5.5 cm3 of water solution, A-TAB is insoluble in
ater.
Experimental data of the dynamic viscosity, surface tension

nd size of the spray droplets are presented in Fig. 3 together
ith equilibrium wetting angles of binder solutions with
ifferent HPC concentration on the mannitol and A-TAB
urfaces. Each experimental point represents a mean value from
wo independent experiments. The binder solution viscosity,
quilibrium wetting angle and droplet size increased greatly
ith the HPC concentration in the range of 5–30% of HPC. On
he other hand, the surface tension of different binders is almost
onstant in the range 5–20% HPC. The limiting wetting angle
s higher for mannitol than for A-TAB at 5% HPC. However,
t 10% HPC it is already slightly higher for A-TAB and at

annitol, A-TAB with HPC binders.
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5% HPC the limiting wetting angle is significantly higher for
-TAB than for mannitol.

.2. Granulation experiments

Experimental conditions of different wet granulation experi-
ents in the Wurster granulation unit are summarized in Table 1.
The goal was to keep constant total material balance of manni-

ol and HPC and as similar hydrodynamic conditions as possible.
ry mass of HPC added is 8% (80 g in 1000 g batch). This

mount was chosen based on previous product development
xperience and was not deemed to be unnecessarily high based
n the growth profiles and final particle size distributions. The
ow rate of the fluidizing air was gradually increased during
xperiments to maintain good and consistent flow pattern. Prod-
ct samples were taken during the experimental runs and used for
he PSD evaluation. Granule growth profiles are shown in Fig. 4
s a function of the relative time = time/duration of experiment.
verage granule size represents the volume mean diameter of
ranules. Amount of the added HPC is the same at the same rel-
tive time. Binder addition was chosen as a consistent temporal
nit of measure, since the total duration of experiments depends
n the binder solution concentration.

The observed granule growth for different binder concen-
rations was a strong function of the binder concentration and
he excipient surface roughness and solubility. Generally, faster
rowth of the granules was observed with more concentrated
inder. In experiments with pure mannitol (Fig. 4a) long coat-
ng period (45% of relative time) with no growth was observed
or 5% binder. The coalescence starts only after creating a binder
ayer with a thickness sufficient for successful collision. For 10%
inder the coating period is shorter (∼20% of relative time) and
t does not exist for 15% binder where the coalescence starts
mmediately because the binder droplets are much larger and

ore viscous. In experiments with pure A-TAB (having signif-
cantly rougher surface and negligible solubility in water) no
rowth was observed for the 10% HPC binder and a long coat-
ng period followed by fast granule growth was observed for the
5% HPC (Fig. 4b). Finally, in experiments with 50/50 (w/w)
lends of mannitol and A-TAB growth profiles similar to the
rowth profiles for pure mannitol were observed (Fig. 4c). Sim-
lar growth profile for pure mannitol and 50/50 blend of mannitol
nd A-TAB is illustrated in Fig. 4d.
.3. Comparison with physically based criteria

Viscous Stokes number, the binder layer thickness and the
urface asperity were evaluated for experiments #1–5 together

p
t
i
b

able 2
ummary of basic properties for evaluation of criteria (1)–(3)

xperiment # CHPC (%) μ (Pa s) D4,3 (�m) dcap (�m) hc

5 0.0195 30 68 7
10 0.1643 40 73 15
15 0.7620 60 102 25
10 0.1643 40 71 15
15 0.7620 60 96 27
Pharmaceutics 334 (2007) 92–102 97

ith criteria (2) or (3) which define conditions for coalescence or
ebound. These criteria combine the morphological properties of
xcipients (size and surface roughness) with physical properties
f the binder and can be used for a simple prediction of the
oating versus agglomeration regime at given flow conditions
collision velocity). All properties are summarized in Table 2.

Symbols in Table 2 represent: CHPC = concentration of HPC
n the binder solution having dynamic viscosity μ, D4,3 = De
roukere mean diameter of one binder droplet which creates
n the solid surface a spherical cap with base diameter dcap,
eight hcap and wetting angle θ, λmin is the average minimum
hickness of the binder layer on the solid surface defined by
xpression (5), m̃ and D̃ are reduced particle mass and diameter,
nd ha = asperity (roughness) of the solid surface.

Mean values of the droplet size, the particle size and the
sperity were used for evaluation rather than distributions, since
narrow sieve fraction of both A-TAB and mannitol primary

articles was used in the experiments. After introduction of
arameters from Table 2 into criterion (2) we get conditions
or coalescence:

For mannitol:
◦ For 5% HPC collision is successful if u0 < 0.04 m/s;
◦ For 10% HPC collision is successful if u0 < 2.3 m/s;
◦ For 15% HPC collision is successful if u0 < 18 m/s.
For A-TAB:
◦ For 10% HPC collision is successful if u0 < 0.48 m/s;
◦ For 15% HPC collision is successful if u0 < 6.4 m/s.

The coating operation regime is predicted for early stages
f experiment #1 with 5% HPC binder solution, because the
gglomeration would be successful only for very low collision
elocities which are unlikely in the spraying zone of the Wurster
nit. The less strict condition for experiment #2 can explain the
horter coating period shown in Fig. 4a. On the other hand, the
ranulation regime is predicted for the experiment with 15%
PC for which collisions are successful even at very high colli-

ion velocities.
Analogous conditions for successful collisions are more strict

3–5 times lower feasible collision velocities) for A-TAB par-
icles as a consequence of the higher surface roughness of this
xcipient. It can partially explain different growth profiles for
he A-TAB with no growth at 10% HPC and significant coating

eriod at 15% HPC shown in Fig. 4b. However, we consider
hat another contributing factor is the insolubility of the A-TAB
n water. In traditional granulation theory, it is assumed that a
inder such as a polymer is required to hold particles together

ap (�m) θ (◦) λmin (�m) m̃ (�g) D̃ (�m) ha (�m)

.7 25.8 3.9 0.5 60 3.5

.2 45.5 8.1 0.5 60 3.5

.5 53.1 13.8 0.5 60 3.5

.9 48.1 8.4 1.5 76 6.1

.9 60.2 15.5 1.5 76 6.1
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Fig. 5. A-TAB distribution vs. sieve fraction in granules with mannitol.

nce granules form in the granulator and are dried. However, it
as been shown (Farber et al., 2003; Bika et al., 2005) that excip-
ents strongly soluble in the liquid binder solution system also
lay a major role in the formation and strength of solid bridges
nside a granule.

The systematic experimental study of physical properties of
ypical excipients, active substances and binder solutions used

or granulated products combined with physically based crite-
ia helps in understanding and predicting the operation regimes
uring coating or granulation processes. Other solid + binder
ystems will be studied in the near future in an effort to gener-

a
i
1

Fig. 6. SEM images of fines vs. large granules at different sta
Pharmaceutics 334 (2007) 92–102

lize existing observations. The application of the theory in this
ontribution is qualitative and applied only to early stages of the
oating/granulation process. Mean values of the droplet size, the
article size and the asperity height are used for evaluation rather
han distributions, since a narrow sieve fraction of both A-TAB
nd mannitol primary particles was used in the experiments.
implified criteria allow for computation of approximate ranges
f collision velocities between primary particles for success-
ul collisions. The approximate ranges are used for qualitative
omparison of granulation potential of different solid + binder
ombinations and predicting the preferential growth of one com-
onent from a blend of different solid components. To make this
pproach more useful for simulation and prediction of the whole
ranulation process, it will be necessary to combine it with com-
utational fluid dynamics (CFD) models allowing calculation of
rofiles of collision velocity in the granulator. The agglomera-
ion theory must also be extended to include collisions between a
article and a granule and between granules. Mathematical mod-
ls for prediction and scale-up of fluid-bed granulation processes
ombining CFD with population balancing and with agglomer-
tion theory are under development (Rajniak et al., 2005, 2006;
tepanek and Rajniak, 2006).

.4. Granule properties
For experiments with 50/50 (mass basis) blends of mannitol
nd A-TAB we can assume that both components behave
ndependently (ideal mixture). Consequently, the growth for
5% HPC binder should be controlled at early time points by the

ges of process (mannitol is dark and A-TAB is white).
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Fig. 7. Granule porosity and density

oalescence of mannitol particles only and after ∼30 min will
he A-TAB particles also coalesce. This hypothesis was tested
y chemical analysis of different sieve fractions of samples
aken after 30 min of spraying and after 55 min (final product).
esults are presented in Fig. 5. Note that no granules >600 �m
ere produced after 30 min of spraying. The chemical analysis

hown in Fig. 5 confirms the above assumption of preferential
rowth of the mannitol-enriched granules at early stages.
owever, the granules do not contain exclusively mannitol
ut also some entrapped A-TAB particles. These results are
lso supported by SEM images of primary particles and
ranules at different stages of the process (30 min versus end of
ranulation) shown in Fig. 6. Porosity of mannitol granules was
valuated using reconstructed cross-sectional images. XRCT
oftware was used to both reconstruct images and evaluate the
orosity. Morphology of the granules is strongly dependent
n the binder concentration. Total porosity (summation of the
annitol internal porosity and granule porosity) and granule

orosity (macroporosity) estimated from the images is reported
n Fig. 7. With increasing HPC concentration the porosity
f the granules increases. The reverse trend is expected and
bserved from the dependence of the granules bulk density
both tap and pour) on the binder concentration, as also shown
n Fig. 7.

Morphological analysis of mannitol + A-TAB granules is
resented in Fig. 8. All methodologies can nicely distinguish
etween A-TAB, mannitol and voids. SEM image on left side

as done with backscattered electrons, and brighter particles

re A-TAB. In the central XRCT image, A-TAB particles are
uch darker than mannitol particles. Finally, on the XRCT

ross-section, A-TAB is almost black and mannitol is gray.

F
a
o
o

Fig. 8. Morphological analysis of the mannitol/A-TAB
nction of the binder concentration.

Morphological analysis of mannitol granules is presented in
ig. 9. Images are grouped in columns for each HPC concentra-

ion and are (top to bottom): SEM (side view), XRCT (side view,
ransmission), XRCT-reconstructed cross-section (used also for
valuation of porosity in Fig. 7). Granules produced with 5,
0 and 15% of HPC were imaged. The more porous structure
f the granules with 15% HPC supports the theoretical predic-
ion of faster growth (see criteria in Section 4.3) without need
f complete coating of primary particles. On the other hand,
enser granules are produced with 5% HPC when the coat-
ng period is needed. All granule properties clearly correlate
ith the binder concentration, with physical properties of the

olid + binder system, with the granule growth dependencies and
ith theoretical predictions of the coating versus granulation

egime.

.5. Comparison of experimental and computed granule
icrostructures

Virtual granules (Stepanek and Ansari, 2005; Stepanek,
004) have been generated by random packing of primary
articles possessing the same morphological characteristics as
annitol particles (Stepanek et al., 2006). The virtual granules
ere generated so as to have porosity matching that of physi-

al granules shown in Fig. 9, i.e. approximately 20%, 30%, and
0% (referring to granule porosity, i.e. not counting the internal
orosity of mannitol particles). The virtual granules are shown in

ig. 10 in a similar format as that of Fig. 9, i.e. in a 3D view and
s cross-section. By qualitative comparison with actual granules,
ne can conclude that the virtual granules are realistic models
f the real, physical ones. In particular the relationship between

granules manufactured with 15% HPC binder.
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Fig. 9. Morphological analysis of the manni

nternal porosity and external morphology of the granules is
ell reproduced in the virtual granules—the granules with low-
st porosity are nearly spherical and compact, while granules
ith the highest porosity have a visibly more open, irregular

tructure with individual particles occasionally “sticking out”
f the main granule structure.

d
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(
d

Fig. 10. Virtual granules obtained by random packing of
anules manufactured with different binders.

Further simulations have been performed in order to illus-
rate the effect of primary particle morphology on the liquid

istribution on the particle surface after contact with a spray of
roplets (Stepanek and Rajniak, 2006). The initial conditions
10 randomly deposited liquid droplets) and asymptotic liquid
istribution satisfying equilibrium wetting angles of 20◦ and

computer-reconstructed mannitol primary particles.
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Fig. 11. Computed equilibrium liquid-phase distribution on the surface o

0◦ (roughly corresponding to 5 and 15% HPC solutions) are
hown in Fig. 11 for computer-reconstructed mannitol and A-
AB primary particles. The figure reveals an interesting trend:
he fractional surface coverage of the rougher particle (A-TAB)
ppears to be higher than that of the smoother (mannitol) parti-
le; however, since the total volume of the liquid deposited on
he particle was the same in each case, this means that the aver-
ge thickness of the liquid layer on the A-TAB particle must
e lower. As was already discussed in Section 3, this means
ower probability of coalescence under otherwise identical con-
itions, as was indeed observed in the experiments. Another
rend revealed by Fig. 11 is that for mannitol, the difference
etween the fractional surface coverage – and therefore the aver-
ge liquid thickness – for 20◦ and 60◦ is not as profound as for
he A-TAB particle. This is also consistent with experimental
ata: there was a substantial difference between the agglomera-
ion rate of A-TAB particles for 10% (no growth) and 15% HPC
growth after an “induction” period), whereas mannitol particles
gglomerated for both concentrations, the only difference was
n the rate. A full discussion of the effect of particle morphology
n the surface coverage can be found in Stepanek and Rajniak
2006).

. Conclusions

Physical properties of aqueous HPC binder solutions with
ifferent HPC concentrations have a direct impact on the granule
rowth and granule properties for both tested excipients and their
lends.

For mannitol, a significant “coating” period followed by slow

ranule growth was observed for the case with the 5% HPC
inder. The “coating” period was significantly shorter for the
0% HPC binder and did not exist for the 15% HPC for which
n immediate and fast granule growth was observed.

C

nitol and A-TAB primary particle for two wetting angles: 20◦ and 60◦.

For anhydrous CaHPO4 (A-TAB), no growth was observed
or the 10% HPC binder and a long coating period followed by
ast granule growth was observed for the 15% HPC.

As expected from experiments with pure excipients, a pref-
rential coalescence and growth of the mannitol granules from
he blend of mannitol + A-TAB was confirmed by both chemical
nalysis and SEM imaging.

These regimes are qualitatively predicted using simple
hysically based criteria, which combine the morphological
roperties of excipients (size and surface roughness) together
ith physical properties (viscosity, wetting properties, droplet

ize) of the used binder. The insolubility of A-TAB in water and
esulting weaker bridges likely contribute to generally slower
rowth for the A-TAB particles.

Mechanical and morphological properties of the produced
ranules were also measured. A clear correlation between the
ranule porosity or density and the binder concentration was
ound for the mannitol granules.
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