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1. Introduction

ABSTRACT

In this study, Hapgood’s nucleation regime map (Hapgood et al., 2003) was tested for a formulation
that consists of an active pharmaceutical ingredient (API) of broad size distribution and a fine dry binder.
Gabapentin was used as the APl and hydroxypropyl cellulose (HPC) as the dry binder with deionized water
as the liquid binder. The formulation was granulated in a 61 Diosna high shear granulator. The effect of
liquid addition method (spray, dripping), liquid addition rate (29-245 g/min), total liquid content (2, 4
and 10%), and impeller speed (250 and 500 rpm) on the granule size distribution and lump formation
were investigated. Standard methods were successfully used to characterize the process parameters
(spray drop size, spray geometry and powder surface velocity) for calculating the dimensionless spray
flux. However, the addition of dry binder had a very strong effect on drop penetration time that could
not be predicted from simple capillary flow considerations. This is most likely due to preferential liquid
penetration into the fine pores related to the dry binder particles and subsequent partial softening and
dissolution of the binder. For systems containing a dry binder or other amorphous powders, it is recom-
mended that drop penetration time be measured directly for the blended formulation and then scaled to
the drop size during spraying.

Using these approaches to characterize the key dimensionless groups (dimensionless spray flux and
drop penetration time), Hapgood’s nucleation regime map was successfully used to predict a priori the
effect of process conditions on the quality of the granule size distribution as measured by lump formation
and the span of the size distribution, both before and after wet massing for range of conditions studied.
Wider granule size distributions and higher amount of lumps were obtained moving from intermediate
to mechanical dispersion regime. Addition of the liquid in the dripping mode gave the broadest size dis-
tribution with ungranulated fines and highest percentage of lumps compared to spraying mode. Addition
of the liquid by spraying in the intermediate regime gave the narrowest size distribution with the low-
est amount of lumps. The effects of impeller speed and wet massing time on granule size distribution
were complex. At 2% liquid content, increasing the impeller speed and adding wet massing time caused
some breakage of lumps and the production of fines. At higher liquid contents, the effects were less clear,
likely due to a balance between increased breakage and increased granule consolidation and growth.
Nevertheless, this work has demonstrated that for complex formulations with dry binder addition, the
final granule size distribution still depends strongly on the homogeneity of the initial liquid distribution
which is well predicted by the nucleation regime map analysis.

© 2011 Elsevier B.V. All rights reserved.

across length scales with stability considerations. The formulation
and the manufacturing sequence are fixed. Gabapentin as API and

This study reports results from a larger case study on model- hydroxypropyl cellulose (HPC) as dry binder are used as granula-
based design space development for solid dosage form manufacture tion materials. The manufacturing line has several unit operations

including granulation, fluid bed drying, blending and tableting.
In modeling all industrial solids processing, the aim is to relate
the product attributes to process parameters and formulation prop-
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erties to determine the operation window at all scales. There are
different quantitative engineering approaches available based on
the level of knowledge to optimize the process (see Table 1). If
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Table 1
Quantitative engineering approaches for scale up and design.

What do we know?

How do we design experiments and scale?

Implications

Nothing except parameters we can vary

Controlling mechanisms
characterization

Statistical experimental design

Careful formulation and process

Lots of experiments at all scales

Reduced experiments at all scales

Designing experiments based on
dimensionless groups and regime maps

Fully predictive model
characterization

Design minimum number of experiments to
validate and fine tune the model

Careful formulation and process

Use dimensionless groups to scale up
Least number of experiments
Pilot/full scale model validation and
parameter estimation

there is no mechanistic information about the process, except for
the process parameters, then statistical experimental designs are
used to determine the effects of process parameters on the product
properties. The statistical experimental design approach requires
many experiments at all scales, and all the relations developed are
empirical and have little information to bridge across scales. A more
desirable approach is to have fully predictive mathematical mod-
els covering all the physical phenomena taking place in the process.
Then, the least number of experiments are required at all scales to
validate the model and estimate the model parameters.

For high shear wet granulation, the complex nature of the pro-
cess does not allow us to have fully predictive models at the
moment. This is a current area of active research. A variety of
modeling approaches are being developed towards developing true
engineering design models based on different mathematical frame-
works including on population balance modeling, (Adetayo and
Ennis, 1997; Biggs et al., 2003; Hounslow et al., 2001; Iveson, 2002;
Poon et al., 2008; Ramachandran et al., 2009; Verkoeijin et al.,
2002), and coupled DEM-population balance modeling (Freireich
et al., in press; Gantt and Gatzke, 2005).

The regime map approach falls in between statistical experi-
mental design method and full predictive mathematical models in
terms of level scrutiny and also number of experiments that need to
be performed (Table 1). In this approach, key dimensionless groups
which control different aspects of the process physics are defined.
Process and formulation parameters are chosen to place the process
in the desired regime of operation. Scale up is performed keeping
all key dimensionless groups constant if possible.

The processes occurring in high shear wet granulation are cate-
gorized as wetting and nucleation, consolidation and growth, and
breakage and attrition. Dimensionless groups and regime maps
have been developed for growth and consolidation (Iveson et al.,
2001; Iveson and Litster, 1998). The key dimensionless groups
which define the regime of operation on growth regime map are
maximum liquid saturation (Smax) and Stokes deformation num-
ber (Stqer) (Iveson et al., 2001). Dimensionless spray flux (v,) and
dimensionless penetration time (7, ) define operation regime on the
nucleation map (Hapgood et al., 2003). These four dimensionless
groups are defined as:
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Table 2

Physical properties of gabapentin and HPC.
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where V is spray flux, A is powder flux, dg4 is drop diameter, tp
is drop penetration time and t. is the circulation time inside the
granulator, w is the mass ratio of liquid to solid, &j, the minimum
porosity the formulation reaches for that particular set of operating
conditions, ps and p; are the density of solid particles and the lig-
uid density respectively, pg is granule density, U is representative
collision velocity, and Y4 is dynamic yield stress. There are fewer
studies on wet granule breakage compared to two other processes.
Tardos et al. (1997) introduced a criterion for breakage based on a
version of the Stokes deformation number. If St4.f exceeds a critical
value then breakage occurs. Recent experimental studies have val-
idated this approach, although slightly different definitions of Stges
are used (Liu et al., 2009; Van den Dries et al., 2003).

An extensive literature on high shear wet granulation was
reviewed by Kristensen and Schaefer (1987) and Gokhale et al.
(2005). More recent experimental studies that investigated the
effects of process conditions and formulation properties on the
final granule properties were presented by Benali et al. (2009),
Bouwman et al. (2005), Bouwman et al. (2006), Cantor et al. (2009),
Ghorab and Adeyeye (2007), Le et al. (2011), Mackaplow et al.
(2000), Mangwandi et al. (2010), Mangwandi et al. (2011), Michaels
et al. (2009), Realpe and Velazquez (2008), and Smirani-Khayati
et al. (2009). In most of these studies, the effects of process vari-
ables and formulation properties on growth behavior and granule
properties were discussed considering how Stokes deformation
number or the balance between coalescence and breakage would
be affected by a change in any of the variables. Of these papers,
Benali et al. (2009), Bouwman et al. (2005), Bouwman et al. (2006),
and Michaels et al. (2009) specifically used dimensional numbers
and regime map approach to analyze their data.

The regime map approach for nucleation and wetting has largely
been validated in the literature with relatively simple single com-
ponent crystalline powder systems using liquid binders. Hapgood
et al. (2003) presented and validated the regime map using lac-
tose powders with two different size distributions and several
different liquid binders. Ax et al. (2008) studied the effect of
dimensionless spray flux by changing the droplet size and liquid
flow rate on granule size and binder distribution where lactose

Properties

Gabapentin HPC EXF

HPC EF

True density (g/cm?)

1.2384 + 0.0002 1.1897 + 0.0002

1.1936 + 0.0004

dio (um) 40.1 + 8.9 (67)? 7.6 +£02 168.1 + 16.2
dso (jum) 169.3 + 5.2 (163)° 33.0+ 1.1 4225 £ 16.0
dgo (um) 4455 + 70.6 (291)? 96.5 + 3.1 822.8 + 124

3 The values in parenthesis are the results of sieve analysis, the rest are from laser diffraction analysis.
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is used as the granulation material and water is used as the lig-
uid binder. Hapgood et al. (2010) presented a pharmaceutical case
study where the dimensionless spray flux is reduced to improve the
liquid distribution for a multicomponent granulation material (API,
microcrystalline cellulose, sodium starch glycolate, aluminium
magnesium silicate). There have been no studies which test the
Hapgood regime map approach (taking into account both drop pen-
etration time and dimensional spray flux) using dry binders that are
activated by the addition of a low viscosity solvent spray, e.g. water,
which is a very common practice in industry. Some recent studies
focused on granulation using only dry binders in order to under-
stand the granulation mechanism and how granule properties are
affected by dry binder properties (Herder et al., 2006; Larsson et al.,
2008). Some workers have shown that dry amorphous binders can
be activated if humidity causes the binder to drop below its glass
transition temperature (Cavinato et al., 2010; Li et al., 2011; Palzer,
2009). This process is analogous to activation of a melt binder by
increasing the temperature. In a typical high shear granulation with
adry binder, a low viscosity liquid is added from a spray which may
then penetrate the bed by capillary action while simultaneously
softening and partially dissolving the dry binder. This process is
more complex than both the humidity driven activation described
above and the capillary based models for drop penetration time
given by Hapgood et al., 2002. Thus, the applicability of the simpli-
fied regime map approaches to more complex formulations needs
further evaluation.

This paper focuses on testing the different regimes in the wet
granulation nucleation regime map using a pharmaceutical for-
mulation that constitutes Gabapentin and a dry binder (HPC) in a
laboratory scale high shear granulator. We will examine the effect
of process conditions and formulation properties on the nucleation
regime of operation and use the information gathered from regime
map to make predictions about the resulting granule size distribu-
tion. The applicability of the regime map approach to this more
complex formulation will be critically assessed and the general
applicability of the approach discussed.

2. Materials and methods
2.1. Materials and material characterization

The base formulation for this study consisted of gabapentin
(Pfizer) with HPC (Hercules, Klucel EXF) used as the dry binder. The
mass ratio of gabapentin to HPC was kept constant in all exper-
iments at 15:1. De-ionized water was used as granulation liquid.
All granulation studies used this formulation. For drop penetra-
tion time studies, experiments were also performed with a coarser
grade of HPC (Hercules, Klucel EF) in the same mass ratio, and with
pure gabapentin with no dry binder.

The particle size distribution of gabapentin was determined
with both sieve analysis and laser diffraction method (Malvern
Mastersizer 2000, Hydro S) (Fig. 1). The gabapentin supplied for
this study has median particle size of 169.3 wm, which is larger
than the materials that normally need to be granulated. Both
HPC particle size distributions were measured by laser diffrac-
tion using a dry powder disperser (Malvern Mastersizer 2000,
Scirocco 2000 M). Table 2 gives key size distribution and true den-
sity values for the powder materials. True density values were
measured using a helium pycnometer (Micromeritics AccuPyc Il
1340) after keeping samples in a dessicator for one week. Tapped
density and bulk density were measured in a 100 mL graduated
cylinder with a Varian Tapped Density Tester. Bulk and tapped
densities are reported in Table 3 for pure gabapentin and for
gabapentin plus HPC mixtures. Each measurement was repeated
three times for all tests. The results are presented as mean val-
ues with 95% confident interval. Fig. 2 shows microscope images of
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Fig. 1. Particle size distribution of gabapentin.

the gabapentin and HPC Klucel EFX (Nikon SMZ-1500 Stereoscopic
Zoom Microscope).

Penetration time of liquid binder into the powder bed was mea-
sured as follows. Pure gabapentin, and premixed samples (15:1
gabapentin-Klucel EXF, 15:1 gabapentin-Klucel EF) were placed in
a petri dish and the surface was leveled gently with a ruler with-
out exerting force that could cause compaction. A drop of water
was released onto the powder bed from a syringe. The distance
between the powder bed and the needle tip was 5 cm. The course
of penetration was recorded by a high speed camera (Photron,
Fastcam-X 1024 PCI). Penetration time was determined by ana-
lyzing the videos. Drop penetration was judged to end when there
was no significant change in the reflections seen on the granule
nucleus. A twenty two gauge needle was used for drop penetra-
tion experiments giving a drop size of 2.80+ 0.03 mm. From this
measurement, the penetration time for any other drop size can be
calculated from the following equation (Hapgood et al., 2002):

Ip,1 dﬁ,l
il ®
p.2 d.2

For each formulation, drop penetration time was taken as the

average of 10 measurements.

2.2. Granulation experiments and process characterization

A Diosna P1-6 granulator with 6 L bowl was used for all granu-
lation experiments. The bowl diameter was 25 cm and height was
14 cm. Abatch size of 1.19 kg was used in all experiments. The loose
bulk density of the gabapentin/HPC EXF mixture was measured as
0.57 +0.02 g/cm? and the corresponding volumetric fill fraction in
the granulator was 35%.

To begin an experiment, the granulation material was dry mixed
for 5min at 500 rpm prior to water addition. The impeller speed was

Table 3
Physical properties of gabapentin and gabapentin-HPC mixtures.

di32) Bulk density Tapped density
(wm)  (g/em?) (g/cm?)
Pure gabapentin 78.4 0.61 + 0.02 0.83 + 0.03
Gabapentin-HPC EF (15:1, wjw%)  81.8 0.59 + 0.01 0.83 + 0.01
Gabapentin-HPC EXF (15:1, w/w%) 61.3 0.57 + 0.02 0.79 + 0.03
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Fig. 2. Microscope images for (a) gabapentin (scale corresponds to 500 wm), and (b) HPC Klucel EFX (scale corresponds to 50 pm).

adjusted to that required for the experiment and water added by a
spray nozzle or drip tube. The chopper speed was set to 1000 rpm
for all experiments. The water addition time was set by the required
spray rate and desired liquid content. Approximately 100 g of sam-
ple was taken from the granulator for size analysis after the liquid
addition step. All the batches were then subject to 2 min of wet
massing. After wet massing was completed, the final granules were
removed and riffle split to yield a sample for size analysis. Gran-
ule samples for size analysis were tray dried overnight at 50°C
and at ambient humidity. The granule size distribution was then
determined by sieve analysis using a +/2 sieve series from 63 wm
to 1 mm with material greater than 1 mm designated as “lumps”.
For dgg value calculations, the largest granule size was considered
arbitrarily as 1400 pwm. On the figures, the granule size distribu-
tions are presented as the normalized mass frequency of logarithm
of particle size (Allen, 2003), where:

Yi
Um0 = /a1 (©)
where y; is the mass fraction in size interval i and x; is the top size
of size interval i.

To calculate the important dimensionless groups for regime map
analysis, the liquid spray characteristics and powder surface veloc-
ity were measured. Water was introduced onto the powder bed
either by spraying or in dripping mode. Two flat spray pattern
nozzles with different volumetric capacities were used (Spraying
Systems Co, 650017-SS and 650008-TP). Tygon 18 tubing (7.9 mm
ID) was used to deliver the liquid in dripping mode. The lowest
spray rate used in this study (29 g/min) was obtained with 650008-
TP flat fan spraying nozzle at 40 psi. The distance between the tip of
the nozzle and the powder surface and the angle of the nozzle were
adjusted so that the spray width was 5 cm on the powder surface. A
higher flow rate of 119 g/min was obtained with 650017-TP flat fan
spraying nozzle at 100 psi. The width of this spray on the powder
bed was 6 cm. The nozzle was located perpendicular to the powder
flow and right before the chopper. The location of the nozzle was
adjusted so that the liquid did not hit to the walls or to the impeller.
No accumulation on the walls or on the impeller was observed
after the experiments. Drop size distributions for both nozzles were
analyzed 5 cm below the nozzle tip using Phase Doppler Analyzer
(Dantec Dynamics, Skovlunde, Denmark, dual-PDA). The volume
based median drop size produced by nozzles 650017-SS (at 100 psi)
and 650008-TP (at 40 psi) were 72 pm and 93 pm, respectively. The
drop size formed in dripping mode was calculated as 7 mm from the
balance between the surface tension and gravitational forces.

The powder surface velocity was measured at 35% fill ratio and
at 250 and 500 rpm impeller speeds using the high speed camera at

1000 frames/s. The camera was placed perpendicular to the powder
surface capturing the flow near the wall. Especially at 500 rpm, dust
blocked the visibility of the dry powder surface. Therefore, the pow-
der surface velocities were measured after spraying 10 s of water at
29 g/min. The images from high speed videos were analyzed using
image analysis software (GIMP) and dry agglomerates or cracks
on the powder surface were tracked to measure surface velocity.
Twelve spot measurements of surface velocities were taken for each
impeller speed, 11 experiments were conducted varying impeller
speed, mode of liquid addition (spray or drip), liquid flow rate and
liquid level. A summary of all experiments undertaken is given in
Table 4.

3. Results and discussion
3.1. Nucleation regime mapping

The nucleation process is a function of dimensionless spray flux
and dimensionless drop penetration time. There are three regions
defined on nucleation regime map (Fig. 3). To achieve good liquid
distribution, and thus a narrow granule size distribution and a mini-
mum of lump formation, operation should be in the drop controlled

1000
30
100 E
Mechanical
Dispersion
10 E

Intermediate

0.1

Drop

Controlled Caking

0.01 0.1 1 10 100 1000
¥,

Fig. 3. Nucleation regime map and location of experimental conditions on the map.
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Table 4
Summary of experimental conditions.
Run # Liquid Impeller speed Liquid flow Spraying Tp Va
level® (%) (rpm) rate (g/min) time (sec)
1 2 250 29 49 0.08 043
2 2 500 29 49 0.08 0.42
3 2 250 119 12 0.05 1.91
4 2 500 119 12 0.05 1.86
5 4 250 29 99 0.08 0.43
6 4 500 29 99 0.08 0.42
7 4 250 119 24 0.05 1.91
8 4 500 119 24 0.05 1.86
9 4 250 245 12 471 0.35P
10 10 250 29 248 0.08 043
11 10 500 119 60 0.05 1.86

2 The liquid levels are calculated based on total amount of dry powder used in granulation.

b Dripping mode.

regime with low dimensionless spray flux and low drop penetra-
tion time. Our objective is to test Hapgood’s regime map approach
for a broad size distribution formulation with a dry binder. Thus,
we need to characterize the system parameters and design set of
experiments where operation is (a) in the intermediate regime; (b)
in the mechanical dispersion regime due to high spray flux; and
(c) in the mechanical dispersion regime due to high drop pene-
tration time. (b) and (c) are achieved by varying spray rate and
drop size respectively. Experiments were performed at several lig-
uid contents and at two impeller speeds to test the robustness of
the nucleation regime map and for future studies on growth regime
mapping. Table 4 lists the full experimental design.

Table 5 lists the measured drop penetration times for pure
gabapentin, gabapentin plus Klucel EXF and gabapentin plus Klucel
EF. The results are shown for the actual drop size during the pene-
tration time experiment (2.804+0.03 mm) and calculated using Eq.
(5) for characteristic drop sizes during granulation experiments for
the spray and dripping modes. The median drop size for the two
spray nozzles used were measured as 93 and 72 pm respectively,
while in dripping mode the drop size was 7 mm. Table 5 shows
that the addition of a fine dry binder has a dramatic effect on the
drop penetration time. Hapgood et al. (2002) showed that the drop
penetration time (time needed for the drop fully penetrate into
the powder bed after the initial impact) for simple systems can be

LX)
'o..:? ‘:.:‘tO

related to powder and liquid properties by the following equations:

V23 M

th=135——-————
P Eeff*Reff Y1y COSO

(7)
where V4 is drop volume, u is the liquid viscosity, and y;, cos fis the
adhesive tension between the liquid and the powder. The effective
powder bed porosity and effective pore size are given by:

Eeff = Etap(1 — €p + Etap) (8)
_pd3y e
Reff T3 1- Eeff (9)

where ¢ is the particle sphericity, ds is the specific surface mean
particle size, gy, is loose packed bed porosity, and &t,p is the tapped
bed porosity. Effective bed porosity given in Eq. (8) takes into
account the macrovoids in the powder bed which decrease the
available pore volume for penetration. The details of derivation
for both equation 8 and 9 can be found elsewhere (Hapgood et al.,
2002).

Adding the fine dry binder will change the effective pore size and
powder bed packing (Table 5). The effective pore sizes and effec-
tive pore radii were calculated for pure gabapentin and gabapentin
HPC mixtures. The resultant values are used in Eq. (7) to calculate
and compare the drop penetration time for different powder beds.

weyvyw
A A Ry 3

Fig. 4. Schematic representation of the spray zone for each point shown on nucleation map (in Fig. 3). 1: Intermediate region with spraying, ¥,: 0.42-0.43; 2: Mechanical
dispersion with spraying, ¥,: 1.86-1.91; 3:Mechanical dispersion in dripping mode, ¥/,: 0.35. Left side: top view, right side: side view.
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Table 5
Drop penetration time for different drop sizes.

Eeff Resr Comparison of drop Drop penetration time (s)
penetration time from
Eq.(7)
2.8 mm? 93 pmP 72 pmP 7 mmP
Pure Gabapentin 0.27 9.68 tp 2.95 + 0.30 0.003 0.002 184
Gabapentin-HPC EF (15:1, w/w%) 0.27 10.01 0.98t, 3.11 £ 0.25 0.003 0.002 19.4
Gabapentin-HPC EXF (15:1, w/w%) 0.30 9.01 0.90 t, 75.44 £ 3.97 0.083 0.050 471.3

2 Measured value.
b Calculated from Eq. (5).

When fine dry binder is added to gabapentin, the drop penetration
time is expected to decrease slightly according to Eq. (7) (capillary
penetration for simple systems). However, in reality, there is a 25-
fold increase in drop penetration time (see Table 5). We hypothesize
that the large increase in penetration time is partly due to plasti-
cizing or partial solubilizing of the dry binder giving a barrier of
highly viscous sticky material so that the effective liquid viscosity
in the penetration time equation is very high. Note that this effect
is maximized for the current formulation where most of the drug
particles are coarse. The water drop is attracted to small pores by
capillary action. The small pores are associated with small particles
and therefore the dry binder. In contrast, there is little difference
between the penetration time between the pure gabapentin and
gabapentin with coarse dry binder. The effect on penetration time
will be significant if the time scale for this process is similar to, or
faster than that for capillary penetration. The time scale for plas-
ticizing/solubilization binder will be proportional to the surface
area of the powder and therefore decrease with decreasing dry
binder particle size. Thus, the impact of the dry binder solubiliza-
tion on penetration time is greatest when there is a large difference
between the size distributions of the binder and especially when it
is small compared to the rest of the formulation.

Nevertheless, when scaled to the drop size from the spray noz-
zle, the penetration times are at or near those required for drop
controlled granulation (points 1 and 2 on Fig. 3). However, in drip-
ping mode, the penetration times are very high and clearly in the

120, T T
—a— YV _=0.43 (Intermediate)
a A
ALY = 1.91 (Mechanical dispersion)
100 - -e- ¥, =0.35 (Mechanical dispersion-dripping) 8
original Gabapentin
80r 1
=
£ 601 1
40( 1
20( 1
0
1 2 3
10 10 10

Size (um)

Fig. 5. Effect of dimensionless spray flux on particle size distribution of granules at
4% liquid content and 250 rpm impeller speed before wet massing (1/,: 0.42 corre-
sponds to Point 1; v/,: 1.91 corresponds to Point 2; v/,: 0.35 corresponds to Point 3
in Figs. 3 and 4).

mechanical dispersion regime (Point 3 on Fig. 3). [Note that drop
penetration time measurement is relatively straightforward. How-
ever, determining the flow patterns inside the granulator, in order
to measure the circulation time is difficult. The surface velocity
of the powder bed was measured, and circulation time was esti-
mated, from the surface velocity measurements. We estimated the
circulation time between visits to the spray zone to be of order 1s.]

The dimensionless spray flux by definition determines the den-
sity of the liquid binder droplets hitting on the powder surface
through the spray zone. To calculate the dimensionless spray
flux, powder surface velocities are required. The mean powder
surface velocities at 250rpm and at 500 rpm were found to be
0.36 £0.04 m/s and 0.37 +0.03 m/s respectively. The impeller tip
speeds at 250 and 500 rpm are 3.27 and 6.54 m/s, respectively. The
powder surface velocities are approximately an order of magnitude
smaller than the tip speeds. The powder flows in roping regime at
both impeller speeds. As previously shown in the literature (Litster
etal., 2002; Ramaker et al., 1998), impeller speed does not have sig-
nificant effect on the powder surface velocity in the roping regime.
With the surface velocity measurement and knowledge of the spray
geometry, spray rate and drop size, the dimensionless spray flux can
be calculated using Eq. (1). Table 4 shows the lower spray rates gave
Ya values, ranging between 0.42 and 0.43 (intermediate region,
Point 1 on Fig. 3), whereas high spray rates gave higher 1, values,
1.86 and 1.91 (mechanical dispersion regime, Point 2 on Fig. 3). We
were not able to achieve low enough spray fluxes for the drop con-
trolled regime with the available nozzles. At lower spray rates, the
nozzles began to drip.

In dripping mode, the spray flux is calculated by taking the drop
diameter as the spray width. For the dripping condition, the spray
flux is calculated as 0.35(mechanical dispersion regime, Point 3 on
Fig. 3). The flow of water, pumped with a peristaltic pump, was
investigated by high speed camera and it was observed that there is
flow approximately for 0.1 sec and then there is a pause for 0.2 sec.
These flow and pause events are periodic. Thus the instantaneous
spray flux is higher than 0.35. However, intermittent nature of the
flow might be allowing time for breakup of the lumps before new
ones are formed.

3.2. Predicting granulation behavior from the regime map

None of the available experimental conditions were in the drop
controlled regime (see Fig. 3). When the sprays were used, the
dimensionless drop penetration time was estimated as 0.08 and
0.05 for drop sizes of 93 wm and 72 pwm, respectively. Although
the drop penetration time values were low enough to be in the
drop controlled regime, the region of operation was either in inter-
mediate region or in the mechanical dispersion region due to
the spray rates. The spray rate of 29 g/min provides experimental
conditions to operate in the intermediate region and the spray-
ing rate of 119 g/min resulted in mechanical dispersion region
(Fig.3).The dimensionless drop penetration time for dripping mode
is estimated as 471, which well into the mechanical dispersion
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Fig. 6. Granule size distributions before and after wet massing for 2% liquid content (a) at low spray flux (Point 1 in Figs. 3 and 4), (b) at high spray flux (Point 2 in Figs. 3 and 4).

regime independent of the value of the dimensionless spray
flux.

As none of the experiments was in the drop controlled regime,
we expect some lump formation in all experiments. However, the
fewest lumps and the narrowest granule size distribution should
occur for experiments conducted in the intermediate regime, i.e.
using the spray nozzle with low spray rate (Point 1 on Fig. 3). Point
2 is in the mechanical dispersion regime mainly due to the high
spray rate but the drop size and drop penetration time are rel-
atively small. The drops will form a thin layer of caked surface
on the powder bed which is expected to cause wider size distri-
bution and higher percentage of lumps compared to Point 1 (see
Fig. 4). Point 3 is also in the mechanical dispersion regime. How-
ever, at Point 3, the drop penetration time is 9448 times larger than
it is at Point 2 due to the 97.2 times difference in drop size. Pool-
ing of liquid on the powder surface may occur and the size of the
lumps will be larger (Fig. 4). The breakup of the thinner caked sur-
face is easier by mechanical dispersion than the breakup of larger
sticky lumps. Therefore at Point 2, the liquid distribution would
be better compared to Point 3. Therefore we expect the largest
number of lumps and the broadest granule size distribution at
Point 3.

We expect that the qualitative trends described above to be
true at all wet massing times, impeller speeds and liquid contents,
especially with regard to the presence of lumps. However, as the
granulation proceeds, granule consolidation, growth and breakage
will lead to changes in the mean granule size and the granule size
distribution.

In summary, the expectations of the granule size distribution
based on the nucleation regime map are:

e Lump formation is expected at all conditions due to the nature
of the formulation and limitations on the minimum spray rate

from the nozzles, but more lumps are expected when operating
in mechanical dispersion region.

¢ The narrowest distribution and widest distributions are expected
for Points 1 and 3, respectively.

e At a particular liquid content, as the impeller speed increases,
the dimensionless spray flux does not change significantly since
the powder surface velocity does not change. However, changing
the impeller speed may affect the breakage of lumps and smaller
amount of lumps are expected at higher impeller speeds.

e The qualitative predictions about the granule size distributions
are expected to be most obvious at lower liquid contents, where
the nucleation process dominates over granule growth.

3.3. Experimental granulation results

Table 6 shows median size, span, and the percentage of the
lumps (+1 mm granules) obtained in each experiment before wet
massing. Fig. 5 shows the full granule size distributions at 4%
liquid content at high and low spray flux and for water addi-
tion by dripping at 250rpm impeller speed. As the spray flux
increases from Point 1 (1, =0.42 and 0.43) to Point 2 (¥, =1.86
and 1.91) on the regime map (i.e. moving the operating point
from the intermediate regime to mechanical dispersion), there
is an increase in the amount of lumps and an increase in the
amount of fines leading to a broadening of the size distribution.
The broadest distribution was obtained for Point 3 (mechanical
dispersion-dripping), where there is clearly very poor liquid dis-
tribution with a large proportion of both lumps and ungranulated
powder. Very poor liquid distribution in the mechanical disper-
sion regime is supported by the bimodal distribution (Fig. 5). At
all conditions, some lumps are found, reflecting that none of the
operating conditions fall within the drop controlled regime. The
amount of lumps varies greatly with operating conditions and, in
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Table 6
Characteristics of granule size distributions before wet massing.
Run #? Fluid level Impeller speed W Tp dio (m) dgp (pum) dsp (pum) +1mm
(%) (rpm) granules (%)
1(P1) 2 250 0.43 0.08 156 1137 515 15.2
2 (P1) 2 500 0.42 0.08 181 934 475 5.9
3(P2) 2 250 1.91 0.05 111 1260 351 285
4(P2) 2 500 1.86 0.05 91 690 244 4.7
5(P1) 4 250 0.43 0.08 252 1067 537 12.0
6 (P1) 4 500 0.42 0.08 263 1045 610 113
7 (P2) 4 250 1.91 0.05 190 1291 730 36.6
8(P2) 4 500 1.86 0.05 235 994 568 9.5
9 (P3) 4 250 0.35 (dripping) 471 100 1271 320 31.1
10 (P1) 10 250 0.43 0.08 476 +1000 +1000 56.3
11(P2) 10 500 1.42 0.05 595 +1000 +1000 77.2

3 The values in parenthesis show the location of the experiment on the nucleation regime map (Refer Fig. 3). P1: Point 1 (intermediate regime), P2: Point 2 (mechanical
dispersion regime with spraying), P3: Point 3 (mechanical dispersion regime in dripping mode).

general, is highest for experiments in the mechanical dispersion
regime.

At any specific liquid content, the median granule size decreases
only slightly as the the spray flux moves from intermediate region
to mechanical dispersion region (from Point 1 to Point 2) with an
exception at 4% liquid content and low impeller speed. However,
the amount of lumps increases dramatically with increased spray
flux at the low impeller speed.

The powder flow during granulation is in roping regime at
250 rpm and 500 rpm providing good turnover at both cases. For
both 2% and 4% liquid content, increasing the impeller speed gives
narrower size distributions and reduces the proportion of large
lumps. At higher impeller speed, there is a greater rate of breakage
of lumps. Although, the surface velocity is nearly independent of
the impeller speed in roping regime, the maximum impact velocity
in the impeller zone is doubled at 500 rpm increasing the probabil-
ity of lump breakage (Liu et al., 2009). The effect of impeller speed
is more dramatic at high spray flux because of the increased lump
formation in the mechanical dispersion regime, e.g. at 2% liquid
content, the decrease in the amount of lumps when impeller speed
was increased was from 15.2% to 5.9% at lower spray flux and from
28.5% to 4.7%at high spray flux. Note, however, that some lumps
persist even at the higher impeller speeds. Operating at low spray
flux is the best way to keep the granule size distribution narrow.

At 10% liquid content, the majority of the granule size distribu-
tion is greater than 1 mm under all conditions due to rapid granule
growth.

Table 7 shows a summary of the granule size distribution param-
eters under all conditions after 2 min wet massing time. Lumps
are still seen under all experimental conditions and, in general,
operating in the intermediate regime leads to less lump forma-
tion and narrower granule size distributions. However, the change

in granule size distribution with wet massing will depend on
the balance between lump breakage and granule growth which
varies according to the experimental conditions. Fig. 6 and 7 show
the granule size distributions before and after wet massing for
2% and 4% liquid contents, respectively. Table 8 summarizes the
changes in the characteristics of granule size distributions after wet
massing.

At 2% liquid content, the granule size distribution is dominated
by nucleation and there is little or no granule growth. Wet massing
induces the breakage of the lumps at all impeller speeds and spray
fluxes (Tables 7 and 8, Fig. 6). At the lower spray flux, 71.1% and
76.3% of the initial lumps are broken at 250 and 500 rpm, respec-
tively (Table 8). At the higher spray flux, 50.2% and 46.8% of the
initial lumps are broken at 250 and 500 rpm, respectively. These
results indicate that more lumps can be broken at the lower spray
flux irrespective of the impeller speed. The breakage effect can be
also seen on dsq values. The dsg values are almost halved (Table 8)
except high spray flux-high impeller speed after wet massing. The
granule size distributions shifted left after wet massing, which indi-
cates the dominating effect of granule breakage (Fig. 6).

At 4% and 10% liquid content, wet massing had little effect on
the granule size distribution under most conditions (Fig. 7, Table 8).
There is evidence of a small amount of granule growth at 500 rpm
but not at 250 rpm. At 250rpm, the granule size distribution is
either unchanged, or there is a decrease in the proportion of lumps
due to breakage (4%, 250 rpm, high spray flux).

Ax et al. (2008) studied lactose granulation with water in the
intensive mixer Eirich RO2 that consists of a rotating vessel, a mix-
ing tool, and a wall scraper. They found that when the liquid is
sprayed, smaller nozzles (lower dimensionless spray flux) provide
better liquid distribution. They also stated that pouring the water
compared to spraying at the same flow rate results in a broader

Table 7
Characteristics of granule size distributions after wet massing.
Run #? Fluid level Impeller speed v Tp dio (m) dgo (pm) dso (m) +1 mm
(%) (rpm) granules (%)
1(P1) 2 250 0.43 0.08 136 684 283 4.4
2 (P1) 500 0.42 0.08 156 516 299 14
3(P2) 2 250 1.91 0.05 76 1118 215 14.2
4 (P2) 2 500 1.86 0.05 103 499 234 2.5
5(P1) 4 250 043 0.08 258 985 498 9.2
6 (P1) 4 500 0.42 0.08 284 1224 671 22.7
7 (P2) 4 250 1.91 0.05 214 1138 449 153
8 (P2) 4 500 1.86 0.05 261 1121 596 14.3
9(P3) 4 250 0.35 (dripping) 471 95 1261 282 28.8
10 (P1) 10 250 0.43 0.08 554 +1000 +1000 55.8
11 (P2) 10 500 1.42 0.05 960 +1000 +1000 89.2

2 The values in parenthesis show the location of the experiment on the nucleation regime map (refer Fig. 3). P1: Point 1 (intermediate regime), P2: Point 2 (mechanical
dispersion regime with spraying), P3: Point 3 (mechanical dispersion regime in dripping mode).
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Fig. 7. Granule size distributions before and after wet massing for 4% liquid content (a) low spray flux (Point 1 in Figs. 3 and 4), (b) high spray flux (Point 2 in Figs. 3 and 4),
(c) dripping mode (Point 3 in Figs. 3 and 4).

Table 8
Relative change in characteristics of granule size distributions after wet massing.
Run #? Fluid level Impeller speed Adio® (%) Adgo® (%) Adso (%) A+1mm
(%) (rpm) granules® (%)
1(P1) 2 250 -12.8 -39.8 —45.0 -71.1
2(P1) 500 -13.8 —44.8 -37.1 -76.3
3(P2) 2 250 -31.5 -11.3 -38.7 -50.2
4(P2) 2 500 13.2 -27.7 -4.1 -46.8
5(P1) 4 250 24 -7.7 -7.3 -233
6 (P1) 4 500 8.0 17.1 10.0 100.9
7 (P2) 4 250 12.6 -11.9 -38.5 -58.2
8(P2) 4 500 11.1 12.8 49 50.5
9(P3) 4 250 -5.0 -0.8 -11.9 -7.4
10(P1) 10 250 16.4 - - -0.9
11(P2) 10 500 61.3 - - 15.5

2 The values in parenthesis show the location of the experiment on the nucleation regime map (Refer Fig. 3). P1: Point 1 (intermediate regime), P2: Point 2 (mechanical
dispersion regime with spraying), P3: Point 3 (mechanical dispersion regime in dripping mode).

b The relative changes are calculated by ((value,ser wet massing — ValU€pefore wet massing )/ValU€hefore wet massing) % 100. For Adqo, Adso, and Adgo, the values used in the equation
are in microns; for +1 mm granules the values used in the equation are the mass percentages.
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Fig. 8. Microscope images of granules from sieve cut +500 wm and —710 wm. (a) Run 1, (b) Run 5. Scales on both images correspond to 500 pm.

granule size distribution. These results are in agreement with the
results presented in this study. However, they did not see signifi-
cant difference between the particle size distributions of granules
produced using different nozzles and also pouring method after
5min of wet massing. In this study, even after wet massing time
of 2 min, the difference in granule size distributions between dif-
ferent spray fluxes persists. This might be due to the difference in
granulator type (the granulator designs in these studies are very
different) or formulation or both.

Examination of microscope images of granules showed two
types of granule structure (Fig. 8). One group of granules is,
mostly composed of small particles and viscous HPC water solu-
tion (Fig. 8a). Sometimes, large gabapentin crystals are integrated
into the granules. The second group exhibits a more open struc-
ture and are formed by either smaller particles sticking onto larger
crystals or larger crystals forming a loose matrix (Fig. 8b). In this
type of structure, individual crystals can be clearly seen. Both types
of granule structure are seen at all liquid contents. However at 2%
liquid content, larger granules (>500 m) are mostly formed from
fine particles whereas at 4% liquid content, 500 wm and larger size
ranges have both types of granules. At 2% liquid content, mostly
90 wm and smaller particles are granulated. When the liquid con-
tent is increased, as more liquid becomes available for growth,
larger particles start to form granules.

The liquid amount needed for the formulation of interest was
very low. This may be due to two reasons: (1) the wide parti-
cle size distribution of original gabapentin where only smaller
amount of the material needs to be granulated; and (2) inclusion
of a dry binder which also acts as additional amount of liquid as it
is activated. Determination of amount of liquid needed is impor-
tant in order to determine end point for the process. In order
to predict a priori how much liquid is needed for granulation,
the growth regime map should be utilized. However, calculation
of maximum saturation value is not straightforward for com-
plex systems such as this one. Testing and validation studies of
the growth regime map for formulations with dry binders are
ongoing.

4. Conclusions

The main conclusions from the study are:

1. The addition of dry binder increases the drop penetration time
in a way that could not be predicted from simple capillary flow
considerations. For systems containing a dry binder or other
amorphous powders, it is recommended that drop penetration

time be measured directly for the blended formulation and then
scaled to the drop size during spraying.

. The effect of process conditions on the quality of the granule size
distribution as measured by lump formation and the span of the
size distribution was successfully predicted a priori using Hap-
good’s regime map analysis for the range of conditions studied.
Wider granule size distributions and higher amount of lumps
were obtained moving from intermediate to mechanical disper-
sion regime. Addition of the liquid in the dripping mode gave
the broadest size distribution with ungranulated fines and high-
est percentage of lumps compared to spraying mode. Addition
of the liquid by spraying in the intermediate regime gave the
narrowest size distribution with the lowest amount of lumps.

3. The optimum liquid content for this formulation was 4%. This low
value is due to a combination of the breadth of the initial parti-
cle size distribution and the activation of the dry binder during
granulation.

4. The effects of impeller speed and wet massing time on gran-
ule size distribution were complex due to a balance between
increased breakage of lumps and increased granule consolida-
tion and growth. A priori prediction of the effect of liquid content,
impeller speed and wet massing time requires a quantitative
analysis for the growth and breakage regimes which is beyond
the scope of this paper.
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