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ABSTRACT

Pressure fluctuation measurements collected during the
fluidized bed granulation of pharmaceutical granule have
been analyzed using the attractor comparison technique
denoted as the S-statistic. Divergence of the bed state from
the reference during granulation is followed by a return to
a condition statistically similar to the original state of the
dry fluidized ingredients on drying. This suggests insensi-
tivity of the S-statistic technique to the changes in particle
size distribution occurring during the granulation process.
Consequently, the monitoring of pressure fluctuations
alone may provide an easily implemented technique for
the tracking of granule moisture and process end-point
determination.
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INTRODUCTION

A number of pharmaceutical dosage forms are prepared by
fluid bed granulation. Fluid bed granulation offers a num-
ber of advantages, including product containment of potent
materials, processing at ambient temperatures for thermo-
sensitive materials, and generation of low-density, free-
flowing granules. A drug substance can be added as a solid
or by a solution. In this process, the addition of atomized
liquid, containing a drug substance and/or a binder, directly
into a bed of fluidized material causes the agglomeration
of particles to form granules. The vigorous granule mixing
provided by the fluidized bed allows both the even distri-
bution of a drug substance and a binder and the uniform
drying of the granule product. Process control is commonly
accomplished by the monitoring of outlet air and product
temperatures. The attainment of a limiting value of either
of these quantities signifies the completion of the drying
phase. Because the bed temperature only begins to increase
once surface moisture is lost from the particles, this type of

temperature monitoring only provides information about
bed moisture content late in the drying process. Further-
more, temperature measurement provides no information
about the fluidization behavior of the bed.

The direct on-line measurement of bed moisture during
fluid-bed granulation has been performed by Kawai,1

Watano et al,2 Gore et al,3 and Rantanen et al4 using infra-
red spectroscopy. Rantanen et al4 have shown that different
drying times are required for different formulations. This
highlights the importance of the quantification of changes in
moisture. The moisture profiles in Gore et al3 and Rantanen
et al4 show an increase in moisture to a maximum in the
granulation phase followed by an immediate decrease
during the drying phase to bed moisture content similar
to the initial moisture of the dry ingredients. In Kawai1 and
Watano et al,2 a period of constant moisture is maintained
at the maximum moisture to allow for the growth of gra-
nules before the drying phase. Watano et al2 have shown
that infrared measurements can be used to control the rate
of binder addition throughout the constant moisture phase
to maintain the desired bed moisture content. Kawai1 has
indicated that moisture content is a major factor affecting
granule size and bulk density. Therefore, the measurement
and control of moisture is crucial to control product qual-
ity. Although moisture content is a key process parameter,
its measurement gives no indication of the hydrodynamic
changes taking place within the bed during granulation.
Furthermore, the spectroscopic technique used for the on-
line measurement of moisture in the above studies can be
costly to implement and subject to measurement uncertain-
ties caused by the presence of surface moisture.1 The
technique is also formulation-specific, which requires the
generation of calibration sets for each product manu-
factured. The present work demonstrates an alternative
method for the monitoring moisture content in a fluidized
bed granulator through the use of pressure fluctuations.

Pressure fluctuations in a fluidized bed arise from a number
of sources including bubble generation, bubble coales-
cence, and bulk bed oscillations.5 Several analysis techni-
ques have been applied to these fluctuations, including SD,6

frequency7,8 and chaos analysis.8 The chaos analysis tech-
nique, denoted as the S-statistic, represents a statistical
comparison between 2 bed states described by chaotic at-
tractors reconstructed from separate time series of pressure
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fluctuations.9 The S-statistic has been applied to pressure
fluctuations collected in the drying of pharmaceuticals by
Chaplin et al.10,11 In the current study, we apply the S-statistic
test to pressure fluctuations collected in a fluidized bed
granulator used for the production of pharmaceuticals.

THEORY

The S-statistic represents a comparison of attractors recon-
structed from 2 distinct sets of discretely sampled data
denoted as the reference and evaluation time series. These
data sets can be thought of as a sample of attractors
describing the system behavior at 2 distinct system states.
The algorithm makes a statistical comparison between
these states and outputs a numerical value denoted as the
S-statistic. A value of the S-statistic <3 indicates that no
statistically significant change has taken place between the
reference and evaluation states. Likewise, a value of S > 3
indicates that a statistically significant difference exists
between the attractors reconstructed from the reference
time series and those reconstructed from the evaluation
time series. Details of the mathematical development of
the S-statistic are given in Diks et al.12 The application
of the algorithm to fluidized systems is given in van
Ommen9 and van Ommen et al.13

MATERIALS AND METHODS

The main dry granulation ingredient was Mannitol
(Pearlitol SD200) from Roquette (Keokuk, IA). The aque-
ous binder solution consisted of 8% hydroxypropylcellu-
lose (Klucel LF; Hercules Inc, Wilmington, DE).

Fluid Bed Granulation

A schematic of the product bowl for the batch-fluidized
bed processor used in this study is shown in Figure 1. This
unit, the GPCG1 (Glatt-Powder-Coater-Granulator) from
Glatt Air Technologies Inc (Ramsey, NJ) allows for the
manipulation of inlet air temperature and air velocity and
is fitted with a top-spray granulation nozzle. The humidity
of the fluidizing air was not controlled by the processor but
was measured to be approximately 50% relative humidity
at an ambient temperature of 20�C. Fitted with a 12%
open-area wire mesh distributor, the conical product bowl
fits into the air supply/conditioning module. For the granu-
lation experiment, dry ingredients were placed in the prod-
uct bowl. Subsequently, heated air was introduced into the
bottom of the conical section to fluidize this material. Inlet
air temperature was maintained at 30�C for all 3 phases of
the granulation process. Superficial velocity was main-
tained at 2.9 m/s based on the average velocity across the
inlet to the product bowl throughout the experiment. After

an initial mixing phase, binder addition was performed
over 27 min. The binder solution was introduced at a rate
of 9.2 g/min. After the completion of binder addition, dry-
ing of the granule was performed over the following
12 min. The final dry mass of granules produced had an
approximate average volume diameter of 250 mm.

Instrumentation

Product and outlet air temperature measurements were
made using thermocouples placed directly within the bed
and in the outlet air stream. The temperatures were read
directly from a digital instrumentation panel at intervals of
5 min.

A high-frequency piezoelectric sensor (PCB-106B; Piezo-
tronics, Depew, NY) was used in the measurement of
pressure fluctuation data. The sensor diaphragm was flush-
mounted to the inside wall of the fluidized bed at 90 mm
above the distributor. A Keithly KPC-3101 12-bit data
acquisition card was used for the acquisition of pressure
data. Card control and data logging were made possible
by the use of a graphical user interface developed in
Labview. The raw data set was collected at a sampling
rate of 400 Hz throughout the granulation and drying
phases. Data were filtered offline using a type 1 Chebychev
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Figure 1. Schematic of the fluid bed granulator product bowl.
Dimensions given in meters.
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band-pass filter design in Matlab between 0.5 and 170 Hz.
Filtering was performed to fulfill the Nyquist criterion, as
well as to eliminate low-frequency transitory effects asso-
ciated with the piezoelectric sensor.

Data Analysis

Pressure fluctuation data were analyzed in Matlab using
the S-statistic algorithm described in our earlier work.10,11

This technique was calibrated for the optimum test parame-
ters as described previously,10,11 and the optimum parame-
ters were found to be identical to those found for the drying
of pharmaceutical granule in this fluidized bed unit. The
pressure time series collected during the granulation proc-
ess was broken into evaluation data sets lasting 1 min.
These data sets were compared with a reference data set of
2 min in duration. Each evaluation data set was trans-
formed into a single S-statistic value. Previously, an evalu-
ation time series of 2 min was used for each S-statistic
value.10,11 The shorter evaluation time series of 1 min was
selected to track the rapid changes observed in this process.
It has been determined that the use of time segments of
1 min did not affect the performance of the test.

RESULTS AND DISCUSSION

Figure 2 shows the behavior of the outlet air and bed tem-
peratures. From this plot, we can see that the temperatures
of both the outlet air and bed begin to increase at 30 min.
This increase occurs immediately after the completion of
binder addition at 27 min. An increase in these tempera-
tures at the end of drying is indicative of the loss of surface

moisture from the particles. Completion of the drying proc-
ess was identified at the attainment of a bed temperature
of 30�C.

The behavior of the S-statistic, when reference states were
selected at 7 and 35 min from the start of the granulation
phase, is given in Figure 3. When a reference state beg-
inning at 35 min is chosen, the S-statistic identifies 2 peri-
ods of statistically similar hydrodynamic behavior (ie, an
S value >3). The first consistent region occurs between 3
and 10 min, whereas the second lasts from 34 min to the
completion of the drying phase. The S-statistic diverges
from a state consistent with the reference state at 11 min,
indicating a change in the hydrodynamic behavior of the
bed at this time. Immediately after completion of binder
addition at 27 min, the bed state begins to return to a state
that is statistically similar to the initial state. A similar
behavior of the S-statistic is seen when the reference state
is chosen at 7 min. The resemblance of these hydrody-
namic conditions can be verified using the second refer-
ence state. A second reference state was chosen within the
initial period of consistent hydrodynamic behavior that
was seen early in the granulation. Similarity in the shape of
both of the S-statistic responses confirms the existence of
the 2 consistent hydrodynamic states occurring in the early
stages of granulation and the final stages of drying.

The shape of the S-statistic response given in Figure 3 is
similar to the moisture profiles seen in both Gore et al3 and
Rantanen et al.4 In these studies performed using pharma-
ceuticals, an increase in moisture content observed during
the binder addition is followed by a decrease in moisture in
the drying phase. The identical behavior is seen in the per-
formance of the S-statistic with maximum divergence from
the reference state occurring at 25 min. This is near the
completion of the binder addition or a time when the bed
has the highest moisture content. We conclude that the
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Figure 2. Outlet air and product temperature profiles during
granulation along with the S-statistic when referenced to 35 min.
An S-statistic value >3 indicates that a statistically significant
change has taken place.
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Figure 3. S-statistic referenced to times of 7 and 35 min. An
S-statistic value >3 represents a statistically significant change.
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S-statistic is responding to hydrodynamic changes arising
from the introduction of moisture into the bed.

The fact that the second consistent hydrodynamic state is
similar to that seen early in granulation when a small vol-
ume of the binder has been added indicates insensitivity of
the S-statistic to the growth of granules in this granulation
process. Insensitivity in the S-statistic to changes in particle
size distribution was noted by Chaplin et al10 where
reduced sensitivity to changes in particle size distribution
in the S-statistic at superficial gas velocities >2.8 m/s was
observed in the same GPGC1 unit operated as a dryer. In
Figure 3, it can also be noted that the S-statistic is
initially >3 followed by an immediate drop to a consistent
state within 2 min of the start of the experiment. This ini-
tial separation from the reference state may be character-
istic of a differing hydrodynamic state in a very dry bed.

A similar separation is also seen at 39 min, where the par-
ticles have the lowest moisture near the end of drying. The
initial separation of the S-statistic from the reference state
over the first 2 min of the granulation experiment is of
interest. Inspection of the pressure time series collected
during this portion of the experiment indicates that it has a
lower intensity to that seen in the subsequent region of
consistent behavior between 2 and 14 min. The cause of
this change in hydrodynamic behavior is not clear and
requires additional investigation.

CONCLUSIONS

The S-statistic analysis of pressure fluctuations collected
in the fluidized bed granulation process has identified
2 regions of consistent behavior existing in the initial
stages of granulation and the final stages of drying. These
regions of consistent behavior are separated by a diver-
gence toward a dissimilar state. This divergence and return
is similar to the rise and fall of bed moisture in the granula-
tion process.3,4 The fact that the 2 regions of consistent hy-
drodynamic behavior are statistically similar indicates that
the increase in moisture, not the growth of granules, has
the most significant impact on the hydrodynamic changes
identified by the S-statistic. The use of this technique to
determine the changes in moisture within the granulator
may lead to better on-line monitoring and control of this
process without the need for the direct measurement of
moisture. Additional experimentation is needed to quantify
this connection fully, but the potential use of this technique
for process monitoring in the granulation process is clear.
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