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Abstract

The physical measurements of a fluid bed granulator can be exploited in construction of an operating window, a design space, for process
performance. The purpose of this study was to determine the influence of inlet air humidity changes on temperature in different parts of a granulator
system, on fluidisation behaviour and on the particle size of the final granules. A humidifying setup was constructed on a bench-scale fluid bed
granulator that enabled elevated humidity levels and sharp humidity changes of the inlet air. Ibuprofen granules were produced at the various inlet
air humidity levels classified as low, intermediate and high. A novel fluidisation parameter was developed. The more improperly the particles were
fluidising the smaller was the relationship of airflow rate and fan speed. Four different failure modes were identified and classified, based on the
fluidisation parameter: over-fluidisation, risk of improper fluidisation, improper fluidisation and collapsed bed. It was possible to construct process
trajectories for smooth fluidisation, which the optimal granulation process should follow.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fluid bed granulation is a typical process step in manufac-
turing pharmaceutical solid dosage forms. The mixing, spraying
and drying phases are the consequent process stages needed to
convert powders to free-flowing granules. Numerous variables
are known to affect the fluid bed process and thus the quality
of the final granules. Airflow rate, temperature and humidity
of the inlet air and the addition rate and droplet size of the
granulating liquid are some of the most critical input vari-
ables. Temperature and humidity measurements of the process
air are the most important parameters for monitoring heat and
mass transfer. However, the inlet air humidity cannot usually
be specified accurately because the seasonal variations in the
process air humidity are difficult to control entirely. Changes
in the humidity level of the process air are known to affect
the total performance of a process and the final product, e.g.
the particle size (Wurster, 1960). Another not as easily defin-
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able parameter is the fluidisation level of a granulation mass,
which is dependent on numerous characteristics, e.g. the flow
rate of the process air, inlet air humidity, moisture level of
the granules, physical properties of the material and the pro-
cess phase (Kunii and Levenspiel, 1991). Lately, the fluidisation
behaviour of solids was monitored by pressure differences over
the bed as a function of inlet air velocity (Résédnen et al.,
2004).

Although water in vapour and liquid form is present at virtu-
ally all the processing steps, few studies have addressed the effect
of inlet air humidity (seasonal effects) on the fluid bed gran-
ulation process (Jones, 1985; Kristensen and Schaefer, 1987;
Dewettinck et al., 1999; Rambali et al., 2001). Elevated granu-
lation mass temperature is a result of higher versus lower inlet
air humidity (Schefer and Werts, 1978a). This phenomenon is
also evident from psychrometry and thermodynamic principles
(Carrier, 1921; Moyers and Baldwin, 1999) since the heat capac-
ity of humid air is greater than that of dry air. The actual effect
of different humidity levels of the inlet air on the various fluid
bed process parameters has, however, not been clarified thor-
oughly. In the present study new aspects of this phenomenon
are shown with a humidifying system connected to a fluid bed
granulator equipped with accurate process measurements. This
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humidity system enables controlled rapid changes to the inlet
air humidity levels.

Proper fluidisation with controlled airflow enables effective
heat exchange and material movement in a fluid bed chamber and
the temperature is for all purposes evenly distributed. Convec-
tive heat reaches single particles as the fluidisation is smooth.
In the spraying phase, the atomized liquid protects the parti-
cles from experiencing the heat of the inlet air, because water
absorbs heat efficiently and thereby cools process air (Carrier,
1921). The term evaporative cooling describes this phenomenon.
In the drying phase, evaporation of the water and reduction of
the water layer on the particle surfaces is the reason for the
increasing conductive heat transfer within the solid mass. Three
distinct temperature regions are identified during the drying
phase (Newman, 1931). In the first stage, called the constant rate
period, the particle surfaces are wet and therefore the rate of dry-
ing and temperature of the granules are constant. In the second
stage, the surfaces become partially wet, the drying rate slows
down and the temperature of the granules begins to increase. In
the third step, the rate of drying is controlled by diffusion from
the interior of the particles and the temperature of the granules
approaches that of the inlet air. This temperature rise is used to
indicate the end-point of drying.

A consistent and uniform granulation process and granules of
optimal quality can be achieved when the effects of the critical
parameters on the process and on the critical quality attributes
are understood and controlled. Physical process measurements
of a fluid bed granulator analysed in an integrated manner are
included in the process analytical technologies (FDA, 2004).
The regulatory guidelines (ICH Q8, 2005; ICH Q9, 2005)
strongly encourage the pharmaceutical industry to apply sci-
entific and risk management approaches to the development of
a product and its manufacturing process. The ICH Q8 guide-
line Pharmaceutical Development defines the design space as
“multidimensional combination and interaction of input vari-
ables and process parameters that have been demonstrated to
provide assurance of quality”. Operating within a design space
will result in a product meeting the quality attributes designed.
The material behaviour in a fluidised bed has traditionally relied
on the observation and experience of an operator. There has been
a lack of good quantitative criteria for fluidisation, although the
entire performance of a process is dependent on it. In the present
study a new parameter describing the quality of fluidisation was
developed by calculating the ratio of the flow rate of the inlet air
to the turbine fan speed.

The influence of inlet air humidity on the temperature mea-
surements at different locations in the fluid bed granulator
system was determined here. During the spraying phase it is
critical that water addition and evaporation are in balance to
prevent uncontrollable agglomeration. High inlet air humidity
can throw a non-robust process out of the operation window by
‘wet quenching’. Due to over-wetting and de-fluidisation there
is a risk of deterioration of an entire batch (Westrup, 1996). In
the present study the relationship of the flow rate of the process
air and turbine fan speed was compared with the fluidisation
behaviour and the particle size results. The process trajecto-
ries for smooth fluidisation were determined, based on this new

fluidisation parameter, to avoid both excessive and improper
fluidisation and bed collapse.

2. Materials and methods
2.1. Materials

Each batch consisting of 3.0kg ibuprofen (USP/EP, BASF
Corporation, Bishop, TX, USA) and 1.0kg a-lactose mono-
hydrate (200M, DMV International GmbH, Veghel, The
Netherlands) was granulated with 2 kg of 15% aqueous solution
of polyvinylpyrrolidone (Kollidon K-30; BASF Corporation,
Ludwigshafen, Germany).

2.2. Humidifying system

The inlet air humidity of the process air was modified with
a humidifying system (Defensor Mk4; Brautek Oy, Espoo, Fin-
land). The system connected to the fluid bed granulator enabled
high and fluctuating humidity of the process air for granulation
batches 10-15 (Fig. 1). Otherwise ambient air with humidity
levels classified as low and intermediate was used.

2.3. Granulation process and measurements

The granulations are described in Table 1. The classifica-
tion into the three categories was based on the humidity levels
of the inlet air: 4-6g/m> (low humidity), 7-12 g/m? (inter-
mediate humidity) and above 13 g/m® (high humidity). The
granulations were made in randomised order. The granules were
produced in an automated bench-scale fluid bed granulator (Glatt
WSG 5; Glatt GmbH, Binzen, Germany). The instrumentation is
described in Fig. 2 and in further detail in Rantanen et al. (2000).
The inlet air temperature, atomization pressure of the granulat-
ing liquid and nozzle height were constant. During the mixing,
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Fig. 1. The humidifying system and connection to the granulator. T3 and Ul
were important measurements of the inlet process air.
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The critical variables in this study were means of the inlet air humidity measurements during granulation of every batch

Batch Absolute humidity of | Relative humidity of | Total water content of
inlet air (g/m’ dry air) inlet air (RH%) inlet air (g)
Low humidity:
4.5 24.2 2030
4.5 25.7 2000
4.6 238 2380
4.6 24.9 2100
59 31.9 2720
Intermediate humidity:
74 358 3630
93 43.8 6020
10.0 475 6100
11.1 58.1 8560
15.5 68.7 10 700
18.0 78.4 12 300
18.4 84.6 12 900
19.8 80.7 15 000
234 89.7 18 600
igh humidity, collapsed bed:
20.9 | 875 |

The batches were classified accordingly as low (dry), intermediate and high (humid). The total water content of the inlet air was calculated by using absolute humidity

and airflow rate information.

spraying and drying phase, a low inlet air temperature of 40 °C
was used, because the melting point of the model compound
ibuprofen is low (75 °C). The mixing phase lasted about 6 min
until inlet air temperature (T3) had risen to 40 °C. The atomiza-
tion pressure was 0.1 MPa. The nozzle height was 45 cm from the
distributor plate. The granulating liquid flow rate was 29 g/min
during the first 10 min and then 105 g/min. The inlet air volume
was adjusted for smooth fluidisation and the flow rate of the inlet
air varied between 0.040 and 0.100 m3/s, depending on the gran-
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Fig. 2. Important measurements of this study are highlighted in the instrumented
Glatt WSG 5 fluid bed granulator. The colours refer to Fig. 4. T3: temperature
of the inlet air below the distributor plate. T5: temperature of the mass measured
at the bottom of the granulator bowl. T6: temperature of the process air in the
middle of the granulator bowl. T10: temperature on the top side of the filters.
T11: temperature in the outlet air duct. Ul: relative humidity of the inlet air. U2:
relative humidity of the outlet air. AH1: absolute humidity of the inlet air. AH2:
absolute humidity of the outlet air. Fin: flow rate of the inlet air. FC: fan speed
(value of the frequency converter).

ulation phase. The final moisture content of the granules varied
between 0.5% and 1.2% (w/w) measured by loss on drying (Sar-
torius Thermocontrol MA 100; Sartorius, Géttingen, Germany).
The temperature of the process air was measured and analysed
from five different locations (Fig. 2). The relative humidity of
the inlet air (U1) was measured from the inlet air duct before
the heating element and the relative humidity of the outlet air
(U2) from the topside of the filters. The absolute humidity of the
inlet (AH1) and outlet air (AH2) was calculated, using the RH
and temperature information. The inlet airflow rate was mea-
sured from the inlet air duct before the heating element and the
fan speed (value of the frequency converter) from the turbine
located upstream from the product processing area.

2.4. Particle size distribution

The volume particle size distribution was determined with
laser diffractometry (Laser Diffraction Particle Size Analyzer
LS13 320; Beckman Coulter Inc., Miami, FL., USA). The sam-
ples were measured using air as the medium and were prepared
by dispersing powder (20 ml) in the unique Tornado Dry Powder
System. The dispersion pressure was 4.7 kPa. The result was a
mean of three measurements.

3. Results and discussion

Controlled changes in the level of inlet air humidity were the
essential variables of this study. The inlet air humidity changes
were studied within and between batches. The responses were
temperature changes of the process air at different locations in
the granulator and the fluidisation level and its effect on the size
of the finished granules.

Fig. 3A and B demonstrates differences in the process mea-
surements of typical granulations of the dry and humid batches
described in Table 1. Controlled variations of high inlet air
humidity resulted in fluctuations in temperature of the gran-



104 T. Lipsanen et al. / International Journal of Pharmaceutics 345 (2007) 101-107

A) 70 - 100 —~
(A) ; ; =
Tempgralure §f mass (T5) ) : E
G 60 Relative humidity of inlet air : | 80 -:
< =
m b
7] [T
@ 50 | =z
- | | b~
5] p :
o 40- ‘ ; 2
=2 : : 40 'g
@ : .
S 30 & ; / -
£ : : 20 @
= ; : =
201 ‘ : b
Mixing ' é,

Granulation : Drying 0
0 10 20 30 40 50
Time (min)
(B) 70 e 100 £
P 2
o 1 Rl =
< 60{ | | \| Mgy P M‘W’Jﬂ ™ [ teo 5
g || \( \r VA - :
£ 501 | £
s (b \-J \ \ %5
' 1 1

@ a0l || | ' >
| L A N R A
g £
3 30 0 2
[:+]
o 2
& 2oﬂMixing Granulation Drying 0 %
0 10 20 30 40 50 60 70 [

Time (min)

Temperature of mass (T5)
Relative humidity of inlet air

Fig.3. (A) Temperature of the granulation mass (T5) and inlet air relative humid-
ity (U1) of batch 1, which represents a granulation with dry air. (B) Temperature
of the granulation mass (T5) and inlet air relative humidity (U1) of batch 11,
which represents a granulation with humid air. The humidifying system enabled
sharp fluctuations in inlet air humidity.

ulation mass (Fig. 3B). Rapid falling of the high inlet air
humidity content caused the temperature of the fluidising mass to
decrease, while it was assured that the other parameters affect-
ing the temperature of the mass were kept constant, e.g. the
temperatures of the inlet air and the granulating liquid. A gran-
ulation with low ambient and constant inlet air humidity, in
comparison to the batch with fluctuating and high air humid-
ity, is shown in Fig. 3A. Temperature fluctuations were absent
in this granulation.

A more detailed description of how the variations in inlet
air humidity affected the temperature at different locations is
seen in Fig. 4. The temperature measurements of the granula-
tion bowl (TS5 and T6) were prone to change as the inlet air
humidity decreased, which highlighted the dynamic nature of
these measurements. In contrast, the temperature measurements
upstream from the product processing area (T10and T11) clearly
changed less because they were not as sensitive to the changes
of the inlet air in general. Therefore, the granulation bowl was a
more optimal place to monitor and control the progression of wet
granulation and drying, compared with the measurements in the
outlet air duct. The effect of inlet air humidity on the granulation
mass temperature was also clearly demonstrated when different
granulation batches were compared (Fig. 5). A linear tempera-
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Fig. 4. Inlet air humidity fluctuations of batch 11 during the drying phase. The

input variables of the inlet air are drawn above and the derived temperature
measurements are found in the lower figure.

ture increase of 10 °C was clearly seen in the granulation mass
during the spraying phase, when the absolute inlet air humidity
(AH1) increased from 4.5 to 23.4 g/m3, which confounds read-
ings when the specific temperature of the granulation mass is
used to indicate the end-point of drying. This criterion may be
applicable when the inlet air humidity does not vary. There are
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Fig. 5. Correlation of absolute inlet air humidity (AH1) with temperature of the
granulation mass (T5) at a point 10 min before the drying phase.
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which resulted in out of the line particle-size.

accordingly two contrasting ways in which water in liquid and
vapour form affects the temperature of the granulation mass. The
granulation liquid sprayed absorbs heat energy from the process
air and the temperature of the mass falls. The effect of spray rate
of the binder solution on the temperature of the outlet air was
studied previously (Abberger et al., 1996). On the other hand,
the water vapour in air has latent heat and this thermodynamic
heating property of the humid process air was clearly seen in
this study as a temperature increase in the wet mass.

The granule size results are given in Fig. 6. The particle
size of the granulations of dry and humid air differed clearly.
In humid air the mean particle size of the granules increased
by 280 wm when batches with low humidity (1-5) were com-
pared with batches with high air humidity (10-14), which is
in accordance with previous studies (Wurster, 1960; Schafer
and Wgrts, 1978a,b). Batches of dry air included more small
particles than granulations with high humidity, because in dry
inlet air fewer liquid bridges, thereby fewer solid bridges, are
formed between particles. The higher particle size distribution
of batch 9 is explained by improper fluidisation with U1 of 58%.
This ambient, comparatively high but steady inlet air humidity
unexpectedly caused more problems in fluidisation behaviour
than the overall higher but fluctuating humidity levels. Pulses
of dry air (Fig. 3B) improved the fluidisation of batches with
high overall humidity. There is a strong possibility that with-
out these pulses there would have been more deviating batches.
Rambali et al. (2001) evaluated three inlet air humidity levels
(6, 10 and 14 g/kg), but the real effect of inlet air humidity on
the particle size was not clarified, because the inlet air tem-
perature, inlet airflow and spray rate also varied. Schaafsma et
al. (1999) detected granule growth, when the relative humidity
attained a critical value above 50% with lactose formulation.
Above 75% RH severe channelling was detected, which is a
result of improper fluidisation. Hemati et al. (2003) noted a sig-
nificant effect on the particle growth when RH was above 40%.
There seem to be a critical, formulation- and process-dependent
humidity level above which the granulation is more vulnera-
ble to particle enlargement and de-fluidisation, even irreversible
bed collapse. In this study an RH value of 50% was consid-

ered a risk level for excessive particle size enlargement and
de-fluidisation.

Accurate adjustment of the inlet airflow rate was vital for suc-
cessful granulation processes, especially when granulated with
high process air humidity. The airflow was created by turbine
fan suction located upstream from the product processing area, a
common configuration (Olsen, 1989). Flow rate (g/s) was mea-
sured from the inlet air duct and fan speed (Hz, 1/s) from the
turbine. The flow rate of the process air and proper fluidisa-
tion of the mass were for the most part a consequence of fan
speed adjustment. However, improper fluidisation of the mass
caused the relationship of flow rate and fan speed to fall because
the de-fluidising mass partially blocked the upward-moving gas.
Therefore, the following parameter was developed (Eq. (1)).

. Airflow rate
Fluidisation parameter = ——— X (D)
Fan speed

The fluidisation parameters of the various batches were drawn
as a function of time. The dry batches (1-5) and most inter-
mediate batches (6-8) had no fluidisation problems. Therefore,
comparison was made with the most humid batches (9-15) and
these parameters are shown in Fig. 7. The batch with the highest
inlet air humidity (14) showed some deviating profile and risk of
improper fluidisation was identified, although the particle size
results were not deviating. As seen in Fig. 7 the fluidisation
parameter progression of batch 9 was very low during wet gran-
ulation and drying. A state of over-wetting already evolved at
the beginning of spraying phase II and this state could no longer
be prevented by adjusting the fan speed to its maximum value.
The deviating high particle size of batch 9 was caused by this
over-wetting of the mass and subsequent improper fluidisation.
Batch 15 collapsed unexpectedly after spraying 75% (1500 g) of
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Fig. 7. Relationship of flow rate (g/s) and fan speed (Hz) as a function of time for
the most humid batches. Various failure modes can be identified. The spraying
and drying phases are included. The granulating liquid flow rate was slower in
phase I (29 g/min) than in phase II (105 g/min) of wet granulation.



106 T. Lipsanen et al. / International Journal of Pharmaceutics 345 (2007) 101-107

0.035
Over
fluidisation
0.030
Process trajectory
for smooth fluidisation
v 0.0251
[
=
qE', Risk of improper fluidisation
©
£ 0.020- -
a Improper fluidisation
[
o
E 0.015- Collapsed bed
T
=
& 0.010-
0.005+
Wet granulation Drying phase
phasel phase Il
0.000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (sec)

Fig. 8. Design space process trajectories for the fluidisation level. These trajec-
tories are unique for this formulation and process.

granulation liquid. We observed that improper fluidisation was
the reason for the quality deviation in both batch 9 and 15. Fig. 7
shows that batches 9 and 15 had the very same progression of
the fluidisation parameter initially.

One prime idea was to develop the design space for the
fluid bed granulation process. The ICH QS8 guideline states that
the unexpected results of pharmaceutical development studies
can be useful in constructing the design space. In the present
study batches 9 and 15 fell into this category. Finally the pro-
cess trajectories for the fluidisation parameter were developed
(Fig. 8). The mode ‘smooth fluidisation’ was identified which
caused expected particle size results. Failure mode classification
included ‘over fluidisation’, ‘improper fluidisation’ and ‘bed
collapse’. The mode ‘risk of improper fluidisation’ was also
identified. With this design space it is possible to avoid fail-
ure modes during granulation. The risk factors for this model
formulation and process were identified: occasionally insuf-
ficient airflow rate, the hydrophobic nature of the ibuprofen
formulation, low temperature of the inlet air and relatively
high spraying rate of the granulating liquid. The flow rate of
the inlet air at the beginning of spraying phase II was espe-
cially critical when the inlet air humidity was high, which
was seen as over-wetting of the mass and as a low fluidi-
sation parameter value. On the other hand, over-fluidisation
with high airflow rate could result in excessive particle attri-
tion (Niskanen and Yliruusi, 1994). Compensating techniques
should be evaluated to further support the design space: higher
temperature of the inlet air, higher flow rate of the inlet air
(if possible) and slower or pulse spraying of the granulating
liquid (Schaefer and Werts, 1978a; Schaafsma et al., 1999;
Morris et al., 2000). The best option would, however, be sophis-
tication of the process air: a humidifier and a dehumidifier
together control the dew point of the process air (Olsen, 1989;
Greenhalgh and Westrup, 1997). If dehumidification is not

possible, pulses of dry air may prevent over-wetting and bed
collapse.

The regulatory climate is strongly encouraging in the science-
and risk-based manufacturing which takes advantage of process
analytical technologies. The fluidisation parameter can be used
as a prognostic and control tool to prevent over-wetting and
improper fluidisation. It is possible to control the inlet airflow
rate automatically, based on this fluidisation parameter. The flu-
idisation parameter and the design space together achieve control
over fluidisation process performance.

4. Conclusions

The humidifying system connected to the fluid bed granulator
enabled us to study wide variations in process air humidity. The
effect of inlet air humidity on the temperature measurements was
clearly seen within single batches and between batches. Ibupro-
fen formulation was more vulnerable to particle enlargement and
de-fluidisation when the RH level of the process air was above
50%. The new fluidisation parameter was developed, which was
based on the relationship of inlet airflow rate and turbine fan
speed. This fluidisation parameter of deviating batches was suc-
cessfully used to construct trajectories to describe the boundaries
of the design space. These trajectories were developed to iden-
tify risk factors and to avoid failure modes (over-fluidisation,
improper fluidisation and bed collapse). The fluidisation param-
eter can be used as part of a control system to optimise the
flow rate of the process air. It is possible to use this parameter
as a quality assurance tool to indicate that manufacturing has
proceeded in the design space.
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