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ABSTRACT A sysem for fluidized bed
granulator automation with in-line multichannel near
infrared (NIR) moisture measurement and a unique ar
flow rate measurement design was assembled, and the
information gained was investigated. The multivariate
process data collected was analyzed using principa
component analyss (PCA). The tet materids
(theophylline and microcrystaline cellulose) were
granulated and the cdlibraion behavior of the
multichannel NIR set-up was evduated againgt full
Fourier Transform (FT) NIR spectra Accurate and
reliable process ar flow rate measurement proved
critica in controlling the granulaion process. The
process data describing the state of the process was
projected in two dimensions, and the information from
various trend charts was outlined smultaneoudy. The
absorbence of test materia at correction wavelengths
(NIR region) and the nature of material-water
interactions affected the detected in-line NIR water
sgnd. This resulted in different cdibration modes for
the test materids. Development of process andytica
methods together with new data visudization
algorithms creates new tools for in-process control of
the fluidized bed granulation.
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Multivariate data andyss, Near infrared (NIR)
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INTRODUCTION

Demand for automated wunit operations in
pharmaceuticadl manufacturing has increased during
recent years. Monitoring of critical process steps
ensaures high quaity of the final product. Development
of computer capacity and supervisory control and data
acquistion (SCADA) sysems enables robust and
reliable process monitoring and control [1, 2]. Together
with novel process analyticad applications (eg., near
infrared (NIR) techniques), a new tool for in-process
control of pharmaceutics is achieved. On the other
hand, automation of pharmaceutica unit operations
gives totdly new tools for undersganding the
physicochemical phenomena during processing. A new
ingght into the process is gained through devel opment
of process andytics and data processing methods.

NIR has been widdy applied in the field of chemica
industry. Use of fiber-optic probes enables noninvasive
messuring in the reflectance mode directly from the
process stream. Workman et a. [3] reviewed the
process analytica applications of NIR. Wet granulation
of pharmaceutics was the firsd process andytical
gpplication of NIR in the pharmaceutica fied [4-10].
Hailey et d. [11] and Sekulic et d. [12] interfaced NIR
gpectroscopy  with blending process equipment and
they used NIR for on-line blend analysis. Monitoring of
the film coating process has been reported by Kirsch
and Drennen [13, 14]. Hammond et d. used NIR to
monitor the progress of the chemicd reaction [15].

The present study presents a novel system of fluidized
bed granulator automation for research purposes. This
study was based on previous automation projects P,
10,16, 17]. The air flow rate was measured using flow
tube design, and an NIR set-up with a multichannel
detector was used for measurement of moisture during
granulation. The multichannel NIR set-up accuracy has
been evauated previoudy [9]. In this Sudy, the




selection of NIR waveengths is discussed on the basis
of full NIR spectra Principad component andyss
(PCA) was gpplied for the projection of multivariate
process data.

MATERIALS AND METHODS

Automation of Fluidized Bed Granulator
Description of the System Set-up

The automated sysem conssted of a hierarchicd
dructure with five levels (Figure 1). Readers not
interested in the technica details may skip this section.

The supervisory control and data acquisition (SCADA,
Figure 1, level 2 system was based on FactorySuite
2000 Wonderware Corporation, Irving, CA). In the
present set-up, InTouch 7.0 (part of FactorySuite 2000)
was used as a user interface (Figure 2 in a Windows
NT 4.0 (Microsoft Corp., Redmond, WA) operating
system in a Pentium PC.

| 1. Process operator
A

h 4
2.SCADA in PC

FactorySuite 2000
( . 'y ) ~-. |DDE link

\ 4 7
3. Programmable logic
controller (PLC, Siemens S7-300)
A

v
4. Instrumentation, pressurized air unit,
pump. motor and heater

3z

\4
| 5. Glatt WSG 5 |

Figure 1. Structure of the automation system.

The programmable logic controller (PLC, Figure 1,
level 3) unit (Siemens S7-300, Semens AG, Nurnberg,
Germany) consisted of a power supply unit (PS 307), a
centra processing unit (CPU 314) with 24 kb RAM, a
communication module (CP340), and signa modules.
The sgnd modules applied included digita output
(SM322), andog input (SM331), and anadog output
(SM332) modules. The PLC unit programming was
performed with Simatic STEP 7 (v. 3.2, Semens AG,
Nurnberg, Germany). The KL3964R DDE Server
(Klinkmann Automation, Helsinki, Finland) was used
as a DDE (Dynamic Data Exchange) server alowing

InTouch to access data on the Siemens S7. DDE is a
dandard protocol for communication between
gpplications running in Windows environments.

The insrumentation level (Figure 1, level 4) included
measurement of critica process parameters such as
properties of the product, process air and supplied air,
granulation liquid, and pressure drops within the
process (Figure 3).
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Figure 3. Instrumentation of the fluidized bed granulator.

The insrumentation is described in detall in  the
following sections. The calibrated ranges and absolute
errors of measurements are presented in Table 1.

Table 1. Calibrated ranges and absolute errors of measurement.

Measurement Rangenin Rangemax Unit

Temperature 0 120 °Cc |+0.2°
Relative humidity|0 100 RH% |+3%
Air flow rate 20 160 Is [+3°
Pressure 0 5 kPa [+0.05%
difference

Spraying 0 05 MPa (+0.01°
pressure

& information from manufacturer

® estimation
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flow rate of process ar was controlled with a frequency
transformer (Commander CD, Control Techniques, New
Town, UK). The properties of the fluidizing ar (flow
rate and temperature) were PID (Proportiond-Integral-
Derivative) controlled.

The pressurized ar unit conssed of on-off type
regulators (SY5120, SMC Pneumatics, Tokyo, Japan)
for controlling the pneumatic devices (eg., filter bag
shaking device). Pressurized air Electro/Pneumatic (E/P)
regulators (range 0.005-05 MPa ITV-2030, SMC
Pneumatics, Tokyo, Japan) for the pneumatic nozzle and
an NIR gght glass were inddled in the same housing
unit. The pressurized ar weas filtered (EAF2000, SMC
Pneumdtics), and the spraying pressure was checked with
an accurde pressure measuring ingrument (IMT 1875,
Industrie Messtechnik, Frankfurt/Main, Germany).

Instrumentation

Process air flow measurement was performed using
separate flow tubes (Imas&étd Oy, Turku, Finland). The
ar flow was monitored using flow tube design based on
pressure difference over the orifice. A disturbance-free
ar flow over the orifice was achieved by ingdling the
orifice hdfway through the straight tube. The sze and
the dructure of the tubes were optimized off-line in
addition to cdibrating the pressure transmitters
(Micatrone MG-1000-X, AB Micatrone Regulator,
Solna, Sweden). The off-line cdibration of the air flow
measuring system (flow tubes together with pressure
transmitters) was performed with vaid reference tubes

Temperaiure was measured usng Pt-100 type sensors
(Mikor, Turku, Finland). The housng of sensors was
smoothed down in order to achieve afast response time.
All the temperature sensors were cdibrated in a water
bath.

Rdaive humidities of the process ar were measured
usng Humicap® capacitive humidity sensors (Vaisda
Oyj, Vatag, Finland) and humidity and temperature
trangmitters (Humicgp 233, Vasda Oyj). Rddive
humidity and temperature information were further used
for cdculation of dew point and absolute humidity of the
processar (g HO/NT dry air). The relative humidity and
temperature sensors in these units were checked with a
humidity cdibrator (HMK15, Vasda Oyj, Vantaa,
Finland).

Process Data Management

The Higoricd Daa Management (Wonderware
Corporation, Irvine, CA) provided DDE access to the
historical data files created by InTouch. It was used to
convert selected historical data into an adequate format,
eg., for MS Excd. All the critica process information
during granulaion was logged (measurements from the
ingrumentation shown in Figure 3). The DDE link
between Matlab (v. 5.3, The MahWorks, Inc., Natick,
MA) and InTouch enabled part of the data processing
(e.g., filtration of data) to be performed with Matlab.

PCA, a multivariate projection method, was used to
reduce the dimensiondity of the origind multivariate
process data matrix. An introduction to multivariate
projection methods is given by Wold et d. [L8] and
Jackson [19]. PCA modding was performed using
SIMCA-P 7.0 software (Umetrics AB, Umej,
Sweden). The mahematicd background of the
chemometric approach to batch modding is presented
elsawhere [20]. In this study, the process data matrix
conssted of twelve critica process measurements at
five-second intervas [symbols referring to Figure 3:
flow rate of process ar (F), temperature (T;) and
relaive humidity (Uq) of inlet air, temperature (To) and
relaive humidity (U,) of outlet air, temperature of
heated inlet ar (T3), granule temperature (Ts),
temperature difference between inlet air and granules
(Taifr), pressure drops within process (dPy and dP.),
amount of granulation liquid (Mi), and water
absorbence (AWA, in-line NIR measurement)].

NIR Measurements
NIR Spectra

Full NIR spectra were measured usng an FT-NIR
spectrometer (Buhler NIRVIS, Uzwil, Switzerland)
with a fiber-optic probe. Diffuse reflectance spectra for
solids were measured over the range of 4008-9996 cm*.
Each individua spectrum was an average of four scans
and al measurements were performed five times. The
gpectral trestment was performed with NIRCAL v. 2.0
(Buhler, Uzwil, Switzerland) and Matlab.

The reflectance a 1998 nm was used as a water
indicator. The reflectance at 1813 nm was used for
basdline correction and the reflectance at 2136 or 2214
nm for normdization. The basdine corrected and



normalized [21] apparent water absorbence (AWA)
was determined as follows (Equation 1):

I
- Ioglo(ll_x) + IOglo(IL)

AWA = . o T 1)
- Ioglo( . ) + IoglO (_y)
Iz,ref y ,ref

wherel isintengity (x referring to 1998 nm sgnd, y to
1813 nm dgnd, and zto 2214 nm [AWA;] or 2136 nm
[AWA;] sgnd) and ref is intendgty using aluminum
plate reference a the corresponding wavelength
channdl.

Equation 1 was applied for a multichannel NIR set-up,
but corresponding AWA vaues were dso cdculated
from the FT-NIR spectra. Cdibration curves were
plotted againgt reference moisture for both the in-line
messurement data (AWA from the multichannel set-
up) and the off-line data (AWA from the FT-NIR

Spectra).
Multichannel NIR Set-up

In applications requiring only a few measuring
channels, the integrated detector technique [22] has
been used insead of the traditiona filter-whed
congtruction. The integrated detector used in this study
had four pardld channds, each of them comprisng a
gpecific interference filter and a PbS (lead sulfide)
detector. The detectors were mounted on a Pdtier
cooler for dabilizing the temperature below the
ambient, and a bead thermistor was used for
temperature measurements. All these components were
mounted in a hermetically seeled window package.

The NIR sensor in this gpplication was based on
reflectance spectroscopy. The optica parts of the NIR
sensor were separated into two main modules: the
probe and the detection unit. The probe served as an
interface between a process and detection unit. It
consisted of illuminating fiber and receiving fiber and a
sgght glass mounted in dust-proof mechanics with
heated air purge supplied to the sight glass to prevent
contamination. The receiving fiber observed a sample
area, which was illuminated by another fiber. The
optical sgna levels were adjusted by changing the
angle of the fibers or changing the measurement
distance of the fibers. The detection unit had optics for

collecting the optical signal reflected back to the four-
channel detector. The detected Sgnd was fird
amplified in the preamplifier unit. Then the sgnd was
fed to the Phase Senditive Detection (PSD) unit, where
it was filtered with a wide-band filter and recovered
with PSD. Paale optical detection of the multi-
wavelength spectrum and paralel PSD-based signd
recovery are useful in process monitoring applications.
The smultaneous optical detection of the spectrum
minimizes errors when, for example, monitoring non-
homogeneous materid in a continuoudy moving
process stream.

Materials Used in the Granulations

Theophylline anhydrate (BASF, Ludwigshafen,
Germany) and dlicified microcrystaline cellulose
(SMCC) (Prosolv SMCC 50, Penwest Pharmaceuticals
Oy, Nagtola, Finland) were used as test materids in
granulations. In the first phase, the materids (batch size
300 g) were granulated in a planetary mixer (Kenwood
KM400, Kenwood Ltd, UK) to where the granulation
liquid was added. The granulation liquid used was a 20
w-% polyvinylpyrrolidone (Kollidon K25, BASF,
Ludwigshafen, Germany) solution in purified water.
FT-NIR spectra of these samples were measured. The
sane materids were granulated in a fluidized bed
granulator (batch size 4000 g for theophylline and 3000
g for SMCC) usgng the same granulation liquid. Six
batches of theophylline (five batches with 3000 g of
granulation liquid and one batch with 2500 g of
granulation liquid) and two batches of SMCC were
granulated. Samples were collected during granulation
using a sampling probe (gpproximately 2 g granules).
A reference vaue for the moisture content of granules
was determined using an infrared dryer (Sartorius
Thermocontrol YTCOLL, Sartorius GmbH, Gattingen,
Germany).

RESULTS AND DISCUSSION
Measurement of Air Flow Rate

The air flow measurement was cdibrated off-line. The
pressure transmitter output from the flow tube was
cdibrated againg the reference method (Figur e 4).

The nonlinear response was fitted usng a second order
polynomid (R® = 0.9995, P < .000L; n = 5). The
equation was further used to convert the voltage output
into flow rate.



y = 0.0090-0.0004x+0.0003%
R? = 0.9995, P < 0.0001
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Figure 4. Calibration of pressure transmitter output from

flow tube against reference (mean £ SD, n =5).

Figure 5. Traditional trend charts from a typical
granulation: flow rate of inlet air (A), inlet air temperatures
(B), outlet air temperatures (C), relative humidities of inlet
and outlet air (D), NIR reflectance signals (E), pressure
differences (F), absolute humidity of inlet and outlet air (G),
apparent water absorbence (H), and temperature
difference between granule and inlet air (1).

Reliable control of process air enables reproducible
performance of granulations. Process models based
on mass and energy balances may be calculated if
the process streams are under control.

Process monitoring

The process trend chats of criticd measurements
during a typica granulation were plotted (Figure 5 A-
I, theophylline granulated with 3000 g granulation
liquid) usng 1-sec intervas The inlet air temperature st
point was 45°C during the mixing and Spraying phases
and 70°C during the drying phase (Figure5B; T).

The typicd behavior of granule temperature during
different phases of granulation was observed (Figure
5C; Ts). During the spraying phase the continuous
water film around the granules decreased the granule
temperature due to evaporation of water. Water
evaporates during this process by the same mechanism
as with awet-bulb thermometer, and the temperature of
the solid is near the wet-bulb temperature of the inlet
arr. Different steps of granule drying were observed as
a depwise increase in granule temperature.
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Temperature difference (Tqitr) between inlet ar and
granule has been used to detect drying endpoint
(Figure 5I). Schader and Werts [23] controlled Tt in
order to achieve congtant drying efficacy of inlet air.

The flow rate of inlet air set point was dtered during
processing in order to achieve optimum bed
performance (Figure 5A). The filter bag shaking
periods caused interruptions in the flow rate and
pressure drop datawere observed (Figure 5A and 5F).

The reflectance vaues for 1998 nm sgnd (R;) and
1812 nm sgnd (R;) decreased in the spraying phase
due to the increasing water absorbence and increasing
particle sze. On the other hand, in the drying phase the
reflectance from granules increased due to the
decreasing water absorbence and the decreasing
particle sze. The basdine corrected and normaized
AWA can be determined (EQ. 1). The apparent water
absorbence (AWA;) was used for monitoring of water
content during processng (Figure 5H). Absolute
humidity of process outlet air was dso used as an
indicator of drying endpoint. At the end of the drying
phase, the absolute humidity of the outlet air (Figure
5G; AHy) reeched that of the inlet ar (Figure 5G;
AH;). Absolute humidity was a more reliable indicator
of drying endpoint than the rdative humidity of the
processair (Figure5D).

Visudization of this highly dimensond data is often
difficult. Understanding the State of the process requires
granulation experience. For example, the drying
endpoint is traditiondly based on sampling and
knowledge-based decisons made with information
from severd measurements (T, granule temperature,
outlet ar temperature, absolute humidity, reative
humidity, NIR sgnd, etc.). The dimensondity of the
process data was reduced usng multivariate batch
modding techniques. PCA and PLS (patid lest
squares projection to latent structures) are effective
tools for analyzing the process 20]. Bjorn et d. [24]
used PLS for modding the fluidized bed coating
process equipped with an in-line NIR spectrometer. In
the present study, the six theophylline batches studied
proceeded in a multivariate process space as if through
acurved tunnd (Figure 6).

The first caculated principal component captures the
largest variation in the origina data set and the second
principal component

t[2]

{[1]

Figure 6. PCA score plot for the six theophylline batches;
process trajectories moving through two-dimensional
space indicate the state of the process.

improves the approximation as much as possble.
These two principa components form a plane in the
origina process data space (a two-dimensiona window
into the multidimensional process space). The origind
observation points can be projected onto this plane.
Scores (t) are new coordinates on the caculated plane,
and loadings (p) define the direction of the plane.
Similar process dtuations (eg., different steps of the
spraying phase) were projected into the same areas of
the score plot. Almost 62% of the variation in the
process data matrix was explained by the firg two
principd components. These two laent variables
(summarizing the origind twelve inline variables)
described the state of the process in a two-dimensiond
goace (score plot), and the three phases (mixing,
spraying, and drying) were clearly visble. Variation in
score plot was due to one deviating granulation
(theophylline granulation with only 2500 g of
granulation liquid) and non-controllable process
parameters (inlet air properties). Seasond effects of
process ar (varidion in reative humidity of inlet
process air, U;) resulted in a deviation in the trgectory
as shown in the score plot. These effects could be
visudized by cregting a PCA modd for the drying
phase (Figure7).

All drying phases proceeded from the left to the right in
the score plot, but there was variation in the direction of
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Figure 7. PCA scores (A) and loadings (B) for the
drying phases of six theophylline batches.

the second component (t; axis). The cause for this
behavior can be found in the loading plot; the variables
of mgor importance (resulting in the deviation in the
direction of the t axis) are marked with a red dlipse.
The amount of granulation liquid (M1) and inlet ar
properties (temperatures T; and Tz, and reaive
humidity U;) were the variables causing the deviation
between sx granulation drying phases. A st of
successful batches (in this case, the four granulations
proceeding in about the same way in the score plot) can
be used to create the multivariate datistical process
control limits describing the norma  operating
conditions [20].
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Spectral phenomenain the NIR region

The FT-NIR gpectra of the granulated materids
represents the phenomena occurring during granulation
(Figure 8). Both test materids had water bands around
1450 nm (first overtone of the—OH stretch at 3500 cm?)
and 1940 nm (combination of the —OH diretch at 3500
cm?! with —OH deformation a 1645 cm?). The
reflectance gpectrum was affected not only by the
increased moisture content but adso by the change in
the physica state of the sample.

Figure 8. Offline FT-NIR, log(1/R), of SMCC (A) and theophylline (B) with
increasing level of granulation liquid (moisture contents for SMCC 4, 8, 13,
16, and 20 LODY%; for theophylline 1, 3, 6, 11, 16, and 20 LOD%). Vertical
lines refer to normalization wavelengths (2214 nm with AWA1 and 2136
nm with AWA?).
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The nature of the water-solid interactions affects the
gpectra basdine, which is seen as a rapid upward
displacement of log(/R) spectra basdine with
theophylline (Figure 8B). In the case of SMCC
(Figure 8A), the water added was absorbed and the
log(1/R) spectra basdline was not displaced as much as
that of theophylline. In the present NIR in-line set-up,
the changes in spectra basdine were diminated using
the four-wavelength detection around the 1940 nm
band.

Further evauation of FT-NIR gpectra showed the
nonlinearity of spectra response with theophylline at
higher moisture contents (Figure 9). The gpparent
water absorbence vadues (AWA; and AWAy)
caculated from the FT-NIR spectra Figure § were
linear in the low moisture range, but nonlinearity
occurred a moisture contents above 10%. A cubic
fitting with theophylline was performed for both AWA
vaues. Theophylline had an absorbence in the 2200-
2300 nm region (Figur e 8B), which resulted in higher
AWA; vadues (normdization 1, from the 2136 nm
sgnd) in comparison with AWA; (normdization |,
from the 2214 nm sgna). The increase in nominator
resulted in a decrease in the AWA; value. SMCC with
absorbence in the 2050-2150 nm region but not in the
22002300 nm region (Figure 8A) showed higher
AWA; vdues than AWA, vaues. Both AWA vaues
with SMCC showed a more linear behavior in the
moisture range studied.

2

QO AWA,, theophylline
® AWA,, theophylline
O AWA, SMCC -
B AWA,, SMCC

Apparent water absorbance, AWA
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Reference moisture content (LOD %)

Figure 9. Apparent water absorbence (AWA) values for
theophylline and SMCC; calculated from FT-NIR spectra.

Cdibration models were dso plotted for the in-line
samples versus AWA vaues achieved with the NIR
set-up (Figure10).

Again, SMCC showed more linear spectral response.
Absorbence around the 20502150 nm region resulted
in higher AWA; vdues in comparison with AWA,.
Theophylline showed greater nonlinearity, and a cubic
fitting was needed as a cdibration modd. As was
observed with theophylline FT-NIR AWA values, the
AWA; had higher vadues than AWA; due to
absorbence around the 22002300 nm region. One
reason for nonlinearity with theophylline may be the
pseudopolymorphic changes during processing. The
formation of theophylline monohydrate during wet
granulation of anhydrous theophylline has been
reported [25].

With both test materids, AWA vaues from FT-NIR
spectrawere pardldy disolaced in comparison with in-
line calibration modds. This was due to the bandwidth
of multichannel detector filters, which was not
consgdered in the cdculations. However, the in-line
cdibration behavior of materids was esimated with
off-line samples and FT-NIR spectra

CONCLUSIONS

Robust process control and measurement system
combined with religble historical data storage can be
used for andyzing the fluidized bed granulaion
process. The application of near infrared reflectance
spectroscopy creates a novel tool for direct and red-
time measurement of water. Non-direct methods based
on temperature measurements do not give exact
information on the moisture content of the granules.
Further, a critica point in fluidized bed granulation is
the measurement and control of process air. Altogether,
the measurements performed congtitute a measurement
vector describing the gtate of the process. Handling of
this multidimensona data requires new tools for data
visudization, and PCA modding proved a promising
tool for the reduction of the dimensiondity of process
daa FT-NIR spectra gave useful information for
understanding the phenomena during granulation. The
measurement of water content during granulation can
be performed accurately with the present multichannel
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Figure 10. Apparent water absorbence (AWA) values for
theophylline and SMCC,; calculated from in-line spectral
information from multichannel NIR set-up.

NIR set-up. However, the four-wavelength detection
proved rather limited for understanding the nature of
wetting and drying during the granulation process.
Future work should focus on the development of fast
and smultaneous detection of several measuring
wavelengths. More in-line information could be
obtained by connecting various multichannel detector
packages into one. Increasing the amount of data
collected requires further development of data
visualization tools.
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