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MULTIVARIATE MODEL FOR IN-LINE MONITORING OF MOISTURE CONTENT
IN A HIGH SHEAR MIXER USING NEAR INFRARED SPECTROSCOPY

Abstract

Wet granulation process in a high shear mixer is a complex unit opera-
tion widely used in the pharmaceutical and food industry where moisture
contentis a critical factor since it affects the growth of granules or particles.
The granule size affects flow ability, drug delivery, and tablet hardness;
therefore, it is important to monitor and to control the quantity of liquid
in the mixer. In this work a mixer was equipped with a near infrared
(NIR) spectrometer to monitor the moisture content during granulation.
Initially, pharmaceutical excipients were homogenized in a mixer. Next,
water was added to the powder mixture to initiate wet granulation, and
NIR spectra were collected each minute.

The aim of this work was to evaluate the near infrared spectroscopy as
anin-line technique for monitoring the moisture content of pharmaceutical
powders during wet granulation process in a laboratory-scale high shear
mixer. The results confirm the ability of NIR spectrometer to take full
in-line and off-line spectra of pharmaceutical powders at different levels
of added binder. The multivariate model developed for determining the
in-line spectra variation during granulation was capable of measuring
the moisture content with high precision (0.207% w/w).

Keywords: High shear mixer, in-line measurements, off-line measure-
ments, moisture content, process analytical technologies, wet granulation. .

Resumen

El proceso de granulacién hiimeda en un mezclador dealtacizalladura
es una operacion compleja ampliamente usada en la industria farmacéu-
tica y alimentos, dénde el contenido de humedad es un factor critico que
afecta el crecimiento delos granulos olas particulas. El tamafio del granulo
afecta la capacidad de flujo, la liberacién de droga y dureza de la tableta,
por consiguiente, es importante monitorear y controlar la cantidad de
liquido en el mezclador. En este trabajo un mezclador fue equipado con
unespectrémetro deinfrarrojo cercano (NIR) para monitorear el contenido
de humedad. Inicialmente, los excipientes farmacéuticos se homogenizan
en el mezclador. Luego, se agrega agua a la mezcla de polvos para iniciar
la granulacién hameda, y tomar los espectros NIR cada minuto.

El objetivo de este trabajo fue evaluar la espectroscopia infrarroja cer-
cana como una técnica en linea para monitorear el contenido de humedad
de polvos farmacéuticos durante el proceso de granulaciéon himeda en
un mezclador de alta cizalladura a escala de laboratorio. Los resultados
confirman la habilidad del espectrémetro de NIR para tomar espectros en
linea y no enlinea de polvos farmacéuticos en diferentes niveles deliquido
agregado. El modelo multivariado desarrollado determiné el contenido
de humedad en el proceso de granulacion humeda con alta exactitud de
0.207% w/w para espectros en linea.

Palabras clave: Contenido de humedad, granulacién hiimeda, mez-

clador de alta cizalladura, medidas en linea, medidas fuera de linea,
proceso de tecnologias analiticas.
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INTRODUCTION

In-line measurements of moisture content have become one of the main
concerns for industrial processes inwhich a productis dried or moisturized.
Near infrared (NIR) spectroscopy has been a technique used for moisture
measurements in pharmaceutical laboratories. Furthermore, the moisture
measurements have also been performed successfully during the granu-
lation process in a fluid bed drying [1, 2]. Additionally, constant values of
moisture in a high shear mixer were obtained during wet massing phase
[2]; whereas in other studies, it was observed a decrease in the moisture
content during the same phase, due to the binder evaporation induced
by high shear force, which increased the temperature of the system [3, 4].
As a consequence, monitoring the moisture content during the granule
growth with NIR spectroscopy allows fundamental understanding of wet
granulation process.

The liquid makes the agglomerate more deformable due to decreased
particle-particle interactions. These results are in accordance with the ball
growth that occurs, if too much liquid is added, or if granulation times
are too long [5]. The granule deformability increases the probability of
agglomeration of two colliding granules [6]. Thus, the development of a
NIR calibration model could be very helpful to in-line monitor of binder
content, which affects the granule size [3, 7, 8]. In-line moisture content
determination depends on the ability of a sensor to provide continuous
and reliable measurements despite the noise caused by movement of the
mixer. Near-infrared spectroscopy technology has been developed over
the last twenty years for a wide range of industrial applications and it is
recognized as an extremely powerful measurement technique. It has the
ability to quickly provide qualitative and quantitative information of many
products [9-12]. The non-invasive and non-destructive features of vibrational
spectroscopy techniques, such as NIR, make them novel tools for in- line
quality assurance. The NIR spectrum covers the interval between 4000 cm-1
to 12,500 cm-1. Some absorption bands for water in NIR can occur at 5128
cm-1 and 6897 cm-1 [13-16]. The ability of the NIR spectroscopy technique
for in-line monitoring the moisture content during the wet granulation
process in a laboratory-scale high shear mixer was investigated.
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MATERIALS AND METHODS
Raw materials and equipment

Pharmaceutical powders such as lactose anhydrous and monohydrate
supplied by Mutchler Inc were used to prepare the granulation. The Fou-
rier Transform (FT)-NIR spectrometer Bruker Optics (Billerica, MA) Vector
22/N was used to take spectra. This spectrometer uses a fiber optic probe,
which is connected to an InGaAs diode detector. The moisture content
of the powder mixture was determined off-line by loss on drying (LOD)
method using a moisture analyzer. Granule size was determined by sieve
analysis using the following sieve trays Tyler’s 270, 230, 200, 170, 140, 70, 50
and 40 meshes US Standard. The samples were vibrated with a mechanical
sieve shaker until the weight of the samples in mesh sieves did not change
significantly with respect to previous weight.

Figure 1 depicts a schematic of the laboratory-scale high shear mixer equip-
ped with NIR spectrometer. The tank was made in acrylic material with a
diameter of 6 Y2-inches. A RyobiTM 12-inches drill press was used as an
impeller motor, vertically rotating; its speed was fixed at 560 rpm. Two
stainless steel blades of 6-inches diameter were attached to the impeller axis.
The binder solution was dispersed in fine particles to the powder mixture at
arate of 161.7 ml/min using a peristaltic pump through a nozzle to ensure
the homogenization of the mixture.

To obtain an acceptable mixing quality, the zone of poor mixing in the
mixer must be reduced. This was reached by reducing the space between
blades and vessel wall and equidistant positioning of the blades in the
vessel as shown in figure 1. Image analysis was used for the granulator
characterization [17] to ensure the reproducibility of the experiments [3].
Although this is a laboratory-scale high shear mixer, the down-scaling of
wet granulation process resulted in a well-mixed sample without a signi-
ficant spatial variation of particle size distribution (PSD).
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F1GURE 1. LABORATORY-SCALE HIGH SHEAR MIXER

Granulation Method

Approximately 90 g of lactose monohydrate and 345 g of lactose anhydride
were mixed during five minutes in a high shear mixer, operating at 560 rpm
to ensure homogenization of powder mixture. Next, water was added to
the lactose mixture, and the powder mixture was granulated for 3 minutes.
Different amounts of water were added to the mixture to obtain a granu-
lated material with different moisture content of approximately 2, 4, 6, 8,
10, 12, and 14% (w/w). An in-line NIR spectrum at a resolution of 4 cm-1
with 16 scans per sampling was collected before stopping the granulator
in the spectral region from 12000 and 4000 cm-1, at this point, the height
of granule bed was about 2-inches due to the centripetal force. The granu-
lator was then stopped and two samples were taken from different points
inside the mixer to measure moisture content with LOD method, and also
to obtain off-line spectra. The granulation process was turned on again
for one more minute and another in-line NIR spectrum was collected. The
granulating process was then stopped and two samples were taken from
different points inside the mixer. The NIR spectra of the collected samples
were obtained and their moisture content determined by LOD.
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DEVELOPMENT OF CALIBRATION MODEL

A calibration model was developed to determine the moisture content of
the powder mixture using NIR spectra and LOD data. The collection and
transformation of spectral data were performed using spectroscopic analysis
software (OPUS and Pirouette, version 3.11).

The calibration procedure involved collecting a number of samples, ob-
taining their NIR spectra and then determining the moisture content with
the reference method (LOD). Next, Multivariate calibration models were
developed by using partial least square (PLS) [18] and they were used to
predict the moisture of future samples. However, the solid dosage processing
presented uncontrollable physical variations such as non-homogeneous
distribution of the particles, changes in refractive index, density variability,
and changes in surface roughness and shape, leading to light scattering
effect, causing slope variation of spectra [19]. This slope variation was
reduced by decreasing the physical information of particle size and shape
in the NIR spectra with a data pre-treatment method [20], such as vector
normalization, multiplicative scattering correction and other methods, as
shown in Table 1.

A total of 16 in-line NIR spectra with their respective average moisture
content were used to develop the PLS calibration model. PLS generates the
multivariate calibration model as shown below:

Yl bOXO,l +b1X1,1 +b2X2,1 +“‘mem,l
| by Xy, +b X, ,+b,X,,+..0,X,,

< e S
Y | |bX,,+tbX,,+b,X,, +..b, X,
Y=Xeb )
-1
b=(x"x)' X"y (3)
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where Y isthe moisture value as determined by the loss on drying (LOD), b
are the regression coefficients and X is absorbance value in a determined
wavelength. The PLS method is used to estimate the respective regression
coefficients (b,) from a relationship between the moisture content (Y, )
determined by LOD and absorbance values (X ), then, the multivariate
model can be used to make predictions for new NIR spectroscopy spectra.

For the development and validation of the NIR spectroscopy method, we
used 5 off-line spectra as training samples and several statistic tools, such as
the correlation coefficient (R?), the root-mean-square error of cross validation
(RMSECV), and the root-mean-square error of prediction (RMSEP). These
techniques were useful to assess the method accuracy, the determination
of suitable data pretreatment, and the selection of a wavelength region.
The RMSEP is defined by

)

where Yiis the observed moisture contentas determined by reference method,
Ypiis the moisture content predicted by the NIR spectroscopy technique and
n is the number of testing samples in the data set being examined. Equation
4 was also used to define the training sample accuracy. In this case, it was
called root mean square error of cross validation (RMSECV).

RESULTS AND DISCUSSION

Calibration and Validation Model for in-line NIR Spectroscopy
Measurements

Figure 2 shows in-line measurement spectra without data pre-treatment
where the region of 7000 to 4300 cm™ depicts the relevant changes in the
absorbance measurements due to absorption bands for water in NIR at 1450
nm and 1900 nm (6896.6 cm™ and 5263.2 cm™, respectively) [13-16]. The NIR
spectra show differences in their baseline. These variations are expected
since these are in-line measurements obtained for particles that are moving
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and growing; subsequently, the light interactions with the analyzed surface
are different each time. The baseline shifts are the result of the particle size
changes that are occurring during the granulation process and it causes a
change in the amount of radiation scattered by the sample [1, 21-24]. The
next step was the development of a PLS model to determine the moisture
content. This required reducing the physical information of particle size
and shape in the NIR spectra with a data pre-treament method. Vector nor-
malization was performed in the region from 5320-5220 cm™ to observe the
real variation of absorbance with respect to moisture content as observed in
figure 3. The absorbance change is due to stretching or bending vibrations
of O-H bond [13, 25].

160

& 11.8%
N g

_Iu’ﬂ%ﬂkﬁ%‘ﬂﬁmﬂmwwﬁ 8.5%

;:‘“.wf-,w-n-\-.n‘n-,m,*y, o
| ) J/"‘N—v—-‘\
R e

S e

S by

1.00

Absorbance

0.80

st ot A

3.4%

040

T T T T T T
10000 9500 2000 8500 8000 7500 7000 €500 €000 5500 5000 4500

Wavenumber (cm?)

FIGURE 2. IN-LINE NIR ABSORBANCE SPECTRA WITHOUT PRE-TREATMENT
FOR MOISTURE CALIBRATION MODEL

Figure 3 depicts how the baseline shifts up in the y axis as moisture con-
tent increases, which causes the granule size to increase [3]. The baseline
displacement of spectra is commonly associated to the granule size [26, 27].
Also, the spectra noise increases with increasing of granule size or moisture
content. The high noise observed on the in-line NIR spectra with moisture
content of 12 and 14% was associated to the insufficient contact of NIR
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beam with lactose granules due to the voids between large granules with
about 0,5 inch diameter, as illustrated in figure 4. The in-line NIR spectra
with moisture content of 14% were excluded from the calibration model
because accuracy decreases due to high noise on spectra.

Figure5shows theaccuracy of the calibration model to discriminate training
samples. High R?, and low RMSECV indicate that the predicted values are
close to the true values. Table 1 summarizes the statistical results obtained
for each spectrum pre-treatment to determine the optimal calibration model.
The application of PLS with vector normalization spectral pre-treatment
yields the higher accuracy to predict training and testing samples.

TABLE 1. COMPARISON OF PRE-TREATMENT TO BUILD THE CALIBRATION MODEL

Pre-Treatment Type Optimum Rank R? RMSECV
Vector normalization 4 98.08 0.407
Multiplicative Scattering Correction 5 96.83 0.512
Min-Max normalization 3 96.62 0.523
No Pre-treatment 5 94.15 0.695

1M18% —

Absorbance
o

-0.0200

E-‘-IZG EGIJC fEISO EEIED 52I~'3 53‘23 EBIDO 52'33 EEI’.’G

Wavenumber (cm)

FIGURE 3. IN-LINE NIR ABSORBANCE SPECTRA WITH PRE-TREATMENT OF VECTOR
NORMALIZATION FOR MOISTURE CALIBRATION MODEL
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NIR probe
NIR beam

Granules

FIGURE 4. SCHEMATIC OF INTERACTION BETWEEN NIR BEAM AND GRANULES

The accuracy of the calibration model indicated by the RMSEP to predict
testing samples was 0.207% as shown in figure 6. This accuracy can be con-
sidered good when it is compared to the 0.27% accuracy obtained by Rivera
[28] in a fluid bed dryer. The accuracy obtained by means of the standard
error of performance (SEP) (equation 5) was 0.21%. The accuracy 0.20%
value indicated by the SEP is considered enough for in-line measurements
in a fluid bed granulator [1].

12

SEP = (i(K—YP F-3v-7, )2/”)/(”‘1) ()

Comparison of in-line and off-line measurements using NIR Spectroscopy
Off-line spectra present lower noise than in-line spectra as shown in fi-
gures 7 and 2, respectively. The calibration model obtained from off-line
NIR spectra without pre-treatment yields high accuracy to predict testing
samples with a high R? value and a low RMSEP as indicated in figure 8. The
accuracy of the in-line measurements is confirmed with the analysis of the
Student’s t-test by comparison with off-line measurements. The Student’s
t-test indicates that the off-line and the in-line measurements are not signi-
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ficantly different at the 95% confidence level. This is very important since
NIR spectroscopy has been used as a suitable tool for off-line determination
of moisture content.
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F1GURE 5. CALIBRATION MODEL USING IN-LINE SPECTRA
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FIGURE 6. VALIDATION OF MODEL WITH IN-LINE SPECTRA
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FI1GURE 7. OFF-LINE NIR ABSORBANCE SPECTRA WITHOUT PRE-TREATMENT
FOR MOISTURE CALIBRATION MODEL
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FIGURE 8. VALIDATION OF MODEL WITH OFF-LINE SPECTRA
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CONCLUSIONS

This paper shows that the multivariate model using NIR spectroscopy is
capable to work with high accuracy for in-line determination of moisture
content during a high shear granulation process. The accuracy of the ca-
libration model was 0.207%, as indicated by the RMSEP, which is a good
value as compared with the values of about 0.27 % reported in the literature.

The NIR would be considered as a process analytical technology tool to
determine the moisture content during wet granulation in a full-scale high
shear mixer. In addition, the NIR spectrometer can be used to take full in-
line and off-line spectra with low noise when the moisture content in the
granulation process is below 10%, although NIR spectra taken with 14%
moisture content presented high noise. These spectra, with high noise, were
not suitable to build the calibration model. The noise observed in the in-line
NIR spectra with moisture content of 12 and 14% would be associated to
the insufficient contact of NIR beam with lactose granules due to the voids
between large granules. From which, it is recommended to use NIR light
beam with large reach to make contact with the granules, and reducing in
this way the noise.
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