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ABSTRACT

Wet granulation is one of the most important operations where fine particles are
agglomerated into larger granules by adding a binder. The process is used in many chemical
industries including pharmaceutical, mineral processing, agricultural, and detergents. In spite
of its importance and many years of research, the understanding of the granulation process is
still quite limited. The main objective of this research is to study the effects of initial particle
size distribution (PSD) shape (unimodal versus bimodal), initial particle size, and the amount
and viscosity of binder on growth kinetics and the mechanism of wet granulation, and to
model the agglomeration mechanism of particles, using the population balance equation
(PBE) and considering the initial properties of binder and particles.

This research was carried out in three different phases. Initially, an image processing and
analysis algorithm was validated and used to determine the PSD during the wet granulation.
The test of the vision system capability to determine particle size indicated high precision
with a repeatability of 0.0012 in and 0.5% relative standard deviation. Near-infrared (NIR)
spectroscopy method was validated and used, at the same time, to determine the moisture
content.

In the second phase, several variables were investigated. The Split-Plot experimental
design with three factors (amount, viscosity of binder, and initial PSD) and three levels for
each factor was carried out. The variation of these three factors are consistent with the

viscous Stokes’ (St,) number developed by Ennis et al. [1991]. The effect of initial PSD

shape, unimodal versus bimodal, on the growth kinetics and mechanism of wet granulation
were also evaluated.

Wet granulation of pharmaceutical powders with initial bimodal PSD presented growth
kinetics in two stages. The first stage of granule growth is fast, similar to a non-inertial
regime found by Adetayo et al. [1995]. This stage is controlled by binder amount and the
high probability of coalescence because of collisions of small and large particles that increase

the growth rate, as indicated by coalescence kernels published in the literature. The second
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stage is characterized by slow agglomeration of particles with a water content 13.6% v/w,
and slow breakage of particles with water contents of 9.9 and 11.7% v/w. In contrast, wet
granulation of pharmaceutical powders with initial unimodal PSD exhibited slow growth
kinetics consisting of one stage because high concentration of particles of similar size
decreases the probability of granule coalescence, as compared to the high coalescence
probability between collisions of small and large particles.

In the last phase, an agglomeration model between small and large particles was
developed based on diffusion of small particles to a larger one through binder layer on the
particle surface. Furthermore, coalescence kernels with physical interpretation have been
developed for each stage of wet granulation. The coalescence kernel of slow growth rate

accurately describes the PSD during wet granulation process.
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RESUMEN

La granulacion hiimeda es una de las operaciones unitarias mas importantes donde por
adicion de un liquido las particulas finas son aglomeradas para formar una particula de mayor
tamano. Este proceso es usado en muchas industrias quimicas incluyendo la farmacéutica,
procesamiento de minerales, agricultura, y detergentes. A pesar de su importancia y muchos
afios de investigacion, el entendimiento del proceso de granulacion es todavia limitado. El
principal objetivo de esta investigacion es estudiar el efecto de: la forma inicial de la
distribucién de tamafio de particulas (unimodal versus bimodal), el tamafio de particulas, y la
cantidad y viscosidad de liquido sobre la cinética de crecimiento y el mecanismo de la
granulacion himeda; y a su vez modelar el mecanismo de aglomeracién de particulas, usando
la ecuacion de balance de poblacion (PBE) y considerando las propiedades iniciales del
liquido y de las particulas.

Esta investigacion fue realizada en tres etapas. Inicialmente, un algoritmo para procesar
y analizar imagenes fue validado y usado para determinar la distribucion de tamafio de
particulas durante la granulaciéon humeda. La prueba de capacidad del sistema de vision para
determinar el tamafio de las particulas indico alta precision con una capacidad de repeticion
de 0.0012 pulgadas y una desviacion estandar relativa de 0.5%. A la misma vez, un método
de espectroscopia de infrarojo cercano fue validado y usado para determinar el contenido de
humedad.

En la segunda etapa, varias variables fueron investigadas. El disefio experimental “Split-
plot” con tres factores (cantidad y viscosidad de liquido, y distribucién inicial de tamafio de
particulas) y tres niveles para cada factor fue realizado. La variacién de estos tres factores
son consistentes con el numero de Stokes viscoso desarrollado por Ennis et al. [1991]. El
efecto de la forma inicial de la distribucion de tamafio de particulas, unimodal versus
bimodal, también fue evaluado sobre la cinética de crecimiento y el mecanismo de la
granulacion humeda.

La granulacion himeda de polvos farmacéuticos con distribucion de tamafo de

particulas de forma inicial bimodal presentd cinética de crecimiento en dos etapas. La
v



primera etapa de crecimiento de los granulos es rapida, similar al régimen no-inercial
encontrado por Adetayo et al. [1995]. Esta etapa es controlada por la cantidad de liquido y la
alta probabilidad de union debido a la colision de particulas pequefias y grandes que
incrementa la tasa de crecimiento, como indican las ecuaciones fundamentales de union de
granulos publicados en la literatura. La segunda etapa es caracterizada por una lenta
aglomeracion de particulas con 13.6% v/w de contenido de agua, y lento rompimiento de
particulas con contenido de agua de 9.9 y 11.7% v/w. Opuestamente, la granulacion humeda
de polvos farmacéuticos con distribucion de tamafo de particulas de forma inicial unimodal
exhibe a lenta cinética de crecimiento de una etapa, porque la alta concentracion de particulas
de tamafio similar disminuye la probabilidad de union de los granulos, en comparacion a la
alta probabilidad de union entre colisiones de particulas pequefias y grandes.

Finalmente, un modelo de aglomeracion entre particulas pequefias y grandes fue
desarrollado basado en la difusion de particulas pequefias hacia una particula grande a través
de la capa de liquido alrededor de la superficie de las particulas. Ademas, para cada etapa de
la granulacion humeda se desarrollaron ecuaciones fundamentales de aglomeracion de
granulos con interpretacion fisica. La ecuacion fundamental de aglomeracion para tasa de
crecimiento lenta describe con exactitud la distribucion del tamafio de particulas durante el

proceso de granulacion.
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1 INTRODUCTION

1.1 Justification

Wet granulation is one of the most important operations in many chemical industries
including pharmaceutical, mineral processing, agricultural, chemical, and detergents. In the
chemical industry, it is estimated that 60% of products are manufactured as particulates and a
further 20% use powders as ingredients. The annual value of these particulates is estimated at
$1 trillion in U.S. alone [1].

In spite of its economic importance and many years of research, the understanding of the
granulation process is still quite limited, and manufacturing efficiency of pharmaceutical
tablets and capsules is low, rarely rises to 15 percent, and often is around 3 percent [2, 3].
The commercial interest in decreasing capital and operating costs and increasing the stability
and reliability of the process has ensured that much literature has been published in the last
thirty years to improve the understanding of the granulation process. Generally, this literature
has focused on a qualitative understanding of the mechanisms of granule growth and the
effects of different variables on granule growth behavior. However, it is still difficult to
predict the granulation kinetics of a new formulation from the particle and binder initial
properties such as particle size and viscosity, respectively. This is a particular problem in
industries such as food, pharmaceuticals, and agricultural chemicals where there are many
and frequent changes in formulations with widely varying properties.

Granulation kinetics is modeled using the population balance equation (PBE). The PBE
expression of granule agglomeration on a size basis in a batch process is [4]:

on(v) _

o %jﬂ(v—g,g)xn(v—e)xn(g)xdg—n(v)Tﬂ(v,g)xn(g)xdg 1.1

where n(v) is the number density of particles of a specific size, ¢ is the time, and B(v, ) is

the coalescence kernel for agglomeration between particles of size v and ¢ . The difficulty in



modeling growth kinetics is focused on quantifying the coalescence kernel and to solve the
PBE.

The main objective of this research is to study the effects of initial PSD shape (unimodal
versus bimodal), initial particle size, and the amount and viscosity of binder on growth
kinetics and the mechanism of wet granulation, and to model the agglomeration mechanism
of particles from the particle and binder initial properties such as particle size and viscosity
respectively. PSD was determined by means of image processing and analysis, thus, a vision
system was developed and validated. Near-infrared (NIR) spectroscopy was also used, at the

same time, to determine the moisture content.

1.2 Objectives
Principal

The main objective of this research is to study the effects of initial PSD shape (unimodal
versus bimodal), initial particle size, and the amount and viscosity of binder on growth
kinetics and the mechanism of wet granulation, and to model the agglomeration mechanism
of particles, using population balance equation (PBE) and considering the initial properties of

binder and particles such as viscosity and particle size, respectively.

Secondary

e Develop an algorithm to analyze gray-level images to determine particle shape and
size.

e Develop and validate NIR calibration models to determine moisture content during
wet granulation.

e Monitor the granule growth mechanism in a high shear mixer using vision system and

NIR.

e Solve the PBE and compare the simulation results with experimental data.



2 PATTERN RECOGNITION FOR CHARACTERIZATION OF
PHARMACEUTICAL POWDERS

ABSTRACT

A large part of pharmaceutical manufacturing involves the use of particulate materials. It
is well known that both particle size and shape affect the physical characteristics of tablets.
An image processing and analysis algorithm based on the invariant image moment technique
was developed in this work to determine the particle shape by comparing features (moments)
extracted from templates to those extracted from each of the objects in the image. First it
determines the particle shape (rectangle, circle, etc) and then calculates its specific
dimensions (diameter, aspect ratio).

The statistical validation of the vision system obtained a repeatability of 0.0012 in and
0.5% relative standard deviation and accuracy within 0.1 to 0.9% of the average value
considered as true value. Also the pattern recognition technique indicated high precision and
accuracy for images containing particles with some level of contact between them. The shape
recognition of microcrystalline cellulose (MCC) indicated that particles of equant and
acicular shape as defined by USP are predominant. The results suggest that image processing
and analysis would be a suitable tool for pharmaceutical process analytical technologies

(PAT) and process optimization.

2.1 Introduction

Processes involving particulates have large economic impact in many industrial fields
such as pharmaceutical, food, construction, glass, and chemical. Both, the pharmaceutical
and construction industries have each an annual economic impact of tens of billions of
dollars [5] and in all industries an annual economic impact of a $1 trillion is estimated in U.S.

alone [1]. Despite a widespread use of particulate processes in different industries, the

4
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techniques for particle characterization have concentrated on the determination of the size or
size distribution.

However, particle size and morphology are very important in many industries. Shape
and size can affect flowability and optimal conditions of particle melting and spraying in
thermal spray industry [6]. In the pharmaceutical industry, it can affect flowability,
compressibility, and drug delivery [7, 8].

The size of a particle or linear dimensions (side length, diameter) is related to the
particle shape, for example, side length for columnar or cubical particles and diameter for
spherical particles. USP requires in the General Test <776> [9] that for irregular shape
particles, characterization of particle size must also include information on particle shape. At
present, particle sizes of irregular particles are usually expressed as equivalent spherical
diameters. The shape descriptors such as elongation, Heywood circularity, and compactness
factor and concavity [10] are standard descriptors of particle’s shape.

Pattern recognition is a technique frequently used in robotic systems to determine object
shape. It compares the features extracted from templates to those extracted from each of the
objects in the image. The traditional pattern recognition methods are normalized cross
correlation, pyramidal matching, scale-invariant matching, and invariant image moments [11].

The aim of this work was to demonstrate the feasibility of using a pattern recognition
algorithm based on invariant image moment [12, 13] for the determination of specific
dimensions of pharmaceutical powders based on its shape, and to enhance the use of image
processing and analysis as a tool within the pharmaceutical process analytical technologies
(PAT) and process optimization framework. A challenge of the technique was to be able to

determine the correct shape despite the contact between some of the particles.

2.2 Experimental: Samples, equipments and procedure

Spherical metal beads were used to validate the vision system in terms of size. The
vision system capability to assess morphology was tested with microcrystalline cellulose and

saccarose due to their wide use in the pharmaceutical and food industries, respectively.
5



Fig. 2.1 depicts the schematic of the vision system used to take the images of all the

pharmaceutical powders and metal beads. Table 2.1 describes its components.

[tmage
Acquisition
Board

Ringlight

Powrer
i supply

Computer i /

Light source

Figure 2.1 Vision System Schematic

Table 2.1 Equipments and software used to acquire and analyze images

Equipments and Software Description

Color Image Acquisition Board Model: IMAQ PCI-1411 (National Instruments)

Color CCD Camera Model: GP-KR 222 (Panasonic)

[llumination System Model: STOCKER&YALE fiber optic illuminator model 20
(quartz halogen lamp, Edmund Industrial Optics)

CCD Lens Model: 10X CCD C-mount lens (Close focus zoom lenses,
Edmund Industrial Optics)

Base Software LabView 6i and MATLAB 6.5

An image of each pharmaceutical powder and metal beads was taken using the vision
system. The images received by the color CCD camera were digitized by an image
acquisition board to yield images 640x480 pixels in size. All the images were taken using the

illumination system.



2.2.1 Particle Size Determination of Wet Granules

The techniques most commonly used to determine particle size of powders are sieving,
image processing and analysis. The sieve method is used to measure PSD of dry powders to
avoid that the wet particles stick to the vessel walls and on the mesh. A large quantity of
sample is also required to obtain a reliable PSD measurement of bulk. The principal
disadvantages of sieve analysis of wet granules are the agglomerate or breakage of granules
during shaking [14], and low capacity to discriminate particles with little difference in size
between them. On the other hand, image processing and analysis have high capacity to
discriminate particles with little difference in size between them. Thus, image analysis can
measure the PSD of powders recollected in a sieved section [15]. However, the sample
preparation for off-line measurements of particle size is time consuming, but it is required to
avoid overlapping of particles. The particle size determination of overlapped particles is
currently a challenge in image processing and analysis because two or more overlapped
particles could be detected as one single particle. Nevertheless, the setup of inline method
could be suitable to eliminate the sample preparation and reduces the overlapping of

particles. [16].

2.2.2  Experimental Design

Two experiment designs using metal beads and synthetic images were carried out to
validate the vision system in order to determine shape and its size. Experimental work was
also performed for morphological characterization of pharmaceutical powders. First, the
experimental factorial design [17] in Fig. 2.2 was used to study the components of variability
of the vision system when validating particle size determination. The algorithm based on
invariant image moments was tested on a series of spherical metal beads to validate the
vision system. The factors used were particle size and quantity with three levels for each

factor.
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Figure 2.2 The 3* design for determination of the vision system capability

The experimental design to test the algorithm when used for particle shape and its size
determination was carried out similarly to the method presented in [8] for comparison. Figure
2.3 depicts two synthetic images created using Adobe Photoshop 7 for the validation test.
The synthetic images contain particles of different shapes, orientation, and different spatial
positions. These images of acicular shape are very similar to cellulose and lactose as shown
in Fig. 2.4. These images are also similar to threonine crystals, potassium glutamate, and the

pharmaceutical product U2 [8].

Figure 2.3 Synthetic images of different forms and sizes with particles (a) without
contact and (b) in contact.



An experimental design to test the algorithm in a real application was carried out with
MCC to determine the number of required particles for morphological characterization based
on the equant and acicular standard shape as defined by the USP General Test <776> [9], and
a 5% error of the confidence interval. Two equant templates including circle and square and

four acicular templates of different aspect ratio were used for morphological characterization.

Figure 2.4 Real shape of (a) Microcrystalline cellulose and (b) lactose monohydrate

2.3 Image processing and analysis

Figure 2.5 depicts the algorithm for image processing and analysis using pattern
recognition. As mentioned before, first, images of 640 X 480 pixels in size were taken by the
CCD camera. A smoothing treatment with a linear filter was performed to reduce the noise.
The filtering replaces each pixel by a weighted sum of its neighbors [18]. If P(i,j) represents
the intensity of pixel P with coordinates (i, j), the pixels surrounding P(i,j) can be indexed as
follow ( for a 3 x3 matrix):

Pi-1,j-1) P@,j-1) P(i+1,j-1)
P(i -1, j) P(i, j) P(it1, )
P(i-1j+1) P, j+1) P(i+1,j+1)

A smoothing linear filter assigns to P(i, j) a value that is a linear combination of its

surrounding values. For example, the new value of gray-level of pixel P(i, j) is:
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Figure 2.5 Schematic flow of algorithm for image processing and analysis.

Next, a binarization procedure was performed to transform the gray image to a binary
one establishing a threshold based on the histogram of gray-level values. After binarization,
some overlapped particles could be detected as a large single binary particle. A technique for
separation of particles using erosion and dilation processes is automatically applied to
decrease this problem. A layer of pixels was removed and added using a 3x3 structuring
element for erosion and dilation techniques, respectively. Finally, the particle shape using the

technique of invariant moments is determined as described below.

Invariant Moments

Image moments have attracted great attention in pattern recognition due to their
mathematical simplicity and numerous physical interpretations of an image. The
interpretation of the first three moments is area, centre of mass, and inertia of an image. The

two-dimensional moments of order (p+q) of an image f{x,y) are defined by

m,, = _[ _[xp yq f(x,yv)dxdy for p,q=0,2,... 29

—00—00

where f'is the brightness or gray scale (between 0 and 255) of the point (x, y) where x and y
represent the spatial coordinates of a picture element (pixel). For this, the image must be

represented as a matrix where each element is a pixel with a gray level value.
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Hu [12, 13] extended the application of image moments to pattern recognition.
Additional studies [19, 20, 21] demonstrate other applications of image moments in image
processing and analysis, too. Hu [12, 13] derived relative and absolute combinations of
central moments that are invariant with respect to scale, position, and orientation and thus
each shape is characterized by a unique set of values of the invariant moments. The two-

dimensional central moments of order (p+¢) of an image f(x,y) are defined by

/upq = IJ.(X_})P (y_;)q f(.X,y)dXdy fO}" p,q = 0,1’2,._. 33

where

x="ho. 5 _ o 14
My, My,

These central moments where used by Hu [12, 13] to define seven functions based on
the central moments up to order three that are invariant with respect to object scale,

translation, and rotation.

@ = My + My, 3.5

by = (g — Hp)* + 441}, 3.6

by = (13 =31,,)" + Bty — 1)’ 3.7

by = (139 = 1,)” + (ttyy = f13)° 3.8

s = (139 =315 )tz + 11))[(tsg + p15)” = 3(atyy + t13)° 39
+ (Bt = s Yty + 3 Bty + 1) = (i + p43)"]

b5 = (tng = 1y (g + 111)" = (o + p43)"] 310
Ay (50 + 1)ty + Hoy)

by = Gty — o3 ) tsg + o (g + 1117)* =3ty + p43)"] 1

= (30 = 31002 )y + Ho3)[B (30 + 11, )2 — (i, + /103)2]
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By computing the seven functions (invariant image moments) for each particle or object
in the image and comparing the set to those for the templates or reference images, a

particular shape can be assigned to each particle in the image with a certain level of tolerance.

2.4 Results and discussion

2.4.1 Statistical validation in determining particle size using spherical shape
The repeatability obtained from variance analysis with the experimental design shown in
Fig. 2.2 was 0.0011 in. This experimental design is a common industrial application called
gauge capability studies [17]. Table 2.2 includes also the results of repeatability carried out
as per the guideline of FDA [22], to characterize the vision system and a commercial caliper.
The repeatability obtained for the vision system was 0.0012 in and an accuracy within 0.1 to
0.9 % of the true value. The reference method used was a caliper with repeatability reported
by the manufacturer of 0.0005 in and an experimental repeatability of 0.0007 in. Commercial

calipers considered as excellent have repeatability of 0.001 in.

Table 2.2 Study of repeatability of metal bead.

Caliper Vision System
Diameter (inch) Diameter (inch)
0.2516 0.2551

0.2516 0.2555

0.2512 0.2535

0.2508 0.2555

0.2531 0.2559

0.2512 0.2575

0.2512 0.2563

0.2520 0.2563

Mean: 0.2516 Mean: 0.2557
SD * 0.0007 SD: 0.0012

RSD :0.2822%  RSD: 0.4501 %

2® Standard deviation and relative standard deviation, respectively.
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2.4.2  Statistical validation of pattern recognition technique for determination

of shape and its size

The shape recognition algorithm based on invariant moments was tested similarly to the
test established by Pons et al. [8]. Initially, it was tested with synthetic images (Fig. 2.3a)
containing particles without any contact between them. Table 2.3 compares estimated values
by the vision system to the true ones. As can be seen the precision and accuracy decrease as
the size (from length to breadth) decreases. They also decrease as the particle angle with
respect to the horizontal or vertical increases from 0 to 45 degrees. This effect is observed in
acicular inclined particles as shown by the particle "w" in Fig. 2.3a and in circular particles.

The diminution in repeatability and accuracy observed is due to the discrete form of the

images (640 x 480 dots). This observation agrees with results obtained by other authors [8].

Table 2.3 Study of repeatability for images with particles without contact

Average Standard deviation  R.S.D.

L/1 1.00 0.02 1.78 %
B/b 1.02 0.06 6.20 %
D/d 0.90 0.06 6.86 %

R.S.D.= relative standard deviation

In Table 2.3, L is the real length, / is the estimated length, B is the real breadth, b is
estimated breadth, D is the real diameter, and d is the estimated diameter.

Images containing particles with some level of contact between them, similar to the
highest level (S7) defined by Pons et al. [8], were created as shown in Fig. 2.3b. The
algorithm, based on invariant moments, again separates and classifies correctly the different
particles as shown in Fig. 2.6, and both, the precision and accuracy for particles in contact (as
shown in Table 2.4) are similar to those of the acicular and equant particles without contact
in Fig. 2.3a.

However, it is observed that the precision and accuracy decrease for particles in contact
as compared to particles without contact, as indicated by relative standard deviations (R.S.D.)

in Tables 2.3 and 2.4.
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Table 2.4 Study of repeatability for images with particles in contact

Average | Standard deviation | R.S.D.
L/1 1.00 0.02 1.66 %
B/b 1.02 0.07 6.42 %
D/d 0.89 0.07 8.04 %

Figure 2.6 Synthetic images separated and classified (a) circular particles (c¢) acicular
particle with R=10 (d) acicular particles with R=5 (R=length /breadth)

The pattern recognition algorithm was also tested with MCC and saccarose. Figure 2.7
depicts the image processing steps, where the binarization step (Fig. 2.7b,f) indicates

particles in contact. Then an erosion and dilation process as indicated in Fig. 2.7¢c,g and Fig.

14



2.7d,h respectively was applied to separate particles with some contact level, similar to the
highest level (S7) defined by Pons et al. [8]. The particles were then characterized as
explained in next section. The algorithm works with real as well as synthetic particles and

without any tuning required.

(a) (b) (c) (c)
(@

(e) (1) (h)

Gray Image Binarization Erosion Dilation

Figure 2.7 Image Processing steps for (a) microcrystalline cellulose and (e) sacarose

2.4.3  Morphological characterization of pharmaceutical powders

First, six templates of equant (circle and square) and acicular shape as defined by the
USP General Test [9] were created. Different aspect ratios (R=length/width) were created for
the acicular shape. These shapes are common in many pharmaceutical powders [8, 23] such
as microcrystalline cellulose, lactose monohydrate, salicylic acid, sucrose, threonine, and
potassium glutamate, see Fig. 2.4.

Next, the total number of particles necessary to reliably classify morphologically the
MCC was determined based on the number of particles necessary to achieve a 5% error of

the confidence interval for each template using Eq. 3.12.
2
n e [S xt J 3.12
kxx
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where n is the number of particles, S is the standard deviation, ¢ is the statistic t, £ is the
error and x is the average.

The number of required particles for each shape template was confirmed by considering
the change of the template standard deviation versus number of particles (Fig. 2.8). The
number of particles for each six templates was about 80 similar to Pons' results. Based on the
natural shape composition of the MCC, the total number of particles necessary to assess
MCC morphology and its size is approximately 2000 to have 80 particles of the shape in less

presence.
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Figure 2.8 Change of standard deviation of each template versus number of particles

A set of 18 images (1984 particles) were analyzed to determine particle shape where
23.2% of the particles were classified as square, 21.1% as circle, 29.6% as acicular, and
26.1% of the particles were classified as other (no standard shape). The level of tolerance to

classify the particles in terms of shape was 88%.
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The time required to analyze the 18 images (an average number of 111 particles per
image) was approximately 22 seconds. The speed of analysis and accuracy in the prediction,
poses this algorithm as a suitable tool to monitor inline the granule size distribution and

shape, for example, in a fluidized bed granulation system, Watano and Miyanami [16].

2.5 Conclusions

The technique of invariant image moments is suitable for the characterization of
pharmaceutical powders in terms of morphology and size. The algorithm allows
identification and measurement of particles according to its shape. The vision system yielded
high precision and accuracy in identifying and measuring particles, despite the contact
among themselves. The precision and accuracy decrease however as the particle angle with
respect to the horizontal or vertical increases from 0 to 45 degrees and as the particle size
decreases. These effects could be reduced by increasing the resolution of discrete images.

The morphological characterization of MCC indicates high quantity of particles of the
equant and acicular shape as defined by USP. The minimum number of particles for each
shape was about 80 and the total number of particles necessary to assess morphology and its
size was 1984 (18 images). The time required to analyze a set of 18 images was about 22 sec.
This rapid analysis of the images makes the algorithm of image processing and analysis a
suitable tool for inline pharmaceutical process analytical technologies (PAT). The technique
can be expanded by adding new templates and its corresponding set of the seven invariant

moments.
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3 EFFECT OF PARTICLE AND BINDER CHARACTERISTICS
ON THE GROWTH KINETICS AND MECHANISM OF WET
GRANULATION

ABSTRACT

The effect of initial particle size and initial distribution shape, unimodal versus bimodal,
and binder characteristics on the growth kinetics and mechanism of wet granulation were
evaluated. Wet granulation of pharmaceutical powders with initial bimodal particle size
distribution (PSD) presented growth kinetics consisting of two stages: a fast growth followed
by a slow growth. Fast stage is controlled by binder amount and the high probability of
coalescence due to the collisions of small and large particles. The second stage is
characterized by slow agglomeration of powder mixtures with water content 13.6% v/w, and
slow breakage of powder mixtures with water content of 9.9 and 11.7% v/w. Wet granulation
of pharmaceutical powders with initial unimodal PSD exhibited slow growth kinetics
consisting of one stage. Similar particle size did not promote the agglomeration.

The binder viscosity has opposite effect in each stage of wet granulation of powders with
initial bimodal PSD, at 11.7% v/w of binder or lower. The growth rate increases with an
increase in binder viscosity during the first stage, while the growth rate decreases with
increase in binder viscosity during the second stage. In general, the variations in the three

factors are consistent with the viscous Stokes’ (St,) number. The probability of a successful

collision increased with smaller particle size, higher binder viscosity, and higher binder

content.

3.1 Introduction

Wet granulation in a high shear mixer is primarily a process for particle enlargement that
is used in many industries such as pharmaceutical, mineral processing, agriculture, food, and

detergent. The process of particle enlargement via a coalescence mechanism improves the
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flow properties of the particles, and decrease segregation of the ingredients, thus also
improving the uniformity of the mixture [24]. A granule breakage mechanism could also
happen during the wet granulation process, depending upon the viscosity and the amount of
binder.

Ennis et al. [25] developed a viscous Stokes’ (St,) number, wherein factors such as
particle size and density, and binder viscosity and amount are considered to quantify the
probability of particle coalescence and, as a consequence, the granule growth rate. Ennis et al.
[25, 26] considered the viscosity force of a liquid bridge, and modeled two colliding granules
using the equation of motion (3.1):

dv 3mur ;
m,—=——"v 3.1

dt 2x
where m;, is the granule’s mass; v is the relative velocity between the two particles; r, is the

granule’s radius; x4 is the viscosity of the binder liquid and 2x is the distance between

colliding granules. The analytical solution of Eq. 3.1 is

h
vV=y, {1 - Sltln[oﬂ 3.2
, UX

where 4, is the thickness of the liquid layer on the surface of the particle and S, is the
viscous Stokes number given by

8p,V, 7,
Y

St 3.3

where p, is the particle density. The particles will coalesce upon collision, if the viscous

Stokes number of the particles is smaller than a critical value of the viscous Stokes’ number

(St)), given by:

St = (1 + lj h{ZOj 3.4
e a

where e is the coefficient of restitution based upon linear velocity differences of the particles

before and after impact; and 4, represents the characteristic length of the surface asperities.
19



Recently, the importance of Ennis’ theory has inspired researchers [14, 27, 28, 29] to
further study the effects of particle size, binder viscosity and amount on the growth kinetics
and mechanism of wet granulation. For instance, Mill et al. [27] found that the growth rate of
sand in a low shear mixer increases with an increase in the amount of a low viscosity binder
(up to maximum 100 mPa s), such as silicone. They also found that the growth rate decreases
with increase in the amount of binder with a viscosity higher than 100 mPa s.

Badawy and Hussain [29] determined in experiments with anhydrous lactose that the
growth rate increases with a decrease in initial particle size, in accordance with Ennis’ theory,
wherein smaller particles present low kinetic energy that is dissipated easily in the binder
layer. Ennis et al. [25] and Adetayo et al. [28] observed a sequential two-stage mechanism
during the wet granulation of fertilizers with a wide size distribution, while Mills et al. [27]
failed to observe the sequential two-stage mechanism during the granulation of materials
with a narrow size distribution.

Powders with bimodal PSD or wide size distribution have many small and large particles
that favor the preferential coalescence between small and large particles, as suggested by
Tardos et al. [30] with their layering mechanism or coalescence of coarse and fine particles
(Figure 3.1). Hounslow et al. [31], and Boerefijn and Hounslow [32] also developed size-
dependent agglomeration kernels that mathematically favored the coalescence of small and
large particles. On the contrary, it is believed that powders with unimodal PSD or narrow
size distribution have similar size particles which do not favor the preferential coalescence
between small and large particles. However, the effect of initial PSD shape (unimodal PSD
or narrow size distribution and bimodal PSD or wide size distribution) on mechanism and
growth kinetics of wet granulation has not been studied appropriately to increase the
fundamental understanding of particle agglomeration mechanism.

The main objective of the current work is to study the effects of initial PSD shape
(unimodal versus bimodal), initial particle size, and the amount and viscosity of binder on

growth kinetics and the mechanism of wet granulation. Particle size distribution (PSD) was

20



determined by means of image processing and analysis [33]. Near-infrared (NIR)

spectroscopy was used, at the same time, to determine moisture content.

Fine particles

37

o

Granule Binder

Figure 3.1 Layering growth mechanism proposed by Tardos et al. (1997)

3.2 Experimental Methods

3.2.1 Materials and equipments

Pharmaceutical powders such as lactose anhydrous supplied by Sheffield Products and
lactose monohydrate manufactured by FOREMOST FARMS USA #55-0072 and supplied by
Mutchler Inc. (Cayey, PR), were used in the experiments of wet granulation. Figure 3.2
shows the three particle size distributions used in the wet granulation experiments,
designated as PSD1 (fine size powders), PSD2 (medium-size powders) and PSD3 (coarse
size powders).

The three levels of particle size were prepared by screening lactose monohydrate and
anhydride using the following sieve trays Tyler’s 270, 230, 200, 170, 140, 70, 50 and 40
mesh US Standard. The PSD of powders recollected in each sieve tray was measured (PSDI1,
PSD2 and PSD3) by means of image processing and analysis [33].

A viscometer was used to measure the viscosity of Povidone-water mixtures at room

temperature. Three levels of Povidone-water mixture (0%, 5% and 9% of Povidone) were
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prepared to obtain homogeneous binder solutions with viscosities of 1, 2.49 and 4.85 cp at
room temperature. The Povidone was manufactured by ISP Technologies INC.

A viscometer was used to measure the viscosity of Povidone-water mixtures at room
temperature. Three different amounts of solid Povidone (0%, 5% and 9%) were dissolved in
water at room temperature to obtain homogeneous binder solutions with viscosities of 1, 2.49

and 4.85 cp, respectively. The Povidone was manufactured by ISP Technologies INC.
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Figure 3.2 Initial particle size distributions for wet granulation

Figure 3.3 depicts a scheme of a laboratory-scale high shear mixer equipped with an NIR
spectrometer. A Ryobi'™ 12-inch drill press was used as an impeller motor, rotating

vertically; its speed was fixed at 560 rpm. Two stainless steel blades were attached to the
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impeller axis. The liquid binder was added to the powder mixture at a rate of 161.7 ml/min
by means of a peristaltic pump through a nozzle.

Although this is a laboratory-scale high shear mixer, the down-scaling of the wet
granulation process allows an acceptable-mixed process without a significant spatial
variation in PSD and, therefore, to obtain reliable measurements. The spatial variation of

PSD (or PSD uniformity) in a granulator is modeled by the term (V o (v 1) ) of the population

balance equation [4] (see Egs. 3.5 and 3.6).

Figure 3.3 Laboratory-scale high shear mixer

?Z+V0(Vn)—B+D:;(Zmenm—Zan) 3.5

_aem 20, m o,
ox oy 0z

Ve(vn) 3.6

where 7 is the number density function; ¢ is the time; G is the growth rate; / is a length of the
particle; v is particle velocity; B and D are the birth and death rate, respectively; V is the

mixer volume; and Q;, and Q are the flow rates.
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In order to obtain an acceptable mixing quality, the zone of poor mixing in the
granulator located near the vessel wall and in the vessel bottom had to be reduced. This was
achieved by reducing the space between the blades and the vessel wall, and by positioning

the blades equidistantly in the vessel as shown in Figure 3.3b.

3.2.2  Granulator Characterization

The granulator was tested to determine the spatial variation of PSD and, therefore, the
experiment reproducibility. Four samples were taken in four different zones of the granulator
(Figure 3.4), and analyzed by means of image processing and analysis [33] to determine the
PSD. Figure 3.5 shows a similar cumulative mass percentage for the two zones of the mixer,
top and bottom. Furthermore, the low standard deviation for mass median diameter (Table
3.1) indicates similar granule size measurements in four positions inside the mixer. Mass
median diameter is the diameter in which exactly one-half of the mass is conformed by

smaller particles, than mass median diameter, and the other half of the mass is conformed by

larger particles.
Top zone 1 Top zone 2
Bottom zone 3 —_#3ail  fLE0A%E_— Bottom zone 4

Figure 3.4 Zones inside the granulator
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Figure 3.5 Cumulative mass percentages for the four different zones inside the
granulator
Table 3.1 Study of repeatability

Vessel zones Mass median
diameter, [um]

Top zone 1 808

Top zone 2 820

Bottom zone 3 823

Bottom zone 4 821

Mean 818 um

S.D. 6.78 um

R.S.D. 0.83%

S.D= standard deviation; R.S.D.= relative standard deviation

3.2.3  Granulation Process

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. Homogenization of the
powder mixture is ensured using an NIR spectrometer, the dry powders were mixed until the

spectrum did not change significantly with respect to the previous one. Water was then added
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to the lactose mixture by means of a peristaltic pump through a nozzle and the powder
mixture was granulated. The granulator was stopped after the first minute to extract samples
from different points inside the mixer to measure PSD, and to collect off-line spectra. This

experimental procedure was repeated at 2, 4, 6, 8, 10 and 12 minutes.
3.2.4  Experimental Design

The experiments to study wet granulation behavior using lactose anhydrous and
monohydrate were carried out following the Split-Plot experimental design [17], consisting
of three factors and three levels for each factor, plus two replicates, as shown in Table 3.2.

The Split-Plot design consists of factorial experiments, not completely randomized.

Table 3.2 Experimental Design

Factors Particle size distribution Binder viscosity (cp) Amount of binder
(mm). Figure 2.1 (% Vv Liquid/w Solid)
Levels PSD1 PSD2 | PSD3 1 2.49 4.85 9.9 11.7 | 13.6

3.3 Development of the Calibration Model for Moisture Content
Determination

The calibration model to determine the moisture content of the powder mixture was
developed using NIR spectroscopy and LOD data. The collection and transformation of
spectral data were performed using spectroscopic analysis software (OPUS). For quantitative
analysis of the moisture content of the powder mixture, NIR spectroscopy spectra required a
multivariate calibration model. The calibration procedure involved collecting a number of
samples, obtaining for each sample both the moisture content using the reference method
(LOD) and the absorbance value using NIR spectroscopy. A multivariate calibration model
was developed from these data, by means of partial least squares (PLS) [34, 35, 36]. The
calibration model was used to predict moisture content in future samples. Absorbance spectra

for calibration model are presented in Appendix A.
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3.4 Results and Discussion

3.4.1 Effect of initial PSD shape (unimodal versus bimodal) on the

mechanism and growth rate of wet granulation

The normalized number distribution was used to show the change in PSD over time, as
indicated in Figure 3.6. The two-stage coalescence mechanism was observed in the wet
granulation of pharmaceutical powders at 12% of binder with both initial unimodal and
bimodal PSD. The bimodal PSD showed a fast growth followed by a slow one while the
unimodal PSD showed an opposite mechanism, slow growth followed by a fast one as can be
observed in Figure 3.5 through the evolution of mass median diameter of particles during wet
granulation.

The initial bimodal PSD (Figure 3.6a and 3.6b) exhibits first a fast stage of granule
growth. This stage is controlled by both, the binder amount added during the first 30 seconds
and the high probability of collision between small and large particles that increases the
growth rate. The opposite case is observed with initial mono-dispersed unimodal PSD
(Figure 3.6c). The first stage of granule growth is slow, due to the high concentration of
particles of similar size, which does not favor coalescence mechanism. Enlargement of the
particles occurs over the first six minutes of wet granulation. This enlargement of particles
transforms the distribution shape from mono-dispersed unimodal PSD to poly-dispersed
unimodal PSD, with a volume ratio of small to large particles of approximately 150. This
volume ratio is similar to the volume ratio observed with bimodal PSD. This change to poly-
dispersed unimodal caused the second stage to be fast, similar to bimodal distribution which
is controlled by the high probability of collision between small and large particles.

The strength of the liquid bridge between particles of similar sizes is weaker than
between small and large particles due to the force exerted downwards by the weights of each
particle. The higher strength of the liquid bridge between small and large particles, and lower
kinetic energy of small particle, allows the particles to stay in contact long and, thus, the

small particle will join the larger one by diffusion of small particle through binder layers. The
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preferential coalescence between small and large particles is supported by a layering
mechanism or coalescence of coarse and fine particles (Figure 3.1) described by the Stokes’
number if sizes between colliding particles are different [30], and by size-dependent

agglomeration kernels developed by Hounslow et al. [31], and Boerefijn and Hounslow [32].
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Figure 3.6 Effect of initial PSD shape on wet granulation at initial 12% v/w and 1 cp
viscosity: a) PSD3, b) PSD2 c¢) PSD1
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Figure 3.7 Mass median diameter evolution in wet granulation, at 13.6% v/w and 1cp
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The gradient of each line in Figure 3.7 is shown in Table 3.3, and represents the granule
growth rate, similar to that calculated by Mills et al. [27]. For wet granulation of powders
with initial bimodal PSD, the growth rate increases with decrease in particle size, as indicated

in Table 3.3. These results are consistent with Ennis’ theory [25].

Table 3.3 Effect of particle size on granule growth rate at 13.6% v/w and 1cp viscosity

Mass media PSD Stage Growth Rate Ratio: fast/low
Diameter (mm) (mm/min)

0.46 PSD3: bimodal | First: fast 0.160 8.0
Second: slow 0.020

0.37 PSD2: bimodal | First: fast 0.175 6.7
Second: slow 0.026

0.13 PSD1: unimodal | First: slow 0.038 16.7
Second: fast 0.634

3.4.2  Effect of Initial Particle Size on Granule Growth Rate in Wet

Granulation

Figure 3.7 shows how mass median diameter increased over time for all the three size
ranges of powders (PSD1, PSD2, and PSD3), at 13.6% v/w and lcp viscosity. The figure
depicts again that particle growth rate increases with a decrease in initial particle size, as
indicated by the mass median diameter in Table 3.3. Using Fig. 3.7 and Table 3.3, it can be
demonstrated that fine powders with initial unimodal PSD exhibit a faster growth rate in the
second stage of wet granulation than the growth rate observed in the first stage of wet
granulation with medium-sized and coarse powders. This phenomenon occurs due to a mono-
dispersed unimodal PSD becoming a poly-dispersed unimodal PSD over the first six minutes,
favoring agglomeration of particles.

However, for fine powders with initial unimodal PSD at 9.9 and 11.7% v/w, the stage of
rapid growth rate was not evident during wet granulation. Instead, a one-stage mechanism of
slow granule growth rate was predominant. A slow growth rate at low binder content is due

to the high cohesive force of small particle produced by the large contact surface, leading to
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strong granules that the material, in itself, is hard to deform, thereby decreasing
agglomeration. The addition of liquid makes the agglomerate more deformable due to
decreased particle-particle interactions. These results are in accordance with results reported
by Jegerskou et al. [37], that ball growth may occur if too much liquid is added, or if

granulation times are too long.

3.4.3  Effect of binder content on granule growth and the mechanism of wet

granulation

Figures 3.8 and 3.9 depict the effect of binder amount on the growth of the particles. A
change in the binder amount can alter the mechanism and growth rate in the second stage of
wet granulation. For powders with initial bimodal PSD, the mechanism changes from a
particle agglomeration at 13.6% v/w of binder, to a particle breakage mechanism at 9.9 and
11.7% v/w of binder. For powder mixtures with initial unimodal PSD, the variation in binder
amount can also change the number of stages from two (slow and fast) at 13.6% v/w of initial
binder, to one for 9.9 and 11.7% v/w of initial binder, as observed in Figures 3.10 and 3.11.

The initial fast growth is maintained by high liquid content added during the first 30
seconds and by the high probability of collisions between small and large particles, these
collisions facilitate coalescence. The second stage is characterized by a slow breakage
mechanism, due to the low moisture content (9.9 and 11.7% v/w) and binder evaporation
(Figure 3.12) induced by the high shear force that does not prevent the particle breakage, and
by slow agglomeration of particles, due to the decreasing size difference between particles.

There is a minimum critical value of liquid content on the granule surface that will
trigger the second stage of slow growth rate to proceed. This minimum value of liquid
content is required to form a liquid layer on granule surface to increase the coalescence
probability between particles. Above this critical minimum value, there is a high probability
of only one stage of fast growth. The end of the first stage of fast granule growth is related to

the end of binder addition, and the beginning of the slow granule growth or breakage without
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a significant change of particle size. These observations are consistent with results obtained
by Holm et al. [38,], Lindberg [39], Schaefer et al. [40] and Mackaplow et al. [14]. Although,

the fast granule growth can continue if too much initial liquid is added (Figure 3.8c).
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Figure 3.8 Effect of binder content (1 cp viscosity) on wet granulation of coarse size
powders (PSD3) with bimodal PSD: a) 9.9% v/w, b) 11.7% v/w and c) 13.6% v/w
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Figure 3.10 Effect of binder content (1 cp viscosity) on wet granulation of fine size
powders (PSD1) with unimodal PSD: a) 9.9% v/w, b) 11.7% v/w and c¢) 13.6% v/w
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Figure 3.12 Change in binder content (1 cp viscosity) during wet granulation of coarse
size powders (PDS3) with bimodal PSD at 9.9% v/w

Figure 3.10 also shows the effect of binder amount at 1 cp viscosity on the growth of
particles with unimodal PSD. The agglomeration mechanism was always predominant during
wet granulation at three different levels of moisture content. Variations in binder amount can

also change the stage number, from one stage at 9.9 and 11.7% v/w of binder, to two stages

at 13.6% v/w of binder, as observed in Figure 3.11.

3.4.4  Effect of Binder Viscosity on Granule Growth and the Mechanism of

Wet Granulation

Binder viscosity was modified by dissolving different amounts of Povidone in water.
Figures 3.13 and 3.14 demonstrate the effect of binder viscosity on the growth kinetics and
mechanism of wet granulation of coarse size powders with initial bimodal PSD, at 11.7% v/w
of binder. The granulation exhibited a two-stage mechanism: initial fast agglomeration

followed by a slow breakage of particles. The growth rate during the first stage increases
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with increase in binder viscosity, while the growth rate during the second stage decreases

with increase in binder viscosity (Table 3.4 and Figure 3.14).

Table 3.4 Effect of binder viscosity on granule growth rate at 11.7% v/w and coarse size
powders (PSD3)

Mass media Viscosity (cp) Stage Growth Rate
Diameter (mm) (mm/min)
0.46 1 Second: slow -0.0009
0.46 2.49 Second: slow -0.0016
0.46 4.85 Second: slow -0.0042

The fast granule growth rate is in agreement with results reported by Hoornaert et al. [41]
when they observed that a viscous binder (water with polyvinylpyrrolidone) produced larger
initial granule. Decrease in granule growth rate during the second stage is due to increase of
binder viscosity by dissolution of lactose in the binder, which acts as a resistance to the
motion of the particle. This favors the binary breakage of particles by high shear of particles.
Schaafsma et al. [42] suggest that the deviation between the experimental and simulated
results in their experiment with a fluid bed granulator was caused by increase in the binder
viscosity during wet granulation due to dissolution of lactose in the binder solution.

The large granule size in the first stage, obtained by increase in binder viscosity, is the
result of increasing viscous forces, as indicated by Eq. 3.7. It could also be result of the
droplet size obtained during binder atomization, achieved by changing the surface tension.
However, Holm et al. [43] found that granule size in a high shear mixer appears almost

independent of atomized binder droplet size.

3T puv,r,
F._ = SEHV Ty 3.7
‘ 4h

These results are also in agreement with the Stokes number (Eq. 3.2). It has been stated

that the coalescence probability increases by increasing binder viscosity covering the
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particles. The viscous forces of the binder layer increase as the viscosity increases, as
predicted by Eq. 3.7, favoring dissipation of kinetic energy by preventing rebound and
allowing the granule to stay in contact long enough for coalescence to occur.

The second stage is characterized by a slow breakage mechanism, due to low binder
content (11.7% v/w), which yields rigid granules that break by impact with the blades. Each
granule undergoes bimodal breakage to produce many small particles and a few large
particles (Figure 3.15a) or many small particles and one large particle (Figure 3.15b). This
hypothesis is supported by the decrease noted in large particles and the increase in small and
medium size particles, as shown in Figure 3.12. Similar bimodal breakage was also suggested

by Hounslow et al. [31].
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Figure 3.13 Effect of binder viscosity on wet granulation of coarse size powders (PSD3)
with initial bimodal PSD at 11.7% v/w
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Figure 3.13 (continued)

Figure 3.16 shows the effect of binder viscosity on the growth of particles, in this case,
for initial unimodal PSD. The agglomeration mechanism of two stages (medium-fast and
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slow growth) was predominant, and the mass median size increased with an increase in
binder viscosity during wet granulation. Still, the mechanism of the two stages in wet
granulation of powders with unimodal PSD is less pronounced than for powders with

bimodal PSD.
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Figure 3.14 Effect of binder viscosity on wet granulation of coarse size powders (PSD3)
with initial bimodal PSD at 11.7% v/w

Figure 3.15 Bimodal breakage, a) many small particles and a few large particles, and b)
many small particles and one large particle.
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Figure 3.16 Effect of binder viscosity on wet granulation of fine size powders (PSD1)
with initial unimodal PSD at 11.7% v/w

3.4.4.1 Effect of High Binder Viscosity and High Binder Content on the Wet

Granulation Process

The effect of binder viscosity on the enlargement of particles with initial unimodal and
bimodal PSD at 13.6% v/w of binder content is very complex and difficult to quantify
because granule growth is uncontrollable and also due to low power of the impeller motor to
continue the granulation process. Granulation of powder using binder with viscosities of 2.49
and 4.85 cp require an impeller motor of higher power in order to move granules of high
cohesivity, which act as resistance to the movement of blades. The granulation process
stopped at 8 minutes for binder viscosity of 2.49 cp and at 4 minutes for binder viscosity of
4.85 cp, as shown in Figures 3.17b, 3.17c and 3.18.

The Student’s t-test was used to determine whether the mass median diameter
measurements of a sample and its replicate give the same or different results. The Student’s t-

test indicates that the sample and its replicate (Table B.0.1 in Appendix B) are significantly
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different at the 95% confidence level for granulation experiments at 13.6% v/w of binder
content with 2.49 and 4.85 cp viscosities. In contrast, the Student’s t-test indicates that, if
experiments with 2.49 and 4.85 cp viscosities at 13.6% v/w of binder content are not
included in the statistical analysis, the sample and its replicate are not significantly different.
The high precision of the mass median diameter measurements is also confirmed with the
analysis of variance (ANOVA) presented in Table B.0.2 (Appendix B) with a standard
deviation of 0.01722 mm
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Figure 3.17 Effect of binder viscosity on wet granulation of fine size powders (PSD1)
with initial unimodal PSD at 13.6% v/w: a) 1 cp, b) 2.49 cp and c) 4.85 cp.
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Figure 3.18 Effect of binder viscosity on wet granulation of fine size powders (PSD1)
with initial unimodal PSD at 13.6% v/w: a) 1 cp, b) 2.49 cp and c) 4.85 cp.

3.4.5 Description of Experimental Data, using the Agglomeration Kernels

Proposed in the Literature

As indicated above, the particle coalescence that occurs during the wet granulation
process is favored by the collision between small and large particles, as demonstrated by the
higher granule growth rate for powders with bimodal PSD than for powders with unimodal
PSD. Table 3.5 shows the three size-dependent kernels published in the literature used to
predict our experimental results relative to the stage of slow granule growth. These
experimental results were obtained for wet granulation of powders with both unimodal and
bimodal PSD. The coalescence kernels were divided into three types: 1) kernels that favor
growth rate by collision between small and large particles [32]; 2) kernels that favor growth
rate by collision between particles of similar size (Golovin variation); and 3) kernels without

preferential effect on growth rate by collision of particles of any size [44].
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Table 3.5 also shows the residuals obtained for each kernel by fitting the parameters with
experimental data. The parameter estimation was performed using Parsival ®, a commercial
software designed to solve a large class of integro-differential equations using the
discretization technique. A detailed description is given by Wulkow et al. [45]. As
anticipated, the Golovin variation and Smoluchoski kernels do not describe the granule
agglomeration produced by collision between different-size particles, as observed in Figure
3.19, which reveals results only at 12 minutes. The Hounslow’s kernel describes the
experimental data obtained from wet granulation of fine and medium size powders, but it
does not describe the first peak in the curve for wet granulation of coarse size powders at the

endpoint of the experiment.

Table 3.5 Goodness of fit for kernels, relative to the experimental data

Kernel structure Reference Average Residuals
Unimodal | Bimodal Bimodal
PSDI PSD2 PSD3

(+) Smoluchoski [24] 9.6083x107  6.0243x107  4.0120x10”

(Ix¢€) Golovin variation 8.7336x10”  6.0247x10"  4.0140x10"

1 1 Equipartition of kinetic 8.7284x10?  1.6876x10"  1.7822x10"
(I+¢)° x (34-3} energy. Boerefijn and
I e Hounslow [32]
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Figure 3.19 Comparison of simulations of coalescence kernels published in the
literature versus the experimental data (bimodal PSD3)

3.5 Conclusions

Initial PSD shape, whether unimodal or bimodal, has a strong effect upon granule
growth rate and the mechanism by which wet granulation occurs. A sequential mechanism
consisting of two stages was observed during the wet granulation of powders with bimodal
PSD, for three binder contents. The first stage of rapid granule growth is controlled by the
binder amount and by the high probability of coalescence resulting because of collision of
small and large particles. The second stage exhibits slow agglomeration when binder content
is 13.6% v/w, and slow breakage when binder content is 9.9 or 11.7% v/w.

Wet granulation of pharmaceutical powders with initial unimodal PSD, at 9.9 and 11.7%
v/w binder content, exhibited slow granule growth rate in two stages, stages which are less
pronounced than the two stages for powders with bimodal PSD. In contrast, wet granulation
of pharmaceutical powders with initial unimodal PSD at 13.6% v/w binder content exhibited

two pronounced stages, due to the enlargement of particles that occurred during the first
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stage (the first six minutes) of wet granulation, which transforms the distribution shape from
a mono-dispersed, unimodal PSD to a poly-dispersed, unimodal PSD. A volume ratio
between small and large particles of approximately 150 was necessary to obtain fast granule
growth.

In general, the binder content, PSD shape, and interaction between particle size and
binder content were factors with a strong effect upon granule growth rate and the mechanism
of wet granulation; whereas binder viscosity and initial particle size affected the granule
growth rate moderately. The variation in the three factors is explained by the viscous Stokes’

( St, ) number, developed by Ennis et al. [25], wherein the probability of successful

coalescence between particles is increased by smaller particle size, higher binder viscosity,
and higher binder content.

Granule bimodal breakage is caused by the impact of the largest granules with the mixer
blades, thereby producing many small particles and a few large particles; or many small
particles and one large particle.

The experimental results were best predicted by a population balance equation using a

coalescence kernel that favors growth rate by collision between small and large particles.
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4 AGGLOMERATION MODELING OF SMALL AND LARGE
PARTICLES BY A DIFFUSION THEORY APPROACH

ABSTRACT

The interaction between the particle and binder layer during the wet granulation process
is an important factor in the agglomeration of particles. This interaction has been modeled by
a force balance acting on the particle where binder’s viscous force increases the strength of
liquid bridge and facilities the particle agglomeration. Currently, the binder viscosity, size
particle and the ratio between particle sizes (monodisperse and polydisperse) are not
considered to develop the kernel coalescence of population balance equation (PBE) which
makes difficult the modeling of growth kinetics. In this work, an agglomeration kernel based
on Brownian movement of small particles in the binder layer and binder’s viscous forces was
used to model analytically the wet granulation process of pharmaceutical powders in a
laboratory-scale high shear mixer. Considerations no-stationary and pseudo-stationary were
suitable to describe growth kinetics of the two stages (fast and slow) observed in wet
granulation process of pharmaceutical powders. The model predicts the change of particle
size distribution (PSD) during wet granulation by including the initial material properties
such as binder viscosity and powder particle size. Also, the binder amount predominant
during the fast granule growth is considered indirectly in the variable of binder layer.
Simulation results using the theoretical kernel were in good agreement with experimental

data.

4.1 Introduction

Wet granulation is the process of particle size growth by means of addition of liquid or
solid binder [32]. It is widely used in many chemical industries including pharmaceutical,

food, detergents and agricultural. The change in particle size as a function of time during the
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wet granulation process can be modeled by the population balance equation (PBE) as
established by Randolph and Larson [4]:

on  aGn)
o al

where 7 is the number density function, ¢ is the time, G is the growth rate, / is a length of

+V0(vn)—B+D:;(Zmenm—Zan) 4.1

particle, v is the particle velocity, B and D are the birth and death rate respectively, V is the
mixer volume, QO;, and Q are the inlet and outlet flow rates, respectively. The PBE reduces to
Eq. 4.2 for the case of agglomeration alone in a well-mixed batch granulator with the birth
and death terms given by Hulburt and Katz [46]:

on(l) 1
o 2

jﬂ(l —g,e)xn(l—¢g)xn(e)xde— n(l)Tﬁ(l, e)xn(e)xde 4.2

where f(l,¢) is the coalescence kernel for agglomeration between particles of size / and¢ .

The ' in the first term avoids the duplication in the number of collisions. Satry and

Fuerstenau [47] decomposed the coalescence kernel into two terms as:

B.e.t)=B,()p (&) 4.3

where f,(¢)1s the aggregation rate constant, which is a function of factors such as binder

viscosity and amount, and impeller velocity, and S (I, ¢) expresses the effect of size on the

rate of aggregation between particles of size / and¢ .

The current challenge in modeling growth kinetics has to do more with the quantification
and physical interpretation of coalescence kernels of wet granulation processes. Table 4.1
shows a list of size-dependent kernels obtained empirically, semi-empirically or from semi-
theoretical concepts. The parameters of the size-dependent kernel and the aggregation rate
constant ( 5, (¢) ) value are both calculated by fitting of experimental data. Due to the lack of
fundamental understanding to model particle agglomeration, wet granulation in a high shear
mixer is controlled by monitoring the impeller torque [48, 49].

The main objective of this work is to develop an agglomeration kernel of wet

granulation applying the random motion theory and viscous force of liquid bridge between
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two particles. In addition, the prediction of the developed kernel will be compared to

experimental data.

Table 4.1 Size-dependent kernels obtained empirically, semi-empirically or from semi-
theoretical concepts

Kernel structure Reference

1 Size independent
B, ()1 +¢e)’ Smoluchowski [44]
By () +¢) Golovin [50]
By (D)% &) Golovin variation

a *
.1 ((ll : 31, Kapur [51]
{ B, () t<t, Adetayo et al. [28]*

Bo@)1+¢e) t>1t,
1 1 EKE: Kinetic theory of gases-equipartition

By ()1 + ") x ( ] + gj of kinetic energy. Hounslow et al. [31]

1 Equipartition of kinetic energy. Boerefijn
3J and Hounslow [32]

B, ()1 + &) x [113 +

&

*a, b are parameters, and t, was calculated experimentally

4.2 Development of Agglomeration Kernel: Theoretical Analysis

4.2.1 Agglomeration of Particles

The process of mono-dispersed aerosol coagulation (Figure 4.1a) as established by

Smoluchowski [44] is equivalent to the process of agglomeration between small and large
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particles as shown in Figure 4.1b. The agglomeration of large and small particles in the
presence of binder on the surface of particles is considered by Tardos et al. [30] and Mills et
al. [27] in their proposed layering mechanism. Hounslow et al. [31], and Boerefijn and
Hounslow [32] also considered the agglomeration of large and small particles through their
size-dependent agglomeration kernel (see Table 1). The preferential agglomeration of small
and large particles (volume ratio = 150) was also observed in the wet granulation of
pharmaceutical powders with initial bimodal PSD (see previous chapter). Similar behavior
was observed for powders with poly-dispersed unimodal PSD, with a volume ratio of small
to large particles of approximately 150, after certain time of granulation (see previous
chapter).

Independently of the high particle transfer by the convection mechanism in a high
particle concentration volume, the agglomeration process is governed by particle diffusion
through the binder layer. Furthermore, let us assume a particle population of radius ry
diffusing to a stationary particle of radius rp; through the binder layer on the particle surface.
According to the preferential agglomeration of small and large particles, the diffusion of
small particles (radius rp,) through the binder layer follows the Brownian movement [52, 53,
54], which is the physical phenomenon that minute particles, immersed in a fluid, move

about randomly.
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Figure 4.1 Schematic of aggregation of (a) equal-size particles and (b) different-size
particles
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The system shown in Figure 4.1-b can be represented mathematically by the following
diffusion equation:

2
ON, (7,1) _D, 0 Nzgr,t) +g8N2(r,t) 46
ot or r or

where N is the concentration number of particles, » is the distance from the center of the
stationary particle to the center of the diffusing particles, D;, is the Brownian diffusion
constant of particles through the binder layer. The initial and boundary conditions for the

problem are:

N,(r,0)=N,, 4.7
N,(0,) =N, 4.8
N,(r, +7r,,,1)=0 4.9

The solution of Eq. 4.6 using the initial and boundary conditions is:

r,+r r—\r,+r
N2 (l",t) — Nz’o [1 rl P2 el’f{ ( pl p2 )}J 4.10
r

2./D, 1

The collision rate of particles with the stationary particle of surface

aread =4xn(r, +r,, ) is given by the total flux, /, to surface of the reference particle:
r,=1=AxJ 4.11

where the flux, J, is:

J = Dlz(&vj 4.12
ar r=rp 1+,
Replacing the surface area and flux in Eq. 4.11, one obtains
et =470 (r +7,5)" Dy @N) 4.13
r I=r, 4,

The collision rate of particles of radius 1, that collide with a single particle of radius rp
is given by:
:4”(”,71 +rp2)D12N2,0 4.14

rcol—lrpl L

52



The total collision rate per volume between particles of radius r,; with concentration
number N; g and particles of radius 1y, is given by,

:47[(rpl+rp2)Dl2 N,o Ny 4.15

r col—r, or,,
Rewriting Eq. 4.15 as:

r=p,v,)N,N, 4.16
one obtains

B(r,,.1,,) =4r(r, +7,,)(D, +D,) 4.17

Einstein [52, 53] related the diffusion constant (D;) to the average square displacement
given by Eq. 4.18. The mean square displacement is a measure of the average distance a
particle travels suspended in air or liquid. In this case as established above, the particles is
diffusing through the binder layer.

)

=—L 4.18
2t

The average square displacement can be obtained by analyzing the effect of viscous

forces on the motion of particles through viscous liquid layer as presented in the sections

below.

4.2.2 Agglomeration Mechanism based on Brownian Movement and Viscous

Forces

Two-stage granule growth has been observed in wet granulation of wide PSD by Ennis
et al. [25], Adetayo et al. [28] and the granulation experiments presented in previous chapter.
The first stage of wet granulation is a non-inertial regime of fast granule random coalescence
and it is controlled by binder amount. The granule growth occurring by random coalescence
has been reported by Ennis et al. [25], Kapur and Fuerstenau [55]. The second stage is

characterized by slow agglomeration and described by a pseudo-stationary coalescence [25].
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4.2.2.1 Modeling the First Stage of Fast Granule Growth of Wet Granulation

The interaction of particles with the binder layer during the first stage of wet granulation
process can be analyzed by a force balance acting on the particle as established by Ennis et al.
[25, 26] where a viscous force favors particle motion and also considering the stochastic
Brownian force X as used by Langevin [56], which is randomly positive and negative, since
it represents the random force exerted by other particles in the wet granulation process. This
random force maintains the motion of particle through the binder layer and this motion can
be modeled by Eq. 4.19:

d*x B 37[><,U><”p2 dx

m,—— = —+X 4.19
dt 2x dt

where u is the binder viscosity, m, is the particle mass, 7, is the particle radius, and 2x is the
separation distance between colliding granules. The initial conditions are:

x(0) = h, 4.20
dx

—(0)=v 421
dz( )=V,

where /4, 1s the thickness of the liquid layer on the surface of the particle and v, is the
relative velocity between the two particles. Multiplying Eq. 4.19 by x, one obtains:

d*x 37[><,U><”p2 dx
dr* 2 dt

Considering a large number of particles, then the average of the term Xx is zero by

+ Xx 4.22

m, (x)

irregularity of direction of forces X as established by Langevin [56, 57]. Hence, the equation
may be rewritten as:

) 2 6 2
dx” _ (d) +’”‘(dj 423
dt? 2m dt

p

Assuming validity of the equipartition of kinetic energy principle during wet granulation
as proposed by Boerefijn and Hounslow [32], where the collision velocity, v, is inversely
proportional to the particle mass, m, one obtains
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mv- =C=v :£:v: — 4.24

where C is a constant in energy unit.
Replacing Eq. 4.24 into 9.23 and m,= 4/3 ©t r’, one obtains

2.2
I 6C  ou [ 3 45
di>  4rxpr, 8pr,\4zpr,

The analytical solution using the initial conditions (Egs. 4.20 and 4.21) is:

X’ = 3¢ -+ ou 3¢ T |t7 + 2Ryt + by 4.26
dr pr, | 16pr, 4z pr

P

Replacing the mean square displacement (x°) of Eq. 4.18, one obtains the diffusion

coefficient for each particle.

h2
D, = 3¢ |+ ou 3¢ Ry, + - 4.27
8z pr, ) 32pr, \4zpr, 2t

4.2.2.2 Modeling the Stage of Slow Granule Growth of Wet Granulation

The second stage is characterized by slow agglomeration and described by a pseudo-
stationary coalescence as observed by Ennis et al. [25], Adetayo et al. [28], Schaafsma et al.
[42]. The interaction of particles with the binder layer during the second stage of wet
granulation process can be modeled by a force balance acting on the particle. In this case, the
viscous liquid force acts as a resistance to the motion of particle [56, 57]. The motion of

particles through the binder layer can be modeled by Eq. 4.28:

d*x

m
p dtz

=—67zyrp‘z+X 4.28

Multiplying Eq. 4.28 by x, Eq. 4.29 is obtained

2

m 2.2
My dx —mpv2:—37zyrpaZ;+Xx 4.29

2 di?
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Applying the equipartition of kinetic energy (Eq. 4.24), the average over a large number

of particles of Xx=0 and with the following change in variable z = dx*/dt , the equation

becomes

6r
d oraty € 430
dt m, m,

The general solution using the integrating factor technique is:

6 ur
_OTHT,

C m

z +Ce 7 431

3mur,
Fort>>6rx ur, / m , , the particle velocity enter to a pseudo-stationary state. In this case

the exponential is dropped and integrating for time again.

, C
3mur,

X t 4.32

Replacing the mean square displacement (x°) of Eq. 4.18, the diffusion coefficient for

each particle is

D, = ¢ 4.33
om ur,
Replacing the diffusion coefficient (Eq. 4.33) into Eq. 4.17, the coalescence kernel
becomes
2
r,+r
Blrryy = € Un T 434

H (rplxrpZ)

4.3 Solution of the Population Balance Equation

Since the PBE is an integro-differential equation difficult to solve analytically for real
cases, a numerical solution was implemented using PARSIVAL, a commercial software to
solve a large class of integro-differential equations using a discretization technique. A
detailed description is given by Wulkow et al. [45]. The algorithm uses a finite-element type

Galerkin h—p-method and applies an adaptive Rothe method for a time discretization. Then in
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each time step a linear time independent partial differential equation system is solved using

the Gaussian quadrature method. The next time-step is calculated based in the accuracy that

is demanded for the overall time dependent solution.

4.4 Results and Discussion

Agglomeration kernel simulation results were compared to the granulation experiments
presented in the previous chapter where the agglomeration mechanism occurs.
Pharmaceutical powders with unimodal and bimodal PSD were used in the experiments of
wet granulations that included lactose anhydrous, and lactose monohydrate. Figure 4.2
depicts three particle size distributions used in wet granulation, designated as PSD1 (fine size
powders), PSD2 (medium size powders) and PSD3 (coarse size powders). The binder
viscosity and amount were also changed in three levels as shown by the factorial

experimental design [17] in Table 4.2.

-
[~ ]
1

-
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1

Normallzed number distribution (1/mm).
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Diameter (mm)

Figure 4.2 Initial particle size distributions for wet granulation
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Table 4.2 Experimental Design

Factors Particle size Binder viscosity (cp) Amount of binder
(mm). Figure 2.1 (%0 V vLiquia/W _solia)
Levels PSD1 PSD2 | PSD3 1 2.49 4.85 9.9 T 11.7 | 13.6

4.4.1 Comparison of model simulation to experimental data

4.4.1.1 First Stage of Wet Granulation

A complex coalescence kernel for the first fast stage is obtained by replacing Eq. 4.27
into Eq. 4.17. The kernel structure cannot be separated into two terms as suggested by Satry
and Fuerstenau [47] but it is a function of liquid viscosity, particle density, liquid amount,
particle size and time as suggested also by them. Hounslow et al. [31] found independently
by numerical technique a minimal dependence with time of this size-independent kernel

(B,(2)). As can be seen, the coalescence kernel obtained for the first stage of wet granulation

has two parameters (C and /o). The parameter C has energy unit and is related to the force
that maintain the motion of particles, and /4, is the thickness of a binder layer, which change
accordingly to binder amount. Since /) would be very difficult to measure experimentally, it
is typically estimated numerically.

The coalescence kernel predicts the trend of fast growth, which is controlled by binder
amount added during the first 30 seconds and high probability of collision between small and
large particles. The C, vy, and 4, values for PSD simulation were obtained by trial and error
since the amount of data collected during the first stage did not allow for least square
estimation. It would be necessary to obtain more samples during the first two minutes of wet
granulation to calculate more accurate parameters by fitting the experimental data. The inline
measurements of PSD or to take samples automatically without stopping the granulator are

recommended to reduce perturbations in the granulation process.

4.4.1.2 Second Stage of Wet Granulation

The coalescence kernel of wet granulation of powders with bimodal PSD for second

stage of slow growth rate is similar to the kernel obtained by Smoluchowski [44], but in this
58



case, the particle transfer mechanism by diffusion through binder layer was considered. The

kernel can be separated in two terms as defined by Satry and Fuerstenau [47], f, is the
aggregation rate constant, which is a function of binder viscosity and the C parameter as

defined above, and ﬂ'(rpl,rpz) expresses the effect of size on the rate of aggregation

between particles of size r,; and 7,,.

The C value of 3.6915x10™" m* Kg min™ was extracted by fitting the coalescence kernel
(Eq. 4.33) to PSD experimental data using the integral technique of the Parsival software [45].
Table 4.3 shows two kernel structures proposed in literature and the one developed here
(random kernel, Eq. 4.34). Table 4.3 compares quantitatively the goodness of the kernels on
fitting parameters to experimental data. Figure 4.3 depicts qualitatively the prediction of
some kernels published in literature to experimental data obtained from wet granulation of
coarse size powders (PSD3) at 13.6 %v/w of binder and 1 cp. The random kernel gives the

best description of experimental data.
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c
Lo 1400 +
whd
=
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s —=— EKE
T 1000 A —— Smoluchoski (Shear)
|
) —— Random
L 800
E
3
C 600 -
T
[+F]
N 400
I
€ 200
(=}
Z 0 . T T = T = T £ I—— |
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

Diameter (m)

Figure 4.3 Fitting the coalescence kernels to the experimental data of wet granulation of
medium size powders (PSD3) at 13.6 %v/w of binder with 1 cp viscosity. Simulated
(line) and experimental (rhombus). The end of experiment (12 minutes).
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Table 4.3 Fitting the coalescence kernels to the experimental data

Kernel structure Sfundamental Residual: Bimodal PSD
B, ()1 +¢)’ Shear flow 4.0120x10™

) 1 1 Equipartition of kinetic 1.7822x10™
g+ oy < [ e L) | neny.
C (+ 8)2 Diffusion theory 1.2482x10"
u (ixe)

Next, the parameter value was used to predict the experiment replicate carried out at the
same conditions. The simulation results describe the PSD experimental during the wet
granulation with good agreement as demonstrated in Figure 4.4. The PSD experimental data
match the simulation during the first 8 minutes, but tend to diverge towards the end of the
experiment. This is due to the decrease in the number of small particles and the increase in
the particle size, which does not favor the assumptions of collision between small and large
particles, and random motion of minute particles immersed in a fluid, respectively. The same
parameter value was also used to predict the growth kinetics of wet granulation of medium
size powders (PSD2) at 13.6 %v/w of binder and 1 cp, as shown in Figure 4.5. The initial
PSD is a powder property and a process variable that affect the growth rate [14, 29]. This
effect was incorporated into the PBE coalescence kernel by assuming preferential collision
between small and large particles as explained in previous section. The simulation results

describe the experimental data with good agreement.
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Figure 4.4 Prediction of the growth Kkinetics of wet granulation of coarse size powders
(PSD3) at 13.6 %v/w of binder with 1 cp viscosity. Simulated (line) and experimental

(rhombus).
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Figure 4.4 (Continued)
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Figure 4.5 Prediction of the growth kinetics of wet granulation of medium size powders
(PSD2) at 13.6 %v/w of binder with 1 cp viscosity. Simulated (line) and experimental
(rhombus)
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4.5 Conclusions

A sequential mechanism consisting of two stages (fast and low) has been observed
during the wet granulation of powders with bimodal PSD, which presents a volume ratio of
about 150 between small and large particles. Thus, agglomeration between small and large
particles was considered based on diffusion of small particle to a large one through the binder
layer on the particle’s surface. Furthermore, coalescence kernels with physical interpretation
have been developed for each stage to predict the growth kinetics of wet granulation, from
initial properties of powder and binder such as particle size and binder viscosity. The kernel
simulation for first stage predicts the trend of fast growth but it is necessary additional inline
measurements to reduce perturbations in the wet granulation process during the first minute
and so as to analyze this complex mechanism. The simulation results describe the PSD
experimental during second stage of wet granulation with good agreement by assuming

preferential agglomeration between small and large particles.
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5 RECOMMENDATIONS AND FUTURE WORK

5.1 Recommendations

It is suggested to put a small blade in top of mixer to reduce stagnant zone in the
granulator, when granulation experiments are carried out at 12 %v/w of binder content with

2.45 cp viscosity or higher, as indicated in Figure 5.1.

Small blade

Figure 5.1 Granulator schematic

The granulator blades must only promote the collision between particles, not cut
particles, neither to press the granules against vessel wall.
Scale-up is recommended if an acceptable mixing quality is obtained inside granulator to

reduce spatial variation in PSD. Although, several small granulators of high shear could be
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considered to obtain reliable results, because this process is relatively fast. Thus, increase the

manufacturing efficient with the goal of ensuring final product quality.

5.2 Future Work

Wet granulation in a high shear mixer is a complex process, in which several
mechanisms, breakage and agglomeration, could occur of separated, simultaneous or
sequential way, depending upon the variation of one or more factors such as initial particle
size, initial PSD shape (unimodal versus bimodal), and viscosity and the amount of binder. It
shows why the wet granulation process after many years of research is still not completely
understood. In this thesis a fundamental understanding of the effect of initial PSD shape
(unimodal or bimodal) on agglomeration mechanism in wet granulation was carried out.
However, it is recommended to understand the breakage mechanism, to obtain a suitable
breakage kernel for the PBE.

The first stage of wet granulation is fast and short. It would be necessary to obtain more
samples during the first two minutes of wet granulation to calculate more accurate
parameters by fitting the experimental data. The non-invasive inline measurements of PSD or
to take samples automatically without stopping the granulator are recommended to reduce
perturbations in the granulation process. Although, the setup of inline method to create a non-
invasive process interface is in itself a science, where different aspects, such as overlapping
of particles, movement of the material, placement of the interface and dirtying of lens during

the granulation process, have to be considered.
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APPENDIX A. Calibration Model for Moisture Content
Determination

Absorbance
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Figure A.0.1 Absorbance spectra for moisture calibration model of lactose-water
mixture
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Figure A.0.2 Calibration model for lactose-water mixture
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Figure A.0.3 Validation model for lactose-water mixture
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APPENDIX B. Mass Median Diameter (MMD)

Table B.0.1 Mass median diameter for each combination of factors and levels

Sample conditions Sample MMD | Replicate MMD
(mm) (mm)
PSD3-9.9-1 0.4496 0.4524
PSD3-9.9-2.49 0.4484 0.4463
PSD3-9.9-4.85 0.4478 0.4395
PSD3-11.7-1 0.4619 0.4592
PSD3-11.7-2.49 0.4518 0.4627
PSD3-11.7-4.85 0.4740 0.4692
PSD3-13.6-1 0.8081 0.7979
PSD3-13.6-2.49 0.9421 0.8973
PSD3-13.6-4.85 0.8518 0.9253
PSD2-9.9-1 0.3471 0.3498
PSD2-9.9-2.49 0.3410 0.3432
PSD2-9.9-4.85 0.3421 0.3396
PSD2-11.7-1 0.3691 0.3743
PSD2-11.7-2.49 0.4383 0.4392
PSD2-11.7-4.85 0.4549 0.4482
PSD2-13.6-1 0.7598 0.7569
PSD2-13.6-2.49 0.8590 0.8142
PSD2-13.6-4.85 0.7566 0.7938
PSD1-9.9-1 0.1573 0.1642
PSD1-9.9-2.49 0.1556 0.1547
PSD1-9.9-4.85 0.1543 0.1553
PSDI-11.7-1 0.1624 0.1629
PSD1-11.7-2.49 0.1621 0.1634
PSD1-11.7-4.85 0.1643 0.1714
PSDI1-13.6-1 0.2673 0.2589
PSDI1-13.6-2.49 0.2125 0.2754
PSD1-13.6-4.85 0.2502 0.2248

Sample condition meaning (PSD1-13.6-2.49): The first term indicates the particle size
distribution as shown in Figure 3.2, the second term indicate the binder content (% v/w), and
the third term indicates the binder viscosity (cp).
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Table B.0.2 Analysis of variance (ANOVA) for mass median diameter measurements

Source

Binder Viscosity

Binder Content

Particle Size

Binder Viscosity*Binder Content
Binder Viscosity*Particle Size

Binder Content*Particle Size
Binder Viscosity*Binder Content*
Particle Size

Error
Total

SD = 0.0172175 (mm)
R-Sq = 99.74%
R-Sq(adj) = 99.49%

Analysis of Variance (ANOVA) for MMD

DF

B N TG L "2 \ P2 S

27
53

Seq SS
0.00581
1.11544
1.65930
0.00789
0.00562
0.28861

0.01056
0.00800
3.10124
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Adj SS
0.00581
1.11544
1.65930
0.00789
0.00562
0.28861

0.01056
0.00800

Adj MS
0.00291
0.55772
0.82965
0.00197
0.00141
0.07215

0.00132
0.00030

F

9.810
1881.380
2798.680
6.650
4.740
243.390

4.450

0.001
0.000
0.000
0.001
0.005
0.000

0.002



