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ABSTRACT

A common aim of all pharmaceutical pelletization techniques is to produce good 

quality spheres of uniform size with smooth surfaces to facilitate adequate 

performance in further processing such as capsule filling, film coating, and drug 

release. Although the need to work with uniform smooth spheres has been recognized 

in the literature, the full extent of the influence of shape on the properties of pellets 

has not been investigated directly.

Batches o f pellets were produced using different techniques such as extrusion- 

spheronisation and granulation, with the same basic formulation but differing slightly 

to manipulate shape and surface properties of the end product. The pellets were then 

film coated with different thicknesses of insoluble polymer coating.

The shapes of the different pellet batches were determined using the relatively new 

shape factors Cc3 (three-dimensional) and Or (two-dimensional), as well as more 

conventional shape descriptors such as Heywood’s and aspect ratios.

The pellets were characterized in terms of internal structure, external features and 

evaluated by studying drug release and capsule filling performance. Commonly used 

techniques such as mercury penetration for determining porosity and air permeametry 

for studying surface area were employed, and also novel methods such as laser 

profilimetry for characterizing surface roughness of pellets.

The results were looked at in terms of the effect of coating pellets with increasing 

thickness of filmcoat, and also identifying differences between the various batches. 

Relationships between different properties were examined, in particular the influence 

of shape on pellet properties and performance. The dissolution tests found that drug 

release was mainly controlled by the thickness of the filmcoat resulting in different 

mean dissolution times, but all batches demonstrated similar release mechanisms. 

Capsule filling studies indicated that rounded pellets perform better than elongated 

pellets, and it was possible to assign an approximate minimum value of shape 

required for successful filling.
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CLA = centre line average

cm = centimeter

D = density

d = difference between rank orders

Do = initial bulk density

D50 = median thickness

da = projected area diameter

De = apparent density

Df = final bulk density

Dt = true density

dvs = volume-surface diameter
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Cc3 shape factor (three-dimensional)

ei ellipticity

en surface roughness

Cr shape factor (two-dimensional)

f correction factor (shape factor Ccs equation)

f Heywood’s surface coefficient

G glyceryl mono stearate

g grams

h = hours

HPMC = hydroxypropyl methyl cellulose

IQR = interquartile range

k aspect factor (Kozeny-Carmen equation)

k = Heywood’s volume coefficient

k packing fraction (bulk density studies)

ke volume coefficient for a particular geometrii

kN kilo Newtons

kPa = kilo Pascals

1 = length of ellipse

L length (of surface profile/ particle bed)

m = flakiness ratio (Heywood’s equations)

M mass

m = meters

MCC = microcrystalline cellulose

MDT = mean dissolution time

mg milligram

min. = minutes

ml = millilitres

mm = millimeters

mmHg = millimeters of mercury

n = elongation ratio (Heywood’s equations)

n = number of samples

N number of taps
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nm = nanometer

OPCS = one plane critical stability

P = applied pressure

P = paracetamol (pellet formulation)

p = statistical level of confidence

Pc = permeability coefficient

Pm = measured perimeter

PVP = polyvinylpyrrolidone

r = pore radius

Ra = arithmetic mean roughness

RD = relative dispersion coefficient

re = mean radius

revs. = revolutions

RMS = root mean square roughness

Rp = largest peak

rpm = revolutions per minute

Rq = standard deviation of the height distribution

rs = rank correlation coefficient

Rt = maximum peak value

Rtm = average peak-to-valley ratio

Rv = deepest valley

Rz = ten-point height

S = particle surface

SD = standard deviation

sec. = seconds

SEM = scanning electron microscopy

Sv = volume specific surface area

t = thickness of ellipsoid

t = time for air flow through bed (Kozeny-Carmen equation)

u = air velocity

UV = ultraviolet

V = volume (particle/air)
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Vo = initial apparent volume

VDT = variation in dissolution time

Vn = volume at tapping number N
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CHAPTER ONE: INTRODUCTION

1.1 Pellets As Multiparticulate Dosage Forms:

The flexibility and advantages of multiparticulate dosage forms, which include pellets, 

granules and mini-tablets, have resulted in their popularity increasing steadily over the 

past few decades.

Multiparticulates offer the opportunity o f exact dosing using a variety of presentations 

such as hard capsules, sachets or tablets. There is also the possibility of mixing a 

combination of different drugs or the same drug with different in vivo release 

properties within one such product to achieve the desired blood levels.

The therapeutic advantages of multiparticulate oral delivery of drugs include 

minimized side effects due to a lower risk of dose-dumping, maximized absorption 

since they are well-distributed, and less inter- and intra-patient variation due to their 

predictable and reproducible transit through the gastro-intestinal tract.

From a marketing point of view, rather than launching a new chemical entity it may be 

desirable to improve on formulations already available, and reformulating as a 

controlled release product is one option. Multiparticulates are a good base for such 

formulations since they may be designed to release their drug content slowly, for 

example by a matrix system or a polymer coating layer, or they may be targeted to 

release their contents at a specific site in the gastrointestinal tract, for example by 

enteric coating. Numerous controlled release products consisting of pellets have been 

brought on to the market [Sandberg et al 1988; Ghebre-Sellassie 1989a; Daumesnil 

1994].

Pellets may be defined as small geometrically shaped agglomerates with diameters 

between 0.5 - 1.5 mm [Ghebre-Sellassie 1989a] and as such present an ideal 

multiparticulate form with which to work.

Pelletized products stretch across the industries, from food products to the nuclear 

industry [Fielden and Newton 1992]. In the pharmaceutical industry they are produced 

using several different techniques including granulation methods, spraying drug 

granules or inert non-pareil seeds with powders, solutions or suspensions, or methods 

involving compaction such as extrusion-spheronisation. A variety of equipment is 

available for such processes, including coating pans, fluidized bed equipment, rotary
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granulators, high shear mixers, and extruders and spheronisers. The advantage of 

being able to use or adapt equipment already available in the industry is very 

desirable, as is the case with fluid bed driers and coating pans. However, specialized 

equipment such as rotary granulators, extruders and spheronisers have been designed 

to increase process times, yields and drug loads and thus the extra cost may be off-set 

by increased efficiency and better products. Extrusion-spheronisation has become one 

of the most popular methods employed to produce pharmaceutical pellets since its 

introduction to the world nearly three decades ago [Conine and Hadley 1970; 

Reynolds 1970]. The growing interest in multiparticulate dosage forms has resulted in 

a lot of research being undertaken in this area over recent years, and thus pelletization 

is gradually becoming less of an ‘art’ as more knowledge is gathered about the 

process.

Looking closer at the mechanisms involved in pellet formation shows up differences 

between the various methods available to produce pellets. Ghebre-Sellassie [1989b] 

discussed the bonding forces that hold the primary particles together and described the 

basic growth mechanisms as being nucléation, coalescence, layering, abrasion 

transfer, and size reduction. Thus a pelletisation process such as balling, performed in 

rotating pans or drums, relies on random collisions between particles to form nuclei 

which then may coalesce or undergo layering in order to grow. This type of process 

results in pellets with a wide size distribution, and it would seem to be difficult to 

control the shape o f the pellets produced. Drug layering on the other hand, is the slow 

process of depositing layers of solutions, suspensions, or powders onto the surface of 

a core granule, and as drying proceeds, the binder evaporates leaving behind a solid 

layer. This may be achieved by using several types of equipment including fluidized 

bed driers and coating pans. Globulation is a method of directly producing solid 

particles by atomisation of hot melts or solutions, followed by evaporation and 

cooling. This type of process often results in hollow particles due to the initial 

formation of an outer crust before the inner liquid evaporates.

Compaction is yet another pelletisation technique and includes extrusion type 

processes and compression. Agglomerates are formed through application of pressure 

to wet granulations, and then further densification may be obtained by extrusion and 

then followed by spheronisation. During the spheronisation stage, the extrudate
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undergoes a series of shape transformations (see figure 1.1), first being chopped into 

shorter lengths, then forming dumbells, then ellipses, and finally spheres. If the 

optimum conditions do not exist or it is not a successful formulation, the sphere 

forming process may not be fully completed and a non-spherical product may result.

o
8 • 0  °  — ( ÿ o

extrudate chopped dumbbells ellipses spheres

extrudate

Figure 1.1 Shape changes during the spheronisation process.

Despite the variety of methods available for the production of spheres, each with its 

own variables affecting the final product, the ultimate aim of all the processes must be 

to produce the optimum product possible in a repeatable manner.

Characterization of the product resulting from the manufacturing process is thus 

necessary and reflects on the production methods and variables as well as providing 

information concerning the properties of the finished dosage form. Pellets may be 

studied in terms of their morphological characteristics, their structural and surface 

properties, as well as evaluating their performance as a finished product. These will 

now be discussed in turn.

1.2 The Size of Pellets:

The study of particle size analysis has been widely covered in the textbooks [Rose 

1958; Beddow and Meloy 1980; Allen 1990; Washington 1992]. All would agree that 

describing the size of a regularly shaped object is simply a matter of measuring the 

appropriate dimension(s), for example the length, breadth and height o f a rectangular 

block, or the diameter and length of a cylinder. Similarly, a perfectly spherical particle 

would be described completely by its diameter. Pellets however, are usually not 

perfectly spherical and thus more than one diameter may be derived. Several different 

diameters have been defined, values of which may depend on the method of
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measurement [Allen 1990]. Most measure a physical property o f the particle in 

question and relate it to that of an equivalent spheroid, e.g. the volume diameter is that 

of a sphere having the same volume as the particle, and the surface diameter is that of 

a sphere having an equivalent surface area. The surface volume diameter is the 

diameter of a sphere with the same external surface to volume ratio as the particle, and 

measurement of this would obviously require determining two characteristics of the 

particle. Other types of diameter include the free-falling diameter which is the 

diameter of a sphere with the same density and free-falling speed as the particle in a 

fluid of the same density and viscosity, and Stokes’ diameter which is the free-falling 

diameter in the laminar flow region.

The techniques of microscopy and sieving involve measuring a defined diameter of a 

large number of particles and then calculating mean values; these types of diameters 

are known as statistical diameters. Statistical diameters include the projected area 

diameter which is the diameter of a circle having the same area as the projected area 

of the particle; and Feref s diameter which is the distance between two parallel 

tangents to the particle outline, in a fixed direction. Martin’s diameter is also 

determined parallel to a fixed direction and is equal to the distance between opposite 

sides of the particle along a line bisecting the projected area. Figure 1.2 illustrates the 

difference between measuring a Ferefs diameter and Martin’s diameter on an 

ireggular particle; it should be noted however that if the outline was that of a perfect 

sphere, the two diameters would be equal. When considering statistical diameters it is 

important to measure sufficient numbers of samples in order to get representative 

values of the entire population. And for all particle size analysis it is essential to 

clearly define the dimensions and parameters being measured.

Feref s diameter Martin’s diameter 

Figure 1.2 Two types o f  statistical diameters.

27



Sieving is one of the oldest and simplest methods of classifying and separating 

particles according to their size. The lower aperture sizes, down to 5 pm, are produced 

by electroformed screens whereas standard woven wire sieves have apertures ranging 

from 37 pm upto a few millimeters. The process of sieving determines the minimum 

aperture through which a particle can pass, and for standard sieves with square or 

round apertures, the particles are classified according to their widths. Unless 

extremely elongated, the length of a particle plays no part in the sieving process since 

it does not hinder its passage through the sieve aperture. Another type of sieve having 

rectangular apertures, a slotted sieve, is able to separate particles according to their 

thickness [Whiteman and Ridgway 1986; Whiteman 1986] but so far is not in 

common use for pharmaceuticals.

The two dimensions length and breadth are thus more readily obtainable and are 

usually enough to describe the size of a particle. However, in certain cases the 

thickness may be desirable as well, for example when calculating three dimensional 

shape descriptors. One method developed specifically to determine the minimum 

dimension of a particle i.e. its thickness, is ring gap sizing which was found to obtain 

lower values of median particle size than microscopic or sieving techniques [Nystrom 

and Stanley-Wood 1976 and 1977; Nystrom 1978]. The equipment consists of a sizing 

table made up of two eccentrically placed rings, rotating in the same direction, thus 

producing a gap that increases from 0 to 2000 pm. The sizing table is attached to an 

electromagnetic vibrator and particles are fed onto it, and then rotate and move on the 

widening gap until they fall through into a collection tube below. Thus the sample is 

divided into size fractions according to particle thickness. With this technique, the 

feed rate of the particles needs to be controlled and the vibration amplitude should be 

optimum so that clumping together of particles or jumping ahead of particles is 

avoided.

In the case of pharmaceutical pellets where size separation is required, sieve analysis 

using standard sieves with a mechanical shaker is the most commonly undertaken 

technique. This is largely due to the reproducibility of the technique when variables 

such as sieving time and sieve load remain constant, and the simplicity of the process. 

Microscopy however, is also widely used when more accurate dimensions are required 

of individual pellets. When performed manually this method is tedious and time
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consuming and this has led to semi-automatic and automatic image analysis systems 

being developed. Semi-automatic techniques include image-splitting, or shearing, 

where two images o f a particle are formed which are first made to coincide and then 

moved across till their edges are just touching - the distance sheared is then 

proportional to the diameter of the particle. Automatic systems usually involve a 

camera attached to some type of microscope e.g. optical, transmission or scanning 

electron microscope, and the image is analysed electronically with the aid of a 

computer. Many such systems exist and equipment differences, such as resolution 

power and the soft-ware running the system, make it difficult to compare the results 

obtained using different image analysis methods.

1.3 The Shape of Pellets:

The measurement of shape is a challenge that is faced by scientists across the 

disciplines.To fully describe the shape of an object, ideally the position of every point 

on its surface would have to be identified. This poses an interesting problem and, as is 

often the case, numerous different solutions have been proposed. The multitude of 

methods used to describe shape have resulted in work that may not be comparable 

with other studies, or use of traditional shape descriptors that perhaps are not the most 

appropriate or powerful methods.

The shape of pellets is an important characteristic which influences the behaviour of 

the individual particle and the batch as a whole. Often the shape effects are 

overlooked or the assumption is made that the pellets being studied are of uniform 

spherical shape. Unfortunately this is rarely the case with pharmaceutical pellets.

The influence of shape has not been fully investigated but it is generally 

acknowledged that the shape of pellets may affect many of their properties including 

how they flow and pack, and their performance when filmcoated.

The approaches to the problem of describing shape include qual itative description, 

and one-dimensional, two-dimensional and three-dimensional measurements. 

Qualitatively the shape of an object may be described by comparing its shape to a well 

known object, such as ‘balloon-shaped’ or ‘needle-shaped’. Standardized terms are 

defined in British Standard BS 2955 [1958]: Glossary of Terms Relating to Powders
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which describes shape in words e.g. needle-shaped is acicular, an approximately 

equidimensional irregular shape is granular, and a global shape is defined as 

spherical.

However, often it is not enough to describe the shape qualitatively, and a quantitative 

method is desirable. Expressing particle shape as a single number is perhaps not ideal 

since the shape cannot be reproduced from it, and, in some cases more than one shape 

could be represented by the same number. On the other hand, a single number 

descriptor makes it possible to relate shape mathematically to other properties of the 

particle, and makes it easier to compare particles.

When using a single dimension to characterize shape usually the size parameters 

discussed in section 1.2 are utilized which relate a property of the particle to an 

equivalent sphere parameter.

Two-dimensional measurements are widely used and there are many ways of relating 

two size measurements o f a particle to give rise to a shape factor. As a particle 

becomes more irregular, the difference between two different diameters becomes 

greater and thus performing particle size analysis by more than one method also 

provides the opportunity of calculating shape factors.

Just to provide a glimpse of the variety of shape factors and approaches that have been 

discussed in the literature, a few methods of particle shape characterisation follow. 

One of the earlier shape expressions was introduced by a geologist, Wadell [1932], 

who said that the degree of true sphericity was equal to the ratio betwen the surface 

area o f a sphere of the same volume as the particle and the actual surface area of the 

particle. Wadell also stated that sphericity is essentially a three-dimensional concept 

while roundness is obtained by measurements in one plane only.

A solution to the problem of measuring shape distribution was proposed by Nakajima 

et al [1978], who used both square and slotted sieves to separate particles. Square 

sieves sort particles according to their width, whereas slotted sieves have been shown 

to give a measure of the smallest dimension of the particle i.e. thickness [Whiteman 

and Ridgway 1986]. However, both types of aperture neglect the length of the 

particles and thus introduce the possibility of misrepresentation of shape, especially 

with elongated particles. A review of shape separation techniques has been presented
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by Furuuchi and Gotoh [1992], which may be useful in improving the quality of 

particulate products despite not providing a direct measure o f shape.

Another approach was taken by Aoki and Suzuki [1970], who used a shape factor, y , 

defined as the ratio of the diameter o f an inscribed sphere to that of a circumscribed 

sphere for a particle. Fractal analysis has also been suggested as a method of 

characterizing shape although it is more appropriate for investigating the surface 

roughness of a particle (discussed further in section 1.4). However, as mentioned by 

Carstensen and Franchini [1993], where does a shape factor end and a surface 

roughness measure begin?

More common shape factors include the aspect ratio which is defined as the length to 

breadth ratio [Schneiderhohn 1954], and has been widely used to characterize shape. 

Podczeck and Newton [1994] demonstrated the weakness of this shape factor in being 

unable to distinguish between polygonally symmetrical shapes such as a circle and a 

square, whereas other methods such as the one-plane critical stability and the shape 

factor cr were able to do so. The one-plane critical stability, or OPCS, introduced by 

Chapman et al [1988], involves tracing round the projected image of a particle placed 

under a camera, and then computing the angle necessary to tilt a plane to start the 

particle rolling. This angle would be greater for a more elliptical particle and thus it 

gives an indication of shape. Despite being a fairly powerful technique which has been 

shown to be able to differentiate between shapes, this method is rather tedious, time- 

consuming and dependant on the skill o f the operator.

The shape factor cr [Podczeck and Newton 1994] was shown to be a faster technique 

and able to detect small deviations from circularity. It is based on the principle that 

both the geometrical shape and the surface roughness contribute to the overall shape 

of a particle. Thus the final equation contains an expression comparing the calculated 

and measured perimeters (which indicates the roughness of the surface), as well as an 

expression to ascertain the elliptical tendency of the shape (see equation 1.1). The 

practical method involves the use of an image analysis system which locates the centre 

of gravity of the two-dimensional outline of the sample, and then distance 

measurements are made from there to the perimeter. By taking measurements at 1 

degree intervals, a total of 360 radii are measured and the mean radius can be 

calculated.
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Shape factorcr = —- —  1 -  — (equation 1.1)
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where r̂  is the mean radius, Pm is the measured perimeter, b is the breadth of the 

ellipse, and 1 is the length of the ellipse.

The theoretical value of Or for a perfect sphere is 1.00 and any deviation fom 

sphericity would result in a decrease in this value. Podczeck and Newton [1994] 

suggested an eR value of 0.75 to use as a standard with which to compare practical 

granules, since steel ball-bearings produced a similar value. This limitation is possibly 

due to the difficulties involved with projecting a three-dimensional object as a two- 

dimensional image e.g. shadows caused by light reflection and focusing the camera on 

the maximum perimeter of the object. The shape factor cr was found to have a 

different value for a circle as compared to other polygonally symmetrical figures, and 

it was thus seen to be more powerful than other shape factors such as the aspect ratio.

Heywood [1963] used the three dimensions of a particle to calculate shape 

coefficients and characterize its shape. He defined thickness as the height of a particle

when resting in its most stable position, breadth as the minimum distance between

two tangential planes perpendicular to the plane of maximum stablility, and length as 

the distance between two tangential planes perpendicular to those defining thickness 

and breadth. This is useful in microscopy where the particle usually lies in its most 

stable position and the view is perpendicular to it. It also means that the length and 

breadth are easier to obtain than the thickness. Heywood also named the 

length/breadth ratio the elongation ratio(n), and breadth/thickness was termed the 

fiakiness ratio(m). Heywood used the projected area diameter and related it to the 

particle surface and volume:

particle surface, S = fda  ̂ (equation 1.2)

particle volume, V = kda  ̂ (equation 1.3)

where f  and k are the surface and volume coefficients respectively.
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The surface coefficient,f, is not easy to determine directly on small particles and thus 

Heywood [1954] experimentally established a mathematical relationship between f  

and k using coarse particles. The final equations are:

f  M + 1
/  = 1.57 + C|^—J ^ )• (equation 1.4)

ke
and k  = — j=  (equation 1.5)

m^n

where C is an empirical constant depending on the geometrical form of the particle. 

Heywood assigned his particles to different shape groups such as cubical and 

spherical, as well as irregular approximate forms such as sub-angular and rounded, 

and determined values for ke and C for each of them. Sometimes the surface and 

volume coefficients, f  and k, are used on their own to describe shape, but since f  is not 

as sensitive to a change in shape as k is, the ratio f/k may be used instead.

A three-dimensional shape factor was also developed by Podczeck and Newton 

[1995], following on from the shape factor cr discussed earlier [Podczeck and Newton

1994]. As seen in equation 1.6, the shape factor Cc3 consists of two components, one 

describing surface roughness and one concerned with linear eccentricity, using the 

three dimensions of an ellipsoid.

2. TV. re { 2 .7 1 : . re
+

\  Pm. f  J \  Pm. f  J
Shape factor Cc3 = --------------    J 2  - | (equation 1.6)

where re is the mean radius. Pm is the measured perimeter, f i s  a factor used to correct 

the surface roughness value, 1, b and t are the length, breadth and thickness 

respectively of the ellipsoid, and the subscripts 1 and 2 refer to the two two- 

dimensional outlines measured. The second outline is obtained by turning the particle 

through 90 degrees and analysing the image again, the shortest measurement being the
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thickness of the sample. This three-dimensional shape factor, Cc3, was shown to be 

more powerful than the two-dimensional shape factor cr, which in turn was more 

powerful than the aspect ratio [Podczeck et al 1995].

As mentioned earlier, the shape of pellets has sometimes been overlooked when 

working with pelletized dosage forms. This is not to say that many authors have not 

used shape as a way of evaluating the quality of their product. Hileman et al [1993a] 

visually ranked their pellet batches using two independant observers. They were able 

to do this because the shape differences were perhaps very distinct. Hellén et al 

[1993b] also classified their pellets into shape groups visually. However, many 

workers do attempt to measure the shape and assign a numerical value to it. Hellén et 

al [1993a] compared seven different shape factors calculated for the same pellet 

batches. They measured the minimum and maximum diameters, perimeter, convex 

perimeter and two-dimensional area of the projection, and with these they calculated 

the parameters circularity, roundness, elongation, pellips, rectang, modelx and 

roughness.

Lovgren and Lundberg [1989] actually followed changes in particle shape during the 

extrusion/spheronisation process; they measured the length/width ratio (similar to 

aspect ratio) for large numbers of particles using an image analysis system. 

Kleinebudde et al [1994] also used an image analysis system in their evaluation of the 

shape of pellets. They measured length (as the longest of eight Feret diameters), width 

(shortest Feret), and calculated the aspect ratio and projected area. Other authors have 

presented different methods of measuring particle dimensions and properties e.g. ring 

gap sizing to determine thickness values [Nystrom 1978], and permeametry to 

determine surface area [Eriksson et al 1993], and then used this information in the 

calculation of shape factors such as Heywood’s surface and volume coefficients.

The methods of shape characterization mentioned above are but a few that have 

appeared in the literature [Stanley-Wood 1983; Allen 1990; Washington 1992; 

Hawkins 1993], but they serve to highlight the difficulty that has been faced in the 

measurement of the shape of particles. Confusion also arises due to the inconsistency 

of terminology related to shape e.g. sphericity, roundness etc., and the irregular use of
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definitions for the dimensions measured e.g. length being the longest measurement 

and breadth being perpendicular to it, or vice versa. However, in the end, the method 

of shape characterization must fit the objective of the study and be clearly explained. 

Thus, for example, as mentioned by Podczeck et al [1995], their two-dimensional 

shape factor cr is faster and more suitable for quality control procedures whereas the 

three-dimensional shape factor Cc3 provides more information and has been shown to 

be superior to other two-dimensional methods which indicates its suitability for 

formulation development work.

1.4 The Surface Roughness of Pellets:

The characteristics of the pellet surfaces have a great impact on their properties, not 

only affecting how the pellets within one batch interact with each other i.e. flow and 

packing, but influencing any further processing that may be undertaken as well as their 

final performance as a dosage form. Thus in the scenario where pellets are to be 

coated or filled into capsules, knowledge of the nature of their surfaces is helpful. A 

coated pellet surface can possess any of a number of recognized defects [Aulton and 

Twitchell 1995], of which surface roughness is one, described as small vertical 

irregularities affecting the smoothness and the gloss o f the film. And even after 

coating the pellets the roughness of the surface plays an important role; it has been 

suggested that the main factor influencing the roughness of the coated surface is the 

roughness of the original surface [Rowe 1981].

In theory, the possible types of surface and coat combinations can be visualised as 

follows:

i) a smooth sample surface and a smooth coat

\ \ \ \ \ \ \ \ \ \ \

ii) a smooth sample surface and a rough coat

\ \ \ \ \ \ \ \ \ \ \
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iii) a rough sample surface and a smooth coat

iv) a rough sample surface and a rough coat

W W A W W W

The coating layer is usually applied in order to control the drug release from the 

pellets, and since for insoluble polymers the rate of release is directly proportional to 

the thickness of the layer, it is clear that any of the above combinations may produce 

different release profiles. Also, the ideal combination would be the first example 

shown, with both a smooth sample surface and a smooth coating layer present. This 

would result in the least variations in the thickness of the coat and thus the most 

uniform drug release. This emphasises the need to produce, as far as possible, smooth 

pellets and good coatings, and gives rise to the need for a method of assessing the 

roughness of pellet surfaces.

Techniques that have been used to examine pharmaceutical surface roughness include 

visual assessment, light-section microscopy, scanning electron microscopy, and 

profilimetry.

Visual assessment will only give a qualitative measure of the roughness, as does 

scanning electron microscopy, but these methods have been widely used for 

comparing surface morphology of different pellets [Holm et al 1991; Hellén et al 

1993a and b]. Other types of microscopy such as transmission optical microscopy 

have also been used to study the surface defects of solid dosage forms [Down 1991]. 

Visual assessment or microscopy may both involve fixing the pellets to a holder in 

order to examine a particular aspect of the surface and this is made more difficult due 

to the size of particles being dealt with and the risk of changing the surface itself. 

Additionally, the technique of scanning electron microscopy requires the application 

of a thin layer of gold upon the surface of the sample prior to scanning. These 

methods could provide some quantitative values also, for example by measuring the 

incidence of certain surface features in a number of samples, or by use of a scale on
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the scanning electron micrographs. However the determination of standard roughness 

parameters is not feasible.

Twitchell et al [1995], used a light-section microscope to measure the thickness and 

roughness of transparent film coats on tablets. The method involves having a band of 

light reflecting/refracting off the sample surfaces at 45° and then being observed 

through a microscope. The image seen shows both the profile of the core and of the 

coat surface depicted as a series of peaks and troughs which can be measured to 

calculate roughness parameters. This technique has the advantage of being non

destructive and non-contacting but it does not allow for easy calculation of one of the 

most commonly used roughness parameters i.e. the arithmetic mean roughness, Ra, 

without photographic records being taken.

More traditionally, profilimeters have been used to study solid surfaces. This 

instrument uses a fine, sharply pointed stylus to trace along the surface of a solid. The 

vertical movements produced are changed into an electrical signal which can then be 

processed to determine standard roughness parameters [James 1983]. However, the 

dimensions o f the tip of the stylus limit the resolution of the technique since it would 

not be able to reach into troughs that are smaller than it. This may lead to 

misrepresentation of the surface profile. Another concern is the possibility of the 

stylus damaging the surface whilst in contact with it. More recently a non-contact 

profilimeter was introduced, using a laser beam to traverse the surface, as described by 

Healy et al [1995]. Besides eliminating the possibility of surface damage and 

increasing the resolution power, this technique also enables a three-dimensional 

profile of the surface to be built up.

In contrast to the light-section microscope, the laser profilimeter is more useful when 

the surface being investigated is opaque so that when using coated samples, the beam 

is reflected off the surface of the sample rather than penetrating the coating layer. 

Thus when studying transparent coatings, it may be feasible to use a layer of gold 

sputtered onto the sample surface as in the technique of scanning electron microscopy. 

Standard roughness parameters that may be used to describe surface roughness include 

the arithmetic mean roughness, Ra, also known as the centre line average, CLA, 

which is the average deviation of a profile from the mean line (see figure 1.3 and
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equation 1.7). The mean surface level is drawn so that the areas above and below the 

line are equal. Thus

Ra = sum of areas above the mean line + sum of areas below (equation 1.7)

L

where L is the length of the measured distance.

Similarly in the case where an area is scanned and a three-dimensional profile is 

obtained, Ra is the arithmetic average of the absolute values o f all points on the 

profile. The root mean square roughness, RMS or Rq, is another parameter which is 

derived in a similar fashion to Ra: it is the standard deviation of the height 

distribution.

.----------------------  L  .

Rp (highest point)

profile trace 

mean line -------- ».

Rv (lowest point)

Figure 1.3 A line scan o f  a surface profile

Looking at figure 1.3, another parameter that may be defined is the largest measured 

value, Rt, which in this case would be equal to the sum of Rp, the largest peak, and 

Rv, the deepest valley.

A more valuable roughness parameter is Rtm which is the arithmetic average of the 

largest height difference (each equivalent to Rt) in each of 25 rectangles obtained by 

splitting the surface into a 5 x 5 grid. This provides information about the surface that 

a two-dimensional line scan would not detect.

Other roughness parameters include Rp which is the difference between the largest 

measurement value and the smallest measurement value, and the ten-point height, Rz, 

which is the average height difference between the five highest peaks and the five 

deepest valleys in the measured area.
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Work done in the field of pharmacy using roughness parameters such as these 

includes that of Rowe [1978a; 1978b; 1979] who has extensively investigated the 

roughness of both uncoated and filmcoated tablet surfaces.

Another approach to measuring surface roughness is the use of fractal dimensions. 

Fractal measurements are based on the fact that the measured perimeter of an object 

depends on the length o f the ‘measuring stick’ or the scaling length being used 

[Carstensen and Franchini 1993]. It offers an explanation for the differences in 

boundary length of the same object obtained at different resolutions. Using this 

concept it is possible to obtain a value of a fractal increment which represents the 

surface irregularity. This may be achieved by analysing the outlines of particles using 

image analysis methods, or other surface characterizing techniques such as gas 

adsorption. Thibert et al [1988] determined fractal dimensions for particle outlines 

using image analysis, and then related these to other physical properties such as 

packing and flow properties. Farin and Avnir [1992] incorporated a fractal dimension 

into the Noyes-Whitney equation in order to study the influence of surface 

morphology on dissolution. Thus it has been shown that the fractal approach is 

applicable in studies investigating surface roughness of pharmaceutical products, 

although it is time-consuming and may need further work to simplify the procedure.

1.5 The Density of Pellets:

For a single solid mass, there can be said to be three different values of density. These 

are defined as the ‘true density’ which is equal to the mass divided by the volume 

excluding open and closed pores; the ‘apparent density’ which takes the volume 

excluding open pores but including closed pores; and the ‘effective density’ which 

considers the volume including both open and closed pores. Thus, the true density 

represents the density of the material, irrespective of the structure. Since open pores 

are connected to the external surface and closed pores are sealed off, the method of 

measuring the volume would determine which density is being considered. Apparent 

density would apply if the particle was immersed in a fluid that penetrated only the 

open pores, and the effective density would apply when the surrounding fluid did not
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enter open pores i.e. the external surface would be considered as the boundary of the 

particle.

The density of pellets may be influenced by the individual components of the 

formulation; for example increased density could be achieved by including a dense 

material such as barium sulphate as a filler [Boutell 1995]. Several steps in the 

manufacturing process could also lead to consolidation of the initial wet mix i.e. the 

pressure exerted on pushing the mass through a die during the extrusion process or 

through a sieve/mesh when granulation takes place. The spheronisation process also 

results in densification of the extrudate, and thus any change in formulation or 

production may affect the final density characteristics o f the product.

An homogenous and reproducible density from batch to batch is desirable since 

knowledge of this property of the pellets is used in various further processes. These 

include determining the batch size during the coating process, selecting an appropriate 

volume dosator for the required dose of pellets during capsule filling, and porosity 

calculations. Any variation in density could lead to inaccurate dosing or drug release. 

In the situation where more than one type of pellet is mixed together, differing 

densities could lead to segregation of the mixture resulting in an inhomogenous mix. 

Bulk density is a further density characteristic which relates to the whole mass of 

pellets. The volume used in its calculation is the volume that the pellet bed occupies, 

including the volume of voids, when packed into a container such as a measuring 

cylinder. Thus bulk density is related to the pellets’ packing properties which is 

influenced by the size of the pellets, as well as their shape [Fiske et al 1994]. Pitkin 

and Carstensen [1990] showed that there was a linear relationship between bed 

porosity and shape factor for glass spheres and cylinders. When investigating bulk 

density, often the tapped density is determined too. This involves using a mechanical 

tapping device to tap the measuring cylinder once the initial untapped volume of the 

sample has been measured, and recording any decrease in volume. In similar 

experiments with powders, Kawakita’s equation has been applied to study the 

compression of powder beds when tapped [Kawakita and Lüdde 1970; Yamashiro et 

al 1983]. The equation defines the relationship between the number of taps and the 

degree of volume reduction produced when powder solids are tapped. Similar studies 

with pellets could indicate the compressibility and packing ability of pellet beds.
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As mentioned previously, the true density of a material is purely the ratio of its mass 

to the volume occupied by it, excluding any pores in the volume measured. Thus the 

accuracy of a true density value depends on the method used to determine the volume 

of the sample. For a non-porous material the volume may be determined by fluid 

displacement as long as there is no interaction between the sample and fluid. However 

most solid particles do contain pores or surface features which would not be 

penetrated by a displaced fluid, in which case a gas may be used instead. 

Commercially there are many pycnometers available for density determinations, the 

simple ones just using air displacement, and others using gases such as helium which 

has the advantages of being inert and having small atoms [Lowell and Shields 1984]. 

The apparatus is able to purge the system with the gas and control the pressures within 

the system using modem pressure transducers. With a measure of the volume of the 

sample, it is a simple matter to find its mass and thus calculate its density (density = 

mass/volume).

However, if the fluid being used is not able to penetrate any closed pores and cracks 

within the sample then the measured volume would be greater than the actual, and 

thus the density value would be lowered; this is known as the apparent density value. 

In the case of mercury pycnometry, where the penetration fluid has a high contact 

angle and thus does not penetrate small open pores at ambient pressures, the volume 

measured includes both open and closed pores leading to a lower density value. This 

is termed the effective density of the sample.

1.6 The Porosity of Pellets:

Porosity is another important stmctural property to be considered when evaluating 

pellets since it may affect their dmg release profiles. Porter and Ghebre-Sellassie 

[1994] illustrated the different release rates obtained from two batches of similar 

pellets made by different techniques, one by suspension layering onto a non-pareil and 

the other by extmsion-spheronisation. They attributed the differences in dissolution to 

the differences in surface smoothness and porosity of the pellets. Iley [1991] found 

that coating a very porous core resulted in a highly porous coating, and the opposite 

was tme for a non-porous substrate. This shows that the porosity may affect the
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deposition and formation of a coating layer. Thus it is desirable to obtain information 

about the porosity characteristics of the pellets.

Qualitatively, porosity may be evaluated using scanning electron microscopy to 

examine the surface of the sample. However, in certain cases a quantitative 

description expressing pores or void space as a percentage of the total volume may be 

more useful.

The main experimental method for determining the porous properties of solids is 

mercury porosimetry which uses the Washburn equation [Orr 1969]:

Pr = -2y COS0 (equation 1.8)

where P is the applied pressure, r is the pore radius, y is the surface tension of the 

intrusion liquid, and 0 is the contact angle.

For a non-wetting liquid such as mercury, pressure needs to be applied before it will 

enter small diameter pores or void spaces in a solid material. The Washburn equation 

(see equation 1.8) relates the applied pressure to the radius of the pores penetrated, 

taking into account the contact angle and surface tension of mercury. Thus increasing 

the pressure on a material with a specific pore structure results in a specific mercury 

intrusion curve.

Strickland et al [1956] described a mercury pycnometer apparatus with which they 

determined the apparent density o f granulation samples. The apparatus consisted of a 

glass pycnometer or dilatometer of known volume, used as a sample cell, attached to a 

vacuum pump and a mercury manometer. Then using the true density measured from 

compression studies, they calculated the porosity of their granulations with the 

following equation:

porosity % = (1 - Dg/DJ.lOO (equation 1.9)

where De is the apparent density and Dt is the true density.

One assumption made when using the Washburn equation in porosity determinations 

is that the pores are cylindrical. By studying both the mercury intrusion and retraction 

curves [Orr 1969; Moscou and Tub 1981], it has been shown that not all the mercury 

is expelled when the pressure is decreased. A reason for this phenomenon could be 

that some pores have narrowed openings through which the mercury cannot leave, and
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the hysteresis of the two curves would indicate the extent of these pores. Another 

possible factor is the effect of the contact angle. Attempts are being made to interpret 

the mercury intrusion and retraction data and devise analyses in which no geometrical 

assumptions are made [Shively 1991]. Other authors [Schroder and Kleinebudde

1995] have used fractal dimensions to measure and compare the complexity of pore 

systems of similar sized pellets. However in most cases the results of mercury 

penetration studies analysed using the Washburn equation produce sufficient 

information to gain an insight into the porosity characteristics of the sample being 

studied [Niskanen 1992; Lindner and Kleinebudde 1994].

1.7 The Surface Area of Pellets:

The surface area o f a particulate mass can actually be defined in two ways as a result 

o f the complicated characteristics of pharmaceuticals. Thus surface area can be 

referred to as either the total area or the external area. The total area includes all the 

surface irregularities present such as surface roughness and pores within the structure. 

The external surface area excludes internal pores; however it is unclear whether 

surface irregularities are included or not. The method employed to study the surface 

area determines which of the two, total or external, surfaces areas are measured.

The surface area o f a solid dosage form influences several of its properties, including 

its dissolution where a larger surface area would lead to an increased dissolution rate. 

A knowledge of the surface area of a pelletized material is also useful when 

filmcoating is required since a rougher or larger area would need more coating 

material to produce an equally thick layer when compared to pellets with a lesser 

surface area. The surface area is related to the size and shape of the pellets, as well as 

being affected by the surface roughness and the porosity of the structure. A perfectly 

spherical and smooth non-porous pellet would present the minimum surface to 

volume ratio and this would provide the ideal shape on which to form a coating layer 

of uniform thickness. Mehta [1989], and Alderbom and Nystrom [1993] have 

described the techniques available to characterize the surface area of particles.

The surface area may be calculated using only size measurements [Mehta 1989] but 

this may lead to false conclusions since pellets from a similar size range can have
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different surface areas. Thus it is more appropriate to consider both the pellet size and 

shape - this is possible using the volume-surface mean diameter which is defined as 

the diameter of a sphere having the same volume to surface ratio as the sample pellet 

[Alderbom and Nystrom 1993]. The volume specific surface area is related to the size 

and shape by:

Sv = ttsv / dvs (equation 1.10)

where Sv is the volume specific surface area, asv is the Heywood surface to volume 

shape factor, and dvs is the volume-surface diameter of the particle. The drawbacks of 

this type of calculation include the complicated estimation of Heywood’s shape factor 

(see section 1.3), as well as the different methods of determining particle size leading 

to different values (see section 1.2).

Another method, which attempts to measure the surface area directly, is gas 

adsorption. One approach is knovm as the B.E.T. method after the scientists who 

developed an equation to analyse adsorption data. The method is based on the theory 

that when a solid is exposed to a gas, some of the gas molecules will be adsorbed onto 

the surface of the solid. The amount that is adsorbed would depend on the nature of 

the gas and the solid and the exposed surface area. The relationship between the 

amount of gas adsorbed and the relative pressure may be described by adsorption 

isotherms, which are generally classified into five types and which may be 

quantitatively analysed. This is achieved by using the Langmuir or BET theories to 

predict the number of adsorbate molecules required to form a monolayer on the 

surface o f the sample [Lowell and Shields 1984]. The procedure involves either a 

static gas adsorption technique, or a continuous flow method. For the static method 

particularly, sample preparation may involve exposing the surface to low pressures 

accompanied by high temperatures in order to remove any gaseous impurities. This is 

a disadvantage since this process may itself cause structural changes to the surface 

being studied. Despite this, gas adsorption using nitrogen is a popular method for 

determining the total surface area of high surface area powders. For larger particles 

with lower absolute surface areas, such as in the case of pellets, gases with lower 

vapour pressures can be used e.g. krypton. This highlights the fact that different gases
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will result in different measures of surface area due to their varying molecular sizes 

affecting their pore penetration.

Air permeability is based on the concept that the rate of flow of a fluid through a 

particle bed is dependant on the pore characteristics of the bed, which is related to the 

external surface area of the particles i.e. the surface area exposed to the fluid. 

Traditionally permeametry has been used to study the surface area of fine particles 

(<50-100 pm), but Eriksson et al [1990] investigated its use in determining the surface 

area of coarse particles i.e. pellets. They used the widely accepted Kozeny-Carmen 

equation in order to interpret the results of permeametry studies and calculate a 

surface area. Other equations do exist and some are discussed by Allen [1990].

By assuming the powder bed to be made up of cylindrical, parallel pores whose total 

area is equivalent to the powder surface area, the Kozeny-Carmen equation takes the 

form:

^ 2 AfL4
(eq u a tio n l.il)

where Sv is the volume specific surface area, AP is the pressure difference across the 

particle bed, t is the time for air flow through the particle bed, A is the cross-sectional 

area of the bed, k is the aspect factor, L is the length of the bed of particles, V is the 

volume of air flowing through it, p is the viscosity o f air, and s is the porosity of the 

particle bed.

The equation is modified to suit the different types of permeameters available 

commercially, including transient permeameters (i.e. constant volume such as the 

Fisher Sub-Sieve Sizer) or steady-state permeameters (i.e. constant pressure such as 

the Blaine apparatus) [Alderbom and Nystrom 1993]. With a steady state 

permeameter, the pressure is measured when air of a certain velocity flows through a 

bed of known dimensions. The permeability coefficient ?c is found by plotting the 

pressure per unit length of the particle bed, AP/L, against the air velocity,u.

AP
Thus u = —  (equation 1.12)
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The volume specific surface area can then be calculated from:

(equation 1.13)

The drawback to the simplicity of performing the actual measurements is that certain 

conditions have to be present for the Kozeny-Carmen equation to be valid, and there 

are certain limitations to its use. Firstly, the air flow through the sample bed must be 

laminar i.e. not turbulent. Steady state permeameters can be used to evaluate the flow 

conditions within a particle bed since the air velocity can be controlled and measured 

with a flow meter. When the air flow rate and the pressure drop across the bed have a 

linear relationship, laminar flow is present. Flow conditions are also indicated by the 

calculated value of the Reynold’s number which describes the ratio of particle velocity 

to the force resisting its motion [Allen 1990; Eriksson et al 1990]. There seems to be a 

gradual change from laminar to turbulent air flow between a Reynold’s number of 2 to 

2000. Eriksson et al [1993] demonstrated that there was an optimum range of air 

velocity within which the flow was mainly laminar, and thus they suggested that the 

measurements be made within a restricted flow rate. It was also suggested that in the 

case of larger particles such as pellets, the pressure difference across the bed was 

decreased and the length of the powder bed was increased to further lower the risk of 

turbulent conditions.

Secondly, the Kozeny-Carmen equation contains an empirically determined factor, k, 

called the aspect factor. It was included in order to compensate for some of the 

assumptions made whilst deriving the equation i.e. since the pores are not cylindrical 

and may follow a tortuous path. However, this factor leads to discrepancies between 

different apparatus used for permeability studies, and as such it may be used as a 

correlation coefficient to compare different methods of surface area measurement 

[Kaye 1967]. Wasan et al [1976] showed that the aspect factor is dependant on bed 

porosity and shape, and thus is not really constant at all. Working with rounded pellets 

of around 1 mm diameter, Eriksson et al [1993] found that a factor of 5.8 was needed 

to equate the permeability coefficients obtained from permeability and microscopy 

techniques. Thus they suggested using this value as the aspect factor when working
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with such coarse particles rather than the traditional 5.0 used by Carman [1937] when 

studying fine powders.

Another issue surrounding the use of the Kozeny-Carmen equation for interpreting 

permeability studies is that the surface area measured is apparently influenced by the 

porosity of the particle bed. This is perhaps unexpected since there is a term for 

porosity in the equation, but generally the measured surface area increases as the 

porosity decreases. Since the aspect factor has been shown to vary with bed porosity 

and the shape of particles, it is advisable to carry out measurements within a limited 

range of bed porosity, generally between 40 - 50% [Alderbom and Nystrom 1993]. 

Thus when preparing the particle beds care must be taken to pour and pack the 

particles in a similar fashion for repeatable measurements; although coarse particles 

such as pellets seem to pack spontaneously into low porosity beds, this may bring an 

element of operator variation into the experiments.

1.8 The Coating of Pellets:

The application of a thin layer of material to the surface of solid dosage forms has 

been performed for many years and for many different reasons such as taste masking, 

overcoming stability and incompatibility problems, and modifying dmg release 

properties. Sugar coating was the main technique available earlier, but film coating, 

introduced in the 1950’s, is now more popular [Van Savage and Rhodes 1995]. For 

pharmaceutical pellets usually the aim is controlling the dmg release profiles. 

Although sustained release properties may be obtained by other methods such as 

formulation of a matrix core [Tapia et al 1993], coating seems to be the most popular 

and flexible method. Thus an enteric coating may be applied which protects the pellets 

from the low pH in the stomach and allows dissolution further along the 

gastrointestinal tract, or a coating may be applied which retards the release of dmg to 

produce the desired dissolution profile.

The film coat may be applied using a solvent free system with molten materials [Jones 

and Percell994], using organic or aqueous polymeric solutions [Lehmann 1994], or 

aqueous dispersions [Fukumori 1994]. Organic solvents were traditionally widely 

used but have the disadvantage of being environmentally unfriendly and risky for the
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operator. Thus aqueous solutions or dispersions are now more common, although they 

may not be suitable for all products, some ready-to-use aqueous polymeric dispersions 

are available on the market [Lehmann 1994; Onions 1986a, b]. The improved drying 

efficiency of modem coating equipment has also facilitated the increased use of 

aqueous coating processes.

The equipment used for coating has been slowly developed over the decades; the 

rotating coating pans used for sugar coating processes were used initially and then 

adapted so that perforated pans allowed air flow across the particles and temperature 

control. However because the drying efficiency is low, the process is time-consuming 

and requires high energy input [Pickard and Rees 1974b]. Nowadays film coating may 

also be performed in an air suspension coater, or fluidised bed coater. Fluidised bed 

systems are also used in drying and granulation processes in the pharmaceutical 

industry [Banks and Aulton 1991]. They function by suspending the particles in an air 

stream, causing them to rise and fall in a set pattern within the sample chamber whilst 

the coating solution or suspension is sprayed onto them. The main reasons why this 

type of process has not replaced the traditional equipment include high attrition of the 

fluidised product and loss of coating material in the system. Three types of fluidised 

bed equipment exist, depending on the placement of the spray nozzle: top spray, 

tangential spray, and bottom spray [Jones 1994]. The last is also known as the Wurster 

system, named after its inventor, and widely used. Holm et al [1991] worked with 

enteric coated pellets and studied the differences in the film coat produced by two 

different fluid bed systems; they found the bottom spray technique resulted in more 

homogenous film coatings than the top spray. Yang et al [1992] also showed that the 

different spray modes produced differences in the nature of the coatings. They pointed 

out that not only does the position of the spray nozzle change between the different 

coaters but the chamber geometry changes as well, and together these affect the 

particle motion and distribution within the area known as the coating zone, and the 

spray droplets themselves. It is thus recommended that the coating process is 

optimized separately for different coating equipments.

Polymers that are used for film coating may be classified into three categories 

[Pickard and Rees 1974a]. Firstly there are water soluble film formers such as 

hydroxypropyl methylcellulose (HPMC) and polyvinylpyrrolidone (PVP). Next there
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are water insoluble polymers, the main example being ethyl cellulose, which is also 

available on the market as ready-to-use aqueous dispersions. Water insoluble and 

soluble polymers may be combined to produce the desired drug release profile. 

Thirdly there are the polymers with pH-dependant solubility i.e. insoluble at low pH 

but freely soluble above a pH of around 5. These are used for enteric coating, and 

examples include cellulose acetate phthalate (CAP). Any formulation may contain 

additives such as plasticizers e.g. polyethylene glycols, to make the film more flexible 

and in some cases to aid film formation from a dispersion, or surfactants or water 

soluble materials which increase the permeability of the film [Pickard and Rees 

1974a].

Besides there being differences in the types of polymer used in coating, there may be 

differences in how the films form. The films produced using polymeric solutions form 

immediately upon drying and the polymer molecules are able to form continuous films 

since they are mobile in the solution. When evaporation takes place the polymer 

intertwines to form a concentrated gel on the surface of the particle, and the properties 

of this film depend on the evaporation rate. The rate of drying must be carefully 

controlled, a slow rate leads to optimum film formation but if it is too slow then 

agglomeration or sticking may occur. Aqueous dispersions on the other hand, require 

the polymeric particles to coalesce in order to form a continuous film. This 

coalescence may be achieved by incorporating plasticizers and/or by exposing the film 

to raised temperatures, either during the coating stage or afterwards. If this 

coalescence is performed after the coating process then the conditions during coating 

become less critical for the production of a successful film. Other alternative methods 

to film forming are also being tested such as work done by Abletshauser et al [1993], 

who simultaneously sprayed an aqueous solution of a water-soluble polymer and a 

crosslinking agent onto pellets in a fluidised bed to form in situ insoluble films. 

Looking at the spray coating process as a whole, it can be seen as four different 

processes occurring simultaneously: the formation of droplets of coating solution, the 

movement of the pellet cores, the film being deposited onto these cores, and the 

drying stage [Arwidsson and Rudén 1993]. The droplet formation is dependant on the 

spray device itself and the nature of the coating material. The movement of the 

particles needs to be controlled to ensure an even coating on all sides whilst avoiding
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agglomeration and minimising attrition problems. For the drying process however, 

maximum air flow is desirable as well as raised temperatures. Thus a balance needs to 

be found for each of these phases to produce the optimum coated product. This 

generally requires pre-coating studies to determine the conditions necessary for 

successful coating.

1.9 The Filling of Pellets into Capsules:

Multiparticulate dosage forms may be given to the patient in various ways, either 

filled into a capsule, compressed into tablet form or even loose in sachets. The most 

popular presentation o f pellets and granules is filled into hard shell gelatin capsules, 

and this is reflected in the number and type of products available in the market e.g. 

Inderal®, Surgam®, and Losec®.

An accurate and reproducible fill weight is essential for the success of any capsule 

formulation and this is largely dependant on the resistance to flow of the material 

being filled. The flow properties of pellets may be affected by a number of its 

characteristics, including surface properties, size and shape.

Another characteristic of the pellet material which influences capsule filling is the 

bulk density. Capsules are filled by volume, that is to say that the volume of the 

capsule or dosator dictates the quantity of material filled into each capsule. Thus a 

material with a high bulk density would pack together tightly and occupy a small 

volume, and this information would be neccessary when selecting an appropriate 

capsule size and machine settings.

It would seem logical that pellets that are round and smooth should flow and pack 

well and thus produce a better capsulated product than irregular, rough pellets. 

However, little work seems to have been done to test the truth of this statement.

The filling of pellets into hard capsules is generally undertaken using existing capsule 

filling machinery with specially designed pellet filling stations. There are different 

types of capsule filling machines available, including hand-operated equipment, semi

automatic and automatic machines [Cole 1987a]. The basic processes involved are the 

same; first the capsule needs to be rectified and orientated correctly so that the lid and 

body can be separated. Then the body is filled and the lid is replaced. Automatic 

machines achieve these operations by using intermittent or continuous motion. With
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intermittent motion machines, the capsules are moved along to fixed stations where 

they stop to be separated or filled. Continuous motion machines are fitted with 

conveyor belts on which the capsules lie and the separation and filling take place 

while moving.

Recognizing the increasing number of products involved with the filling of pellets into 

hard capsules, and the fact that the mechanical operations differ from when handling 

powders, pellet encapsulation has been discussed separately in the literature [Cole 

1987b; Lightfoot 1994]. These texts describe various dosing devices specifically 

designed for pellets, as well as mentioning some of the common difficulties that may 

be experienced when handling such systems. These include segregation of mixtures of 

pellets due to variations in size, shape, density or electrostatic forces. Another 

problem is possible damage to the pellet coating where sliding dosators or hoppers are 

involved, which could alter the drug release characteristics of the pellets. Traditional 

dosators used for powder filling would be unsuitable for pellets and thus several 

indirect methods of feeding the pellets into capsules have been developed. Figures 1.4 

- 1.6 illustrate some of the methods employed when capsulating pellets.
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Figure 1.4 Piston method for filling capsules with pellets [from Cole 1987b].
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Figure 1.5 Double slide method for filling capsules with pellets [from Cole 1987b].
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Figure 1.6 Piston and slide method for filling capsules with pellets [from Cole 1987b].
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One of the first publications that introduced the process of extrusion-spheronization to 

the pharmaceutical world [Conine and Hadley 1970] mentioned the filling of pellets 

into hard capsules, and that they flowed easily and produced uniform fill weights 

between narrow limits.

Numerous studies have been carried out over the years to evaluate the flow 

characteristics o f pellets including those by Ridgway and Rupp [1969] and Hellén et 

al [1993a], and rounder pellets were found to flow better and faster than irregular 

pellets. Other authors used capsule filling as a test to evaluate their pellets [Hileman et 

al 1993b], however in this particular study the capsules were hand-filled. Some work 

has been done using capsule filling machines including an investigation into the 

dosing accuracy of pellets [Marquardt and Clement 1970]. The authors found that 

their pellets produced capsules with fill weights spread over a narrow range and little 

variation. However, the pellets studied were characterized only in terms of their size 

and there is no mention of the shape of the pellets. The authors mention that any 

pellet-induced dosage fluctuations would be mainly due to size variations. Another 

publication by Pfeifer and Marquardt [1986] studied the frequency and causes of 

dosage errors that occur when filling pellets into hard capsules. Dosage errors resulted 

in either underfilled or overfilled capsules.

Underfilling could be caused by several factors. Thus the presence of agglomerates or 

bits of capsule shell, or the build up of electrostatic charges or dust matter could affect 

the flow of the pellets and lead to lower fill weights than expected. These problems 

would be avoided by sieving of the pellet mass prior to capsulation and by the use of 

magnesium stearate. The settings of the machine play an important part too, and care 

needs to be taken to select appropriately sized dosage cylinders or outlets with large 

enough diameters to prevent pellets getting jammed or forming bridges. Bridging 

problems may be overcome by attaching a shaking device to the machine. Also, 

increasing the number of sliding parts would increase the chances o f damaging the 

pellets.

Overfilling, on the other hand, seemed to occur mainly as a result o f a faulty or non

cut capsule being unable to accept any pellets, leading to subsequent capsules being 

overfilled. The authors concluded that the placing of the capsule body bushings was
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important and should be properly adjusted so as to avoid capsules jamming and being 

sheared.

Once filled, the capsule fill weights need to be ascertained. During production, when 

some machines are capable of filling up to 150,000 capsules per hour, a suitable 

monitoring system to accept or reject the capsules is desirable. Several types of 

equipment are available to sort capsules [Cole 1987c; Lightfoot 1994], working on 

different principles. The approaches tried include weighing on electronic balances, 

measuring the back-scattered x-ray energy from the capsule contents, or measuring the 

change in capacitance when a capsule passes through an electric field. A study by 

Pfeifer et al [1989] also discussed weight monitoring systems for filling pellets into 

capsules in a production setting. A mechanical sensor was found to be unreliable 

whereas a system using optical signals was found to produce accurate and 

reproducible results.

1.10 Aims of this work:

From all the preceding information presented it will be obvious that there exist a 

variety of methods for characterizing pelletized pharmaceutical products, and that 

several studies have been carried out to investigate their performance. However, there 

appears to be little information directly relating the shape of the pellet to its other 

physical properties and to its performance during further processing. This is the main 

aim of this project and may be split into the following objectives:

1. to produce a set of pellets of differing shape and/or surface properties, in sufficient 

quantities so as to facilitate further experiments.

2. to apply a filmcoating to a portion of each batch of pellets.

3. to fully characterize both uncoated and coated pellets, firstly in terms of 

morphological properties e.g. size, shape, surface area and surface roughness, and 

secondly in terms of structural properties e.g. density and porosity.

4. to investigate the performance of all the pellet batches during processes such as in 

vitro drug release, and filling into hard gelatin capsules.

5. to establish the extent of any relationship existing between the shape o f pellets and 

their properties and performance.
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CHAPTER 2: MATERIALS & METHODS

2.1 MATERIALS USED IN THE BASIC PELLET FORMULATION

The initial formulation chosen to work with was based on the previous studies 

described by Blanqué et al [1995].

Paracetamol was chosen as a model drug since it is easily detectable in a dissolution 

test by ultraviolet spectrophotometry.

Microcrystalline cellulose has been shown to be a suitable and neccessary excipient in 

the process o f extrusion-spheronisation [Harrison 1982], and imparts elastic and 

plastic properties to the mixture [MacRitchie 1993].

Glyceryl mono stearate has been shown to have no significant effect on the release 

properties of the pellets (in low proportions) [Blanqué et al 1995], and its inclusion in 

the formulation makes it a suitable formulation for melt-pelletisation as an alternative 

technique for producing pellets.

Barium sulphate was used as an inert, water insoluble filler and also densified the mix. 

Deionised water and 96% alcohol were included in the formulations to act as binders.

The following is a list of suppliers and batch numbers of the raw materials used:

MATERIAL SUPPLIER BATCH NUMBER

paracetamol H.N. Norton & Co., 3D 169

Harlow, U.K.

glyceryl monostearate Hiils, Milton Keynes, 209215

U.K.

Avicel® PH I01 EMC corp., Cork, Ireland

(microcrystalline cellulose) 

barium sulphate ‘Sachtleben’ Chemie

GmbH, Germany 7727-43-7

absolute alcohol 96% Merck

6015 and 6240
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2.2 PRODUCTION OF PELLETS

2.2.1 Mixing

The required quantities of dry powder were weighed into a tared mixing bowl using an 

electronic balance [ Mettler PC 1616, Mettler Instruments AG, Switzerland]. Dry 

mixing was carried out for 5 minutes with a planetary mixer set at speed 1 [small 

batches- Kenwood Chef KN, Kenwood, U.K.; large batches- Hobart 20 litre mixer, 

London, U.K.]. After this the liquid phase was added and 10 minutes of wet mixing 

followed, with the sides of the bowl being scraped at 2.5 minute intervals. The 

resulting wet mass was transferred to a plastic bag and sealed to prevent moisture loss 

before carrying on with the next stage of production.

2.2.2 Extrusion:

The extrusion process was carried out using either a ram extruder based on a design 

by Overston & Benbow [1968], fitted to a Universal Testing Instrument [Lloyd 

Instruments MX50, Southampton,U.K.], or an advanced capillary extrusion rheometer 

[ACER 2000, Rheometric Scientific, Loughborough, U.K.]. Both types of extruder are 

described , but the Lloyd instrument was only used in preliminary studies whereas the 

ACER 2000 was used in the production of larger quantities of the batches selected for 

further work.

2.2.2.1 ACER 2000 

Specifications -

The equipment was fitted with a 1 mm diameter die o f 4 mm length with a 60° entry 

angle. The extrusion rate was set at 200 mm/min., and a 70 kPa pressure transducer 

located just before the die exit at the lower end of the barrel measured the die entry 

pressure. All experiments were carried out at room temperature, approximately 25 °C. 

Extrusion procedure -

First the die was placed in the die holder which was screwed into place at the lower 

end of the barrel. The wet mix was then filled into the top end of the barrel with the 

aid of a funnel. The piston was brought down once to compress the material in the 

barrel and when extrudate appeared the piston was brought back up and the barrel was 

refilled. After lowering the barrel to the starting point, the run was started on the 

computer and the piston moved downwards at the specified speed until the lower stop
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position was reached (unless the automatic cut-off was activated in case o f pressures 

in excess of 70 kPa). The software collected the data, and displacement vs. time 

graphs were plotted. During each run the extrudate was collected beneath the lower 

end of the barrel in a plastic bag and transferred directly to the spheroniser for the next 

stage of the process[ see section 2.2.4].

2.2.2.2 Ram extruder 

Specifications -

Two different dies were used, one of 1 mm diameter and 2 mm length, and the other 

of 1 mm diameter and 4 mm length, both having 90° entry angles. The barrel used for 

extrusion was made of stainless steel with an internal diameter o f 2.54 cm and length 

of 20 cm. The rate of extrusion was set at 200 mm/min. and the piston was connected 

to a 50 kN load cell. An IBM compatible PC was connected to the system to record 

the extrusion force over time.

Extrusion procedure -

After fitting the die to the lower end of the barrel, a funnel was used to fill in the 

material to be extruded at the top end of the barrel. The mix was compressed manually 

and then the whole assembly was placed in position on the Lloyd press. After 

lowering the piston to the starting position, the computer was activated. The piston 

then moved downwards at the pre-selected speed until the lower stop position was 

reached (unless the load was greater than 20 kN in which case the automatic cut-off 

would be activated). The force needed to push the mass through the die was recorded 

on the computer and an extrusion profile in the form of a force vs. distance graph. The 

extrudate was collected in a plastic bag at the lower end of the barrel and transferred 

directly to the spheroniser for the next stage of the process [ see section 2.2.4].

2.2.3 Granulation

After the mixing stage was completed and the wet mixture was collected in a sealed 

plastic bag, the mass was passed through an oscillating granulator [Erweka Type FGS 

with motor drive unit Series AR400, Germany] fitted with a 1 mm square aperture 

mesh. The speed of oscillation was set at 4. The granules produced were collected on 

a tray beneath the granulator and then transferred directly to the spheroniser for the 

next stage of the process [see section 2.2.4].
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2.2.4 Spheronisation

The products from the various processes (mixing, extrusion, granulation) were placed 

in a spheroniser [G.B. Caleva Ltd., Ascot, UK] fitted with a 22.5 cm diameter radial 

geometry plate. The speed of rotation of this plate was set at 1000 revs./min.. At a 

specified time (usually 10 minutes) signalling the end of the process, the door in the 

side of the cylindrical body of the spheroniser was opened whilst the plate was still 

rotating, to enable collection of the product.

2.2.5 Drying

After spheronisation the pellets produced were spread out on trays and left over-night 

in a fan-assisted oven set at 45° C [hotbox oven with fan size 1, Gallenkamp, U.K.].

2.3 FLUIDIZED-BED FILM COATING OF PELLETS

2.3.1 Selection of coating solution

A desirable final coat thickness of 20 pm was chosen. Taking into account the mean 

diameter and surface area of the pellets, and the calculated volume of the coating 

layer and its density, the amount of coating material required per gram of pellets was 

estimated.

After preliminary studies, a 3% solution of ethylcellulose in ethanol containing 17.5% 

of povidone (PVP) to create pores in the film was selected to coat all batches.

The following is a list of suppliers and batch numbers of the raw materials used:

MATERIAL SUPPLIER BATCH NUMBER

povidone 

(Kollidon® K90) 

ethylcellulose 

(Ethocel®) 

ethanol 95% 

(Finsprit® 95%)

BASF AG, Ludwigshafen, 707B-01 

Germany

Dow Chemical Company, MM940104-2 

Midland, MI, U.S.A.

Kemetyl, Stockholm, 94120151

Sweden
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2.3.2. Coating equipment and process parameters

Film coating was carried out using a Gandalf ‘0’ fluidised bed coater [Astra Hassle, 

Molndal, Sweden] with a bottom spray technique operating under the conditions listed 

below. Preliminary studies were carried out in order to determine these optimum 

conditions.

Batch size (g): 400

Inlet temperature (°C): 50

Outlet temperature (°C): 31

Atomizing air flow (Nm^/h): 1.33 

Fluidizing air flow (Nm^/h): 34 

Atomizing air pressure (kPa): 169 

Pump speed (rpm): 46

Coating solution (g): 1202

2.3.3 Coating procedure

Four hundred grams of pellets were coated in each run. The equipment was set up and 

the pellets placed inside the coating chamber as soon as the optimum conditions were 

achieved. The coating cycle lasted 115 minutes in total, with four samples of 

approximately 10 grams each being withdrawn at equal time intervals i.e. at the time 

points 23, 46, 69, and 92 minutes after the start of the process. The samples were 

collected during the coating cycle by opening a small valve in the side of the chamber 

which allowed the pellets to flow out with minimum disruption of the process as a

whole. A computer was connected to the system to monitor the conditions throughout

the run.

2.4 CHARACTERIZATION OF PELLETS

2.4.1 Size:

2.4.1.1 Sieve analysis

A nest of British Standard sieves were used to size the pellets. The series followed a 

V2 progression with mesh apertures from 0.5 mm upto 4 mm, and these were placed
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in ascending order on top of a base sieve. After placing a weighed quantity of pellets 

on the top sieve, the sieve nest was mechanically agitated for 10 minutes using an 

Endecotts test sieve shaker [Endecotts Ltd, London, UK].

The 1 .0 -1 .4mm sieve fraction of pellets was collected for use in all further work for 

the duration of this project.

2.4.1.2 Ring gap sizing

The instrument used was as described by Nystrom and Stanley-Wood [1976] (see 

section 1.2). However, in this study the material was fed manually, ensuring that 

individual particles were delivered onto the sizing table. The sizing table was mounted 

on an electromagnetic vibrator [Vibro EM-03, Dynapac AB, Sweden] imparting a 

vertical vibration of frequency 6000/min. The voltage applied controls the amplitude 

of vibration ; the optimum setting was found to be at 140V and thus all subsequent 

experiments were carried out at this voltage.

A 4 gram sample of pellets from each batch was measured and repeated. During the 

process the sample was separated into collection tubes, each with a size range of its 

own according to its position around the sizing table, and then each fraction was 

weighed (± O.Olg).

Studies were carried out on both uncoated and final coated pellets (thickest coat 5). 

The size distributions of each batch were plotted on graphs of mean minimum 

dimension (thickness) in microns against cumulative percentage undersize. From 

these graphs the interquartile range and the median value of thickness were obtained.

2.4.1.3 Image analysis:

2.4.1.3.1 Dimensions of pellets

The image analysis system as described in section 2.4.2.4 was used to obtain 

measurements of length, breadth and thickness for 30 pellets randomly selected from 

each batch (for both uncoated and final coated (coat 5) pellets). This was achieved by 

attaching the pellets to a cubic holder and measuring length and breadth from one 

profile, following which the holder was rotated through 90° and length and breadth 

were measured again. The lowest value was then taken as the thickness of the particle.
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2.4.1.3.2 Coat thickness

Coated pellets were photographed in cross-section using an epifluorescence 

microscope [Axioplan, Zeiss, Germany]. The cross-sections were made by hand using 

a simple micro-lathe under a microscope. The photographs were taken at a 

magnification of 200x with a lens of 0.5 numerical aperture, on 160T colour film. A 

scale was also photographed under the same conditions. This scale was then placed 

under the camera of the image analysis system described in section 2.4.2.3 for 

calibration purposes, and the negatives were used for measurements of coat thickness. 

Three different samples per batch of each coat thickness were looked at, and five 

measurements were taken from each sample.

2.4.2 Shape:

2.4.2.1 Visual assessment

After production, the pellets were visually classed as being either round, oval, 

dumbbell shaped or cylindrical.

2.4.2.2 Scanning electron microscopy

Pictures of the pellets and their surfaces were taken using this technique. Sample 

pellets were mounted on aluminium stubs using double-sided adhesive tape and then 

gold sputter coated for ~ 2 minutes [Emitech 550]. The scanning electron microscope 

used was a Phillips XL20 [Phillips Analytical, U.K.].

2.4.2.3 Two-dimensional image analysis using shape factor cr

The measurements were carried out using an Image Analyser [Seescan Solitaire 512, 

Seescan, Cambridge, UK] connected to a black and white camera [CCD-4 miniature 

video camera module, Rengo Co. Ltd., Toyohashi, Japan] and a zoom lens [18- 

108/2.5, Olympus, Hamburg, Germany] as described by Podczeck and Nevyton 

[1994].

For each batch 30 pellets were chosen randomly and fixed on a clean microscope slide 

with the aid of double-sided adhesive tape. Working in a darkened room, the slide was 

placed on a light box under the camera attached to the image analyser and the zoom 

lens brought into focus. The system was calibrated using a calibration standard and
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then the threshold level (contrast between the image and the background) was 

adjusted so that the best possible image was seen. Next, the option 'kill small' was 

selected on the programme to erase the image of any small particles that may have 

been stuck to the sellotape. The image of each pellet was then selected in turn, which 

prompted the programme to measure parameters such as length, breadth, perimeter 

and radii at 1 ° angles from the centre of gravity of the pellet to its perimeter. From 

these measurements the mean radius and standard deviation, the variation coefficient 

of the radius (an indication of roughness), aspect ratio, perimeter and e^ shape factor 

were calculated for each batch and subsequently printed out on the attached printer.

2.4.2.4 Three-dimensional image analysis using the shape factor ec3

The three-dimensional shape evaluations employed the same equipment as in the two- 

dimensional studies [see section 2.4.2.3], except the light source was changed to a 

toplight rather than a lightbox. However there were also some differences in the 

measuring procedure and in the computer software used to calculate the shape factor. 

Firstly the sample preparation differed; in this case the pellets were mounted on a 

black rectangular holder (50 x 2 x 2 mm) with the help of an adhesive. Care was taken 

to use the minimum amount of adhesive possible so as not to affect the outline of the 

image. Also the pellets had to be stuck in their most stable resting positions, and not 

lying beyond the edge of the holder. Fifteen pellets were attached on each holder and 

30 pellets were measured per batch. The measuring process basically followed the 

same steps as in the two-dimensional technique, only this time the analysis was 

carried out twice for each particle; first with the holder positioned so that the particles 

were facing upwards (directly under the light and camera), then rotated through 90° 

so that the particles had their side profiles exposed to the camera above (see figure 

2.1). The measurements obtained included two sets of length, breadth, aspect ratio, 

perimeter and estimated perimeter. From these the value o f the roughness e„, 

ellipticity ei, and shape factor Cc3 were calculated for each batch.
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camera direction

\ / \ /

■
Figure 2.1 The two positions from  which the image analysis measurements were made 

by turning the sample holder through 90°.

2.4.3 Density:

2.4.3.1 Bulk/tapped density studies

A mechanical tapping device or jolting volumeter [Eberhard Bauer D7300, Germany], 

was used to follow the change in packing volume which takes place when void space 

decreases and consolidation occurs.

Weighed pellets (approximately 80 g) were placed in a 100 ml measuring cylinder 

with an inner diameter of 25 mm, and tapped by means of a constant velocity rotating 

cam. The starting volume was recorded, followed by the volume at 10, 50, 100, 500 

and 1000 taps. From this, the increases from an initial bulk density Do, to a final bulk 

density Df, were calculated using D = M/V.

For each batch of pellets the study was carried out twice, on uncoated pellets as well 

as the equivalent coated batch with the thickest coat (coat 5).

Statistical analysis of the results was undertaken; for each batch, the values of bulk 

density for coated and uncoated pellets were compared using a simple t-test (p = 0.05). 

In addition, an analysis of variance between all the batches (coated and uncoated) 

using the F-test was carried out.

2.4.3.2 Apparent density studies

The apparent/true densities of the pellets were determined using the technique of 

helium pycnometry. A weighed amount of pellets/powder [electronic balance HA-
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180M, A&D Co. Ltd., Japan] were placed in the sample cell of a fully automated gas 

displacement pycnometer [AccuPyc 1330, Micromeritics, Norcross, USA]. For each 

batch, two samples were weighed out and analysed. The equipment was programmed 

to perform ten purges (sample clean up and air removal from within the chamber) 

prior to carrying out five runs to collect data. Values for the volume measured on each 

run, the corresponding calculated density and deviation, as well as the average 

volume, density and standard deviation were recorded for each sample. Mean values 

were then calculated from the results of both samples of pellets.

Measurements were carried out on all uncoated pellets, first intact and then crushed 

using a mortar and pestle, as well as on final coated pellets (coat 5) of all batches. In 

addition, the apparent densities of the raw materials in the pellet formulation were 

measured as well as a powder mix of the materials in the proportions used in the 

coating formulation (3 samples each).

2.4.3.3 Effective density studies

A measure of the effective density of the pellets was obtained during the mercury 

penetration experiments for determining the porosity of the pellets. These are 

described in section 2.4.4.

2.4.4 Porosity measurements

The principle of mercury intrusion was used in determining the porous properties of 

the uncoated pellets. This technique involves applying pressure to force mercury into 

inter- and intra-particular voids/pores in the pellet sample under vacuum. The 

pycnometer apparatus used was as described by Strickland et al [1956]. It consisted of 

a calibrated precision stem of a glass sample cell with a ground glass joint and a tap. 

One end of the stem was dipped into a container of mercury and the other end was 

connected with rubber tubing to a vacuum pump and a simple manometer (see figure
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Figure 2.2 Diagram o f  the pycnometer used in porosity determinations.

The whole assembly was placed in a laminar flow cabinet and all work was carried 

out wearing gloves and an air mask fitted with a mercury filter. The procedure for the 

experiments was as follows.

First the empty sample chamber and tap assembly were lightly greased with silicon oil 

and securely fitted together with a plastic closure. After being rinsed out with ether 

(for the oil) and ethanol (for the mercury), and dried with compressed air, this 

assembly was weighed. The sample chamber was then filled with a pellet sample of 

known weight (approx. 2g) and placed in position with its lower end immersed in the 

container of mercury. Using the vacuum pump, air was evacuated from the system, 

and then mercury was flushed in by opening the tap. The mercury level was allowed to 

rise as high as possible on the scale of the stem and then the tap was closed to give a 

steady initial reading. Subsequent readings were taken at a range of increasing 

pressures, 90, 170, 230, 470 and 740 mmHg. On completion of the readings, pressure 

was released from the system and the pump was switched off. Excess mercury in the 

lower part of the assembly below the tap was allowed to run out and then the sample 

chamber containing mercury and pellets was weighed. Finally the assembly was 

dismantled and cleaned thoroughly.
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The weights and scale readings were processed using a computer to determine the 

mercury intrusion volume and thus the sample’s effective density. Apparent density 

values of crushed pellets obtained from helium pycnometry studies (see section 

2.4.3.2) were used to calculate the porosity of the pellet sample.

Three pellet samples from each batch were measured in order to determine the mean 

porosity of all uncoated batches.

2.4.5 Surface area measurements

I ’he air permeability equipment was set up as illustrated in figure 2.3.

vacuum pump

flow

meter

readout of flow

11

overflow protection

<-------  column/ pellet bed

greased connection

scale

Figure 2.3 D iagram  o f the steady-state perm eam etry apparatus used in determ ining  

surface area.

A weighed amount of pellets were used to form a bed of 60 cm height, in a 

cylindrical container of known dimensions (2.1 cm diameter). This was then attached 

to a Blaine apparatus used as a manometer to detect the pressure drop over the granule 

bed. A vacuum pump [Vacuubrand GmbH Co., Wertheim/Main, Germany] was used 

to reduce the pressure under the bed and the pressure drop was recorded. The air 

velocity was measured and controlled with a flow meter [Brooks 5850E series, Brooks 

Instruments BV, Veenendaal, the Netherlands], using a digital display unit [Ashdown 

Process Control Ltd., Folkstone, U.K.]. The flow meter range was from 50 ml/min. up 

to 2500 ml/min. A series of manometer readings were taken at increasing flow meter 

settings (from 2% to 100%), and the Kozeny-Carmen equation (see section 1.7, 

equation 1.13) was used to calculate surface area by both weight and volume. In the
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calculations, i) the value for aspect ratio was taken as 5.8 as suggested by Eriksson et 

al [1993] when working with similar particles, ii) the apparent density measured by 

helium pycnometry was used for material density values, and iii) pellet density values 

were those obtained from mercury penetration studies.

Three samples of all uncoated and final coated (coat 5) batches were measured.

2.4.6 Surface roughness:

2.4.6.1 Roughness by image analysis

Whilst analysing the shape of the pellets as described in section 2.4.2.2, a measure of 

the roughness of the surface of the pellets was also obtained. The overall three- 

dimensional shape factor Cc3 [Podczeck and Newton 1995] was split up into its two 

components, ellipticity (ci) and surface roughness (en), and these were considered 

separately.

2.4.6.2 Laser profilimetry

Surface roughness studies on both uncoated and coated pellets were carried out using 

an UBM-Laser Profilimeter [UBM Microfocus Measuring System, UBM MeBtechnik 

GmbH, Ettlingen, Germany]. An area in the centre of the top of the pellet was scanned 

in 3-dimensional mode with a laser spot of 1 pm diameter and a sensor aperture of 

53°. A measurement range o f ± 500 pm was chosen to work with and was found to be 

adequate for the surfaces under scrutiny. For both the uncoated pellets and the coated 

pellets, an area of 0.2mm x 0.2mm was scanned with the x-resolution set at 1000 

points/mm and y-resolution set at 500 points/mm. The coated pellets however, were 

first coated with a fine gold layer (sputtered as in scanning electron microscopy 

samples) in order to overcome the transparency of the film coat. All scanning was 

done at a set speed of 100 points/sec.

Five pellets of each type were measured and the software calculated standard surface 

roughness parameters for each: rugosity (Ra), standard deviation of the height 

distribution (Rq), maximum peak (Rt) and average peak-to-valley ratio (Rtm).
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2.4.7 Drug release characteristics

Dissolution profiles of all uncoated and coated batches of pellets (all levels of coating 

thickness) were obtained. The tests were carried out in accordance with the 

requirements set out in the United States Pharmacopoeia, US? XXI (1985) for the 

assessment of solid dosage forms. The equipment used was a Pharma Test Dissolution 

Tester [Type PTWII, Pharma Test Apparatebau, Hamburg, Germany], which 

conformed to the specifications described for Apparatus 2, that with a paddle stirring 

element. This continuous flow-through system was attached to a UV 

spectrophotometer [Ultrospec II, LKB 4052 TDS version, LKB Biochrom Ltd., 

Cambridge, England] set at a wavelength of 257 nm, and a computer [Victor V286, 

Datatronic Data AB., Stockholm, Sweden] running a tablet dissolution software 

program.

The procedure for each dissolution test was as follows.

Nine hundred millilitres of dissolution medium (deionised water) were placed in each 

dissolution vessel and maintained at 37° ± 0.5°, with a paddle rotation speed of 100 

rpm. The UV spectrophotometer was adjusted with the dissolution medium so that 

each cell read zero. Next, 200 mg of pellets for each sample were weighed out and 

placed in each dissolution vessel, and the software program was started immediately. 

Readings of absorbance were taken automatically every 15 minutes for upto a 

maximum of 24 hours or until it was seen that 100 % drug release had been achieved. 

At that point the absorbance values were printed out on the attached printer.

For all uncoated batches of pellets six samples were measured, whereas for all coated 

batches three samples were measured.

The absorbance data was subsequently transferred (typed in manually) onto another 

computer loaded with a program to calculate statistical moments. Data was entered 

until 100% drug release time point or at least till over 90% drug release in cases where 

there was a very long ‘tail’ release. The mean dissolution time (MDT), variation in 

dissolution time (VDT), area under the dissolution curve (AUC) and the relative 

dispersion coefficient (RD) were calculated using pragmatic plane geometry 

[Podzceck 1993].
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2.5 FILLING OF PELLETS INTO CAPSULES

These studies were undertaken in two stages; first the pellets were filled into hard 

gelatin capsules and then the filled capsules were weighed.

Empty size 0 hard gelatin capsules [Capsugel, Colmar, France] were weighed on a 

capsule weighing machine [KWS 12-S, Harro Hofliger, Allmersbach im Tal, 

Germany]. The upper limits and lower limits were set at 96 and 94 mg respectively.

All the batches of pellets (uncoated and thickest coat, coat 5) were filled into these 

capsules using an intermittent motion 3-head capsule filling and closing machine 

[KFM III, Harro Hofliger, Allmersbach im Tal, Germany] with a pellet filling station 

as illustrated in figure 2.4.

Metering slid

Cepeuie body

Figure 2.4 P elle t fillin g  station  on the KFM III capsule f illin g  and closin g  machine.

The machine was fitted with three pellet dosators of volume 0.53 cm^ and set at a 

capsule filling rate of 100 x 3 capsules per minute. The filling time was 

approximately 5 minutes for each batch, thus producing at least 1500 capsules each. 

The initial few capsules filled were discarded, after which the rest were collected for 

weight checking.

The filled capsules were then weighed on a capsule weighing machine [KWS 12-S, 

Harro Hofliger, Allmersbach im Tal, Germany]. Only six of the twelve weighing cells 

available were used. The upper limit (of capsule plus contents) was set at 500 mg, and 

the lower limit was set at 400 mg. The target count was set at 800 capsules i.e. the

69



weighing continued until at least 800 capsules of the correct weight range were 

counted. Empty or under-filled capsules were automatically discarded.

2.6 STATISTICAL EVALUATION OF RESULTS

In order to determine the statistical importance of any results gained, several tests 

were employed. In general, where all the different pellet batches were to be compared, 

an analysis of variance was carried out using the F-test at a 5% confidence level. This 

method of analysis calculates an F value for each combination of results to be 

compared, and if  this F value exceeds that of the tabulated F value (at the appropriate 

number of degrees of freedom), then the results are said to be significantly different 

from each other. The analysis of variance (ANOVA) only holds true when the 

variances of the populations being compared are similar although the literature has 

shown ANOVA not to be very sensitive to inhomogenous variances.

Where uncoated and coated pellets results were compared, an unpaired t-test 

(Student’s test) was applied to test the significance. A paired t-test was also used 

where applicable. For checking the validity of the t-test, first an F-test was used to test 

the variances of the populations. Where the F-test showed significantly different 

variances, a Welch test was used to compare results.

Another statistical test used wâs Spearman’s rank test which is a non-parametric test 

for comparing the rank orders of two sets of measured properties.

This is a non-parametric test that is used to check for the existence of any correlation 

between the rank orders of two. Each set of values is ranked in increasing order of 

magnitude with the highest being given the rank number 1 and so on. Equation 2.1 

may then be applied.

= 1 -  - 7-T---- r (equation 2.1)
n[n - I j

where rs is the rank correlation coefficient, d is the difference between the rank orders, 

and n is the number of samples.
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CHAPTER 3; RESULTS AND DISCUSSION

3.1 PRODUCTION OF PELLETS

3.1.1 Preliminary investigations

The basic formulation: paracetamol 10%

glyceryl monostearate 16%

Avicel PHlOl (MCC) 50%

barium sulphate 24%

water: MCC ratio 1.2 : 1.0

produced spherical granules that were visually acceptable, with a narrow size 

distribution having over 95% of the pellets in the size fraction 1.0 - 1.4 mm.

Numerous experiments were then performed involving changes in the formulation, 

equipment or method of production, with a view to producing pellets of differing 

shape and/or surface characteristics, all with their largest sieve size fraction in the 1.0 

- 1.4 mm range.

Variations tried included

* changes in the formulation - using different water contents

- using mixtures of water and alcohol as the 

binder

- using a different type of Avicel

- leaving out excipients, or changing their levels

* changes in the equipment - using the Lloyd extruder

- using an oscillating granulator

- using different spheronisation plates

* changes in the production process - using different spheronisation times

- using different extrusion rates

- direct spheronisation of wet mass after mixing.

3.1.2 Selection of final batches for further work

After visual assessment of the product sieve analysis was carried out, and a final 

selection of eight batches was made with which to proceed further.
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Table 3.1 provides a summary to show the differences in formulation and production 

between the selected batches and a guide to their nomenclature throughout the 

duration of this work.

Batch Name Formulation Visual Shape Manufacture

SP PGAB(1.2) spherical extruded 

with varying 

water 

contents

o v PGAB(l.O) oval

DU PGAB(0.8) dumbbell shaped

LD PGAB(0.7) long dumbbells

CY PGAB(1.2) cylindrical

extruded, then short 

spheronisation 

(10 seconds)

AL PGAB(1.1*) spherical

extruded with water 

(70%) + alcohol 

(30%) as binder

GR PGAB(1.15) spherical granulated, then 

spheronised

DS PG A B(l.l) spherical

directly spheronised 

i.e. not extruded or 

granulated

Table 3.1 Summary o f  the eight batches chosen fo r further work, with 

P=paracetamol, G=glyceryl monostearate, A= Avicel P H I01®, B^barium sulphate 

and the number within brackets (  ) indicating the ratio o f  water to Avicel.

* indicates the ratio o f  the binder solution i.e. water plus alcohol, to Avicel.

Scanning electron microscope pictures (SEM) were also taken of all the batches and 

are shown in figures 3.1a -3.16c.
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Figure 3.1a SEM  
o f  a single pellet 
o f  the SPO batch.

^  Figure 3.1b SEM  
%  o f  the surface o f  a 

SPO p e lle t (lower 
magnification).

Figure 3.1c SEM  
o f  the surface o f  a 
SPO p e lle t (higher 
magnification).
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Figure 3.2a SEM  
o f  a single pellet 
o f  the SP5 batch.

o f  the surface o f  a 
SP5 p e lle t (lower 
magnification).

(M

Figure 3 .2c SEM  
o f  the surface o f  a 
SP5 pellet (higher 

, /7?<:/g/7 i f  cat ion).
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Figure 3.3a SEM  
o f  a single pellet 
o f  the ALO batch.

_  ̂ Figure 3.3b SEM  
o f  the surface o f  a 
ALO pelle t(low er  
magnification).

Figure 3.3c SEM  
o f  the surface o f  a 
ALO p e lle t (higher 
magnification).
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' i

Figure 3 .4a SEM  
o f  a single p e lle t 
o f  the AL5 batch.

Figure 3.4b SEM  
o f  the surface o f  a 
AL5 p e lle t (lower 
magnification).

Acc.V SpotMagn Det WD I-------------
‘800kV30 1546X SE 26 1 372 AS

fM
-1 lOpn

Figure 3.4c SEM  
o f  the surface o f  a 
AL5 p e lle t (higher 
magnification).
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Acc V Spot Magn Det WD I---------
8 00 kV 4 0 38x SE 26 3 372 GO

Figure 3.5a SEM  
o f  a single pe lle t 
o f  the GRO batch.

o f  the surface o f  a 
GRO p e lle t (lower 
magnification).

Figure 3.5c SEM  
o f  the surface o f  a 
GRO p e lle t (higher 
magnification).
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Figure 3 .6a SEM  
o f  a single pe lle t 
o f  the GR5 batch.

o f  the surface o f  a 
GR5 p e lle t (lower 
magnification).

Figure 3 .6c SEM  
o f  the .surface o f  a 
GR5 p e lle t (higher 
magnification).
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Figure 3 .7a SEM  
o f  a  single pe lle t 
o f  the DSO batch.

Figure 3 .7b SEM  
o f  the surface o f  a 
DSO p e lle t (lower 
magnification).

% Figure 3. 7c SEM  
o f  the surface o f  a 
DSO p elle t (higher 
magnification).
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Figure 3.8a SEM  
o f  a single pellet 
o f  the DS5 batch.

Figure 3.8b SEM  
o f  the surface o f  a 
DS5 p e lle t (lower 
magnification).

1 figure J &' SEiVI 
o f  the surface o f  a 
DS5 p e lle t (higher 
magnification).
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Figure 3 .9a SEM  
o f  a single pellet 
o f  the O VO batch.

Figure 3 .9b SEM  
o f  the surface o f  a 
OVO p e lle t (lower 
magnification).

%

mm
cc.V Spot Magn 

8 00 kV 3.0 1546X
Det WD I—
SE 25.9 372

4  o f  the surface o f  a 
OVO pelle t (higher 
magnification).
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Figure 3.10a SEM  
o f  a single pelle t 
o f  the 0 V 5  batch.

CC.V Spot Magn 
8.00 kV 4.0 386x

Det WD
SE 26.4 372 O!

Figure 3.1 Ob SEM  
o f  the surface o f  a 
OV5 pelle t (lower 
magnification).

Figure 3.1 Oc SEM  
o f  the s urface o f  a 
0 V 5  pellet (higher 
magnification).

82



Figure 3.1 l a  SEM  
1 o f  a single p e lle t 
 ̂ o f  the DUO batch.

Figure 3.11b SEM  
o f  the surface o f  a 
DUO p e lle t (lower 
magnification).

Figure 3. l i e  SEM  
o f  the surface o f  a 
DUO pelle t (higher 

] magnification).
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Figure 3 .12a SEM  
o f  a single p e lle t 

Ï o f  the D U 5 batch.

Figure 3.12b SEM  
\ o f  the surface o f  a 

D U 5 pellet (lower 
magnification).

Fzgwrg /2c .9/rM
o f  the surface o f  a 
D U 5 pelle t (higher 
magnification).
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8 00 kV 5.0 38x SE 26 4 372 LO

Figure 3.13a SEM  
o f  a  single pe lle t 
o f  the EDO batch.

AccV SpotMagn Del WD
8 0 0 k V 5  0 386X SE 26.4 372 LO

Figure 3.13b SEM  
o f  the surface o f  a 
LDO p e lle t (lower 
magnification).

Figure 3.13c SEM  
o f  the surface o f  a 
LDO pelle t (higher 
magnification).
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Figure 3.14a SEM  
o f  a  single pe lle t  
o f  the LD5 batch.

o f  the surface o f  a 
LD5 pellet (lower 
magnification).

Figure 3 .14c SEM  
o f  the surface o f  a 
LD5 pellet (higher 
magnification).

86



Acc V Spot Magn Det WD |-------
8 00 kV 5.0 37x SE 26 6 372 CO

Figure 3 .15a SEM  
o f  a single p e lle t
oyf/zg cyo

Acc V Spot Magn Det WD |— -----
8.00 kV 5.0 386X SE 26 6 372 CO

Figure 3.15b SEM  
o f  the surface o f  a 
CYO p e lle t (lower 
magnification).

o f  the surface o f  a 
CYO p e lle t (higher 
magnification).
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Figure 3.16a SEM  
o f  a  single pe lle t 
o f  the CY5 batch.

Figure 3 .16b SEM  
o f  the surface o f  a 
CY5 pellet (lower 
magnification).

Figure 3 .16c SEM  
o f  the surface o f  a 
CY5 p e lle t (higher 
magnification).
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3.2 COATING OF PELLETS

3.2.1 Selection of coating solution

A desired final coat thickness of 20 pm was chosen. Using the mean diameter of the 

pellets (~1 mm), surface area (~30 cm^/g), a calculated volume of coating layer (0.06 

cm^/g), and a density of approx. 1.3 g/cm^, the amount of coating material per gram of 

pellets was found to be 0.078 g/g of pellets. With a total batch size o f 400 g of pellets, 

35 g of film former was required (including losses).

Initially it was decided to apply a 3% solution of ethyllcellulose in ethanol, with 

povidone (PVP) as the water soluble material required to create pores in the film; 

starting with 25% PVP in the formulation.

After performing some dissolution studies it was found that the release rate of the 

pellets coated with 3% ethylcellulose solution including 25% PVP did not differ 

sufficiently from that of the uncoated pellets i.e. the PVP content was too high. 

Therefore new coating solutions containing 20% PVP and 15% PVP were tested, and 

finally a solution containing 17.5% PVP was selected as appropriate for the coating 

studies.

3.2.2 Selection of process parameters

Due to the presence of glycerol monostearate in the pellet formulation (with a melting 

point of ~ 55°C), a low inlet air temperature o f 50°C was chosen to work with. 

Equipment settings to match this had to determined. At this lower temperature, drying 

efficiency would be decreased and therefore the spray rate had to be decreased. This 

led to a new combination o f atomising flow, atomising pressure and pump speed. 

Trial runs were carried out to determine the maximum spray rate at which 

agglomeration of pellets did not occur. The final process parameters are shown in 

section 2.3.2.

There was a problem with low yield o f the coating material being approximately 70% 

instead of > 90%. On checking the recovery of pellet material by fluidising pellets 

without spraying any solution, it was found that pellet material was being lost as dust 

in the initial stage of the process before the pellets were fully covered with coating 

solution - this accounted for the low calculated yield of coating material at the end of 

the process.
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3.3 CHARACTERIZATION OF PELLETS

3.3.1 Size:

3.3.1.1 Sieve analysis

The 1.0- 1.4 mm size fraction was collected for all batches chosen for further work. 

The selected batches had more than 95% of pellets within this size range.

3.3.1.2 Ring gap sizing

Pellet
Batch

Interquartile Range of 

Thickness Values/ pm

Median Thickness
(D5o)/pm

Mean Thickness / pm
Increase in 

Mean 
Thickness 

from 

Uncoated to 

Coated/ pmUncoated Coated Uncoated Coated Uncoated Coated

SP 96.5 110 1045 1127.5 1081.2 1122.4 41.2

AL 116 140 1112.5 1171 1145.6 1203.9 58.3

GR 125 126.5 971.5 1015 1021.6 1065.4 43.8

DS 151.5 160 993 1053 1046.8 1106.0 59.2

OV 100 112.5 1093.5 1170 1132.5 1209.5 77.0
DU 72.5 88.5 1087.5 1150 1123.6 1188.3 64.7

LD 82.5 75 1025 1087.5 1066.2 1129.3 63.1
CY 62 86 911 946 948.4 993.6 45.2

Table 3.2 The thickness ofpellet formulations (uncoated and fina l coated) as 

determined by the ring gap sizer.

The results o f measuring the thickness of the uncoated and final coated pellets by the 

technique o f ring gap sizing are shown in table 3.2. Previously, Nystrom and Stanley- 

Wood [1976; 1977], showed that the ring gap sizing technique measured the 

minimum dimension of a particle, even when compared with microscopy and sieving 

techniques.

The interquartile range (IQR) provides a single number to describe the distribution of 

the values and indicates the range of thickness values over which 50% of the pellets 

are spread. The values of the IQR obtained for the uncoated and coated pellets do not 

differ greatly, with the coated value generally higher than the uncoated. Thus, looking 

at uncoated SP pellets for example, 1045 pm is the median value for thickness and
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50% of the pellets lie within a 96.5 fim range of this value. Remembering that the 

die/mesh used to extrude/granulate the pellets was 1000 pm in diameter it can be seen 

that the mean minimum dimensions measured are spread around this value. In fact 

only one batch, CY, has a mean thickness lower than this value, and since this batch 

had a reduced spheronisation time compared to the others, it could be concluded that 

during the spheronisation process the minimum dimension o f the extrudate or 

granulate is increased. This is in agreement with how the spheres are thought to be 

formed during spheronisation [Chapman 1985], starting from short chopped sections 

of extrudate being compressed and then rounded.

The increase in thickness from the uncoated pellets to coated pellets should be an 

indication o f the thickness o f the coating layer applied (double the value), and may be 

compared with the values for the final coat (coat 5) obtained by image analysis (see 

section 3.3.1.3.2).

3.3.1.3 Image analysis:

3.3.1.3.1 Dimensions of pellets

A complete list of length, breadth and thickness is included in Appendix A l. The 

values listed for each type of pellet are the calculated means and standard deviations 

of 30 pellets per batch measured by image analysis as described in section 2.4.2.4. The 

increasing coating layers applied are reflected by increasing dimensions. As the ring 

gap sizing studies showed [section 3.3.1.2], the values for thickness of uncoated 

pellets are all around 1000 pm which was the diameter of the die/mesh used to 

extrude/granulate the pellets, although the values obtained by ring gap sizing are 

generally lower than those measured by image analysis. In addition, the values 

obtained for the breadth and thickness of uncoated batches support the method by 

which the pellets were selected i.e. sieving, which is a function of these two 

dimensions only in the case of square apertures [Allen 1990]. Thus the measured 

dimensions fall within the 1.0-1.4 mm sieve size range. The length, on the other hand, 

does not hinder the passage of a particle through an aperture and thus these values are 

higher and up to twice the thickness values in the most extreme elongated batch (CY).
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3.3.1.3.2 Coat thickness

The coat thickness results presented in table 3.3 are the mean values calculated from 

15 measurements (five each from three samples), and their standard deviations.

The film coating was performed with the aim of applying a final layer o f about 20 pm 

thick on the pellets and as can be seen from the values obtained for the thickest coat, 

coat 5, this was achieved. The samples were withdrawn at 23 minute intervals, and 

figure 3.18 shows that the coat thickness increased steadily with the longer coating 

times. An analysis o f variance found that within each batch, there was a statistically 

significant increase in thickness between each successive coating layer, with the 

exception o f the DS2 + DS3 pellets. Comparing all eight batches at each coating level 

showed that all coat 1 pellets i.e. the thinnest layer, had a similar thickness. The 

increasingly thicker coats 2 , 3 , 4  and 5 however, showed some significant differences 

between certain batches. The least differences were seen between the coat 5 pellets, 

i.e. the thickest coating layer was almost similar for all batches of pellets.

BATCH
Mean coat thickness/ gm ± SD

coat 1 coat 2 coat 3 coat 4 coat 5

SP 6.29 ±1.16 8.96 ±2.06 12.82 ±2.39 15.04 ±2.20 22.90 ±4.88

AL 5.69 ±1.16 10.23 ±1.95 14.21 ±1.86 19.84 ±2.88 26.38 ±3.68

GR 5.50±1.12 8.24 ±1.56 12.18 ±2.63 18.45 ±3.54 22.15 ±3.06

DS 6.35 ±1.36 11.56 ±2.51 13.33 ±2.82 20.48 ±3.60 25.63 ±4.12

OV 5.91 ±0.91 9.48 ±1.22 15.47 ±5.40 19.73 ±3.06 23.84 ±6.45

DU 5.16 ±0.76 10.33 ±2.90 16.09 ±2.49 21.80 ±3.74 25.42 ±5.99

LD 5.90±1.17 8.98 ±1.29 13.53 ±3.01 21.83 ±3.77 27.97 ±4.57

CY 6.09 ±1.45 8.39 ±1.79 11.16±1.89 16.26 ±3.91 23.24 ±3.54

Table 3.3 Coat thickness assessed by dimensional changes from  image analysis.

As described in section 2.4.1.3.2, the thickness of the coating layer on the surface of 

the pellets was measured from the images of sliced pellets showing the coating layer 

clearly differentiated from the core of the pellet. Examples of sections of a rounded 

pellet batch (SP), and an elongated pellet batch (LD) are shown in figures 3.17a and 

3.17b. Although only part of the outlines of the pellets are presented here, it was noted 

that the coating layer was unbroken and complete in all pellets examined.
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Figure 3.17a A series o f  negatives showing sections o f  b isected  pe lle ts  o fS P l  - SP5 

with increasing coat thickness.

K O D A K  5 0 3 7  E P T  11 H  K O D A K  SO  7■ ■ ■ ■ ■ ■ ■ I

Figure 3 .17b A series o f  negatives showing sections o f  b isected  p e lle ts  o fL D l - LD5  

with increasing coat thickness.
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Coating tim e/m inutes

Figure 3 .18 Graph showing increase in coat thickness as a function  o f  coating time 

fo r  a ll p e lle t batches.

3.3.2 Shape:

3.3.2.1 Two-dimensional image analysis

In the following tables the results are shown separately for each batch of pellets, 

making comparison of the change in shape with increasing coat thickness easier. In 

addition, a table with the results obtained by performing an analysis of variance 

(ANOVA) is shown where appropriate. A calculated F value greater than the table F 

value (4.02), indicates a statistically significant difference between the two values 

being tested; where no value has been added in the ANOVA table no sigificant 

difference was found i.e. F value < 4.02.

Batch

Coefficient o f  

variation o f  the 

radius

Aspect ratio Shape factor Cr

SPO 4.312 (± 0 .7 4 6 ) 1.063 (± 0.035) 0.599 (± 0.096)

SPl 5.531 (± 1.311) 1.081 (± 0.053) 0.563 (± 0.102)

SP2 4.590 (± 0 .8 1 5 ) 1.065 (± 0 .0 3 6 ) 0.597 (± 0 .0 9 1 )

SP3 4.635 (± 1.066) 1.069 (± 0 .0 3 7 ) 0.578 (± 0.094)

SP4 5.271 (± 0.936) 1.091 (± 0 .0 2 9 ) 0.526 (± 0 .0 5 7

SP5 5.131 (± 1.138) 1.088 (± 0 .0 4 9 ) 0.547 (± 0 .1 1 1 )

Table 3.4a Changes in shape (2-dimensional) of the SP batch of granules

as a function of coating level, showing means and standard deviations.
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SPl SP2 SP3 SP4 SP5

SPO - - - 9.17 4.65

SPl - - - -

SP2 - 8.67 4.30

SP3 4.65 -

SP4 -

Table 3.4b ANOVA fo r  the er results shown in table 3.4 a showing values 

where F  is significant.

Table 3.4a includes the aspect ratios and coefficient of variation o f the radius as well 

as the shape factor cr for the SP series. The coefficient of variation or relative standard 

deviation of the radii measured at 1° angles, may give an indication of the roughness 

of the pellet surface. However, these values tend to increase as the pellets become 

more elongated (see results for other batches), which suggests that the elongation adds 

to the variation coefficient.

The aspect ratio has previously been shown to be less powerful than the shape factor 

Cr in distinguishing between shapes [Podczeck and Newton 1994], however, a perfect 

sphere would have an aspect ratio of 1.0 and the SP batches are fairly close to this 

value.

The shape factor cr was studied in greater detail and an analysis of variance was 

carried out. All the eR values are substantially lower than those obtained for ball 

bearings measured under similar conditions, ~ 0.55 compared to 0.75. The results 

indicate that the uncoated pellets of this formulation possess a 'better' shape than the 

coated batches since eR is greater i.e. closer to 1.0.

Table 3.4b shows the results of an analysis o f variance (ANOVA) of the shape factor 

Cr for the SP batches. It illustrates which batches are significantly different from each 

other. As can be seen the two thickest coats, SP4 and SP5, show the most differences 

and they had the two lowest values of or. Ranking the values gives SPO > SP2 > SP3 

> SPl > SP5 > SP4.
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Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

ALO 4.395 (± 1.081) 1.082 (±0.034) 0.561 (±0.072)

ALl 5.489 (± 1.400) 1.116 (±0.040) 0.488 (± 0.084)

AL2 5.404 (± 1.353) 1.110 (±0.053) 0.502 (±0.111)

AL3 5.288 (± 1.215) 1.100 (±0.047) 0.517 (±0.106)
AL4 5.106 (± 1.214) 1.105 (±0.044) 0.496 (± 0.085)

AL5 5.009 (± 1.027) 1.091 (±0.037) 0.532 (± 0.086)

Table 3.5a Changes in shape (2-dimensional) fo r  the AL batch o f  pellets 

as a function o f  coating level, showing means and standard deviations.

ALl AL2 AL3 AL4 AL5

ALO 9.51 6.21 - 7.54 -

ALl - - - -

AL2 - - -

AL3 - -

AL4 -

Table 3.5b ANOVA fo r  the eR results shown in table 3.5a showing values 

where F  is significant.

In the case o f the results for the AL batches presented in table 3.5a above, it can be 

seen that the coefficient of variation and aspect ratio values are not dissimilar from 

those for the SP batches, aspect ratios being slightly worse for AL pellets. This is in 

keeping with the shape factor cr values which are a little lower than those for the SP 

pellets.

The analysis o f variance results in table 3.5b show little difference between the 

batches, except for the uncoated batch ALO being significantly different from A Ll, 2 

and 4. This is reflected in the ranking of the er values: ALO > AL5 > AL3 > AL2 > 

AL4 > ALl.
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Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

GRO 5.562 (± 1.387) 1.105 (±0.060) 0.521 (±0.118)

GRl 5.303 (± 1.261) 1.086 (± 0.062) 0.552 (±0.124)

GR2 6.164 (± 1.553) 1.122 (±0.068) 0.477 (±0.126)

GR3 5.665 (± 1.484) 1.099 (±0.043) 0.509 (± 0.088)
GR4 5.515 (± 1.371) 1.102 (±0.047) 0.506 (± 0.085)

GR5 5.683 (± 1.458) 1.115 (±0.055) 0.481 (±0.099)

Table 3.6 Changes in shape (2-dimensional) fo r  the GR batch o f  pellets as 

a function o f  coating level, showing means and standard deviations.

The GR pellets had slightly higher values for the variation coefficients and aspect 

ratios than SP and AL pellets (see table 3.6) . Also the shape factor cr values were 

lower i.e. less spherical in shape than those for SP pellets. Considering the different 

coats of GR however, there was no significant difference in the values o f or between 

any of the batches when an analysis of variance was carried out. This implies that for 

this formulation there was no shape change when the uncoated pellets were coated 

with different thicknesses o f filmcoating.

Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

DSO 4.908 (± 0.943) 1.097 (±0.031) 0.520 (± 0.059)

DSl 5.284 (± 1.391) 1.096 (±0.050) 0.525 (± 0.083)
DS2 5.642 (± 1.237) 1.110 (±0.052) 0.496 (±0.104)

DS3 5.924 (± 1.288) 1.115 (±0.057) 0.487 (± 0.094)

DS4 4.753 (± 1.032) 1.081 (±0.031) 0.547 (± 0.078)

DS5 5.138 (± 1.227) 1.088 (±0.046) 0.538 (±0.109)

Table 3.7 Changes in shape (2-dimensional) for the DS batch o f granules

as a function o f coating level, showing means and standard deviations.
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Table 3.7 shows the results obtained for the DS batches of pellets. Being roughly 

spherical in shape when seen by the naked eye, as are SP, AL and GR, the values for 

the coefficient of variation, aspect ratio and shape factor cr for DS were 

approximately in the same range as the others. Again, there were no significant 

differences between the eR values for the different coats detected by ANOVA.

Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

OVO 8.238 (± 1.626) 1.217 (±0.063) 0.364 (± 0.065)

OVl 8.212 (± 1.840) 1.220 (±0.053) 0.349 (± 0.060)

0V2 7.989 (± 1.800) 1.203 (±0.057) 0.366 (± 0.064)

0V3 7.404 (± 1.893) 1.190 (±0.051) 0.381 (±0.065)
0V4 7.253 (± 1.527) 1.184 (±0.053) 0.393 (± 0.066)

0V5 7.511 (± 1.380) 1.201 (± 0.048) 0.374 (± 0.058)

Table 3.8 Changes in shape (2-dimensional) fo r  the OV batch o f  pellets 

as a function o f  coating level, showing means and standard deviations.

The OV batch is oval in shape and this deviation from the spherical shape is reflected 

in the results shown in table 3.8. There is an increase in the coefficient of variation 

and aspect ratio values compared to the previous more spherical batches. In addition 

the shape factor cr is worse, i.e. lower in value, and there were no statistically 

significant differences detected by an analysis of variance between the different coat 

thicknesses in terms of shape.

Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

DUO 19.612 (±2.405) 1.445 (±0.099) 0.152 (±0.064)

DUl 15.966 (±2.013) 1.381 (±0.097) 0.204 (± 0.062)

DU2 16.032 (± 3.489) 1.376 (±0.099) 0.203 (± 0.072)

DU3 17.362 (±2.973) 1.413 (±0.082) 0.174 (±0.047)
DU4 15.719 (±3.148) 1.384 (±0.096) 0.199 (±0.064)

DU5 14.948 (± 3.335) 1.333 (±0.074) 0.233 (± 0.065)

Table 3.9a Changes in shape (2-dimensional) for the D U  batch o f pellets

as a function o f coating level, showing means and standard deviations.
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DUl DU2 DU3 DU4 DU5

DUO 10.29 9.90 - 8.40 24.96

DUl - - - -

DU2 - - -

DU3 - 13.24

DU4 4.40

Table 3.9b ANOVA fo r  the results shown in table 3.9a showing the 

significant F  values.

The results for the DU pellets are presented in table 3.9a, and again they indicate a 

large deviation from sphericity, with high coefficients o f variation for the radius and 

aspect ratios greater than 1.0. The shape factor Cr is also very low compared to that of 

a perfect sphere (1.0). Table 3.9b shows the results of an analysis o f variance study 

carried out on the shape factor cr values, and highlights the significant differences 

between batches. Clearly, it is mainly the uncoated pellets which differ from the 

coated batches (with just one exception), as well as DU5 the thickest coated pellets. 

Ranking the values shows that the significant differences occur between the extreme 

values: DU5 > DUl > DU2 > DU4 > DU3 > DUO.

Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

LDO 27.002 (± 3.464) 1.590 (±0.173) 0.062 (± 0.084)

LDl 25.037 (± 2.947) 1.541 (±0.125) 0.069 (± 0.064)
LD2 25.341 (±3.023) 1.590 (±0.129) 0.055 (± 0.054)

LD3 26.089 (± 2.738) 1.661 (±0.127) 0.026 (± 0.046)

LD4 26.539 (± 2.869) 1.656 (±0.101) 0.024 (± 0.044)

LD5 25.162 (±2.041) 1.590 (±0.089) 0.055 (± 0.034)

Table 3.10a Changes in shape (2-dimensional) for the LD batch o f pellets

as a function o f coating level, showing means and standard deviations.
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LDl LD2 LD3 LD4 LD5

LDO - - 6.05 6.74 -

LDl - 8.63 9.45 -

LD2 - 4.49 -

LD3 - -

LD4 4.49

Table 3.10b ANOVA o f  cr results shown in table 3.10a showing significant 

F  values.

LD is an elongated batch and thus the results for these pellets in table 3.10a are poor 

in terms of sphericity. The coefficients of variation and the aspect ratios are both high. 

The shape factor cr values are also very low, although still greater than zero. The 

ANOVA for the eR results are shown in table 3.10b and there are some significant 

differences but no apparent trends. Ranking the actual values gives: LDl > LDO > 

LD2 > LD5 > LD3 > LD4.

Batch
Coefficient of 

variation of the 
radius

Aspect ratio Shape factor Cr

CYO 31.458 (±4.882) 1.804 (±0.263) -0.042 (± 0.075)
CYl 32.464 (± 3.079) 1.862 (±0.186) -0.063 (± 0.043)
CY2 32.963 (± 2.985) 1.835 (±0.177) -0.061 (±0.051)
CY3 32.992 (±3.312) 1.824 (±0.196) -0.061 (±0.050)
CY4 31.645 (±2.459) 1.790 (±0.186) -0.041 (±0.053)
CY5 32.786 (± 2.744) 1.784 (±0.226) -0.051 (±0.061)

Table 3.11 Changes in shape (2-dimensional) fo r  the C Y batch o f  pellets 

as a function o f  coating level, showing means and standard deviations. 

Table 3.11 shows the results for the CY pellets. In this case the pellets were extremely 

elongated and thus the coefficients of variation of the radius and the aspect ratios are 

higher than those for any of the other formulations. In fact the aspect ratios are nearly 

double those expected for an ideal sphere. The shape factor cr values are all negative
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and thus indicate a very large deviation from the spherical shape; none of the batches 

were statistically significantly different from each other.

ALO GRO DSO OVO DUO LDO CYO

SPO - 13.8 14.2 125.5 454.1 655.3 933.7

ALO - - 88.2 380.1 565.8 826.3

GRO - 56 309.4 478.8 720.3

DSO 55.3 307.7 476.7 717.7

OVO 102.1 207.3 374.6

DUO 18.4 85.5

LDO 24.6

Table 3.12 ANOVA fo r  the shape factor eR o f  all uncoated pellet batches showing the 

significant F  values.

Table 3.12 gives an overview of an analysis of variance carried out on the eR shape 

factor results of all the uncoated batches. It illustrates the significant differences 

between the various batches and, as can be seen, just a few batches (SPO+ALO, 

GRO+ALO, DSO+ALO and DSO+GRO) were not significantly different from each other 

whilst the rest showed large differences, especially the CY batch.

Ranking the eR values of all the uncoated batches gives: SPO > ALO > GRO > DSO > 

OVO > DUO > LDO > CYO.

When comparing the eR values for all the fully coated pellets i.e. coat 5 of all batches, 

the ANOVA produced similar results with only SPO+ALO, SPO+DSO, and DSO+ALO 

not showing significant differences.

Ranking the eR values of all the fully coated batches gives: SPO > DSO > ALO > GRO 

> OVO > DUO > LDO > CYO.

3.3.2.2 Three-dimensional image analysis

The results have been tabulated (mean ± standard deviation) separately for each batch, 

listing the two components ellipticity and roughness o f equation 1.6 (see section 1.3), 

as well as the overall shape factor Cc3. Additionally, the results of an analysis of 

variance study (ANOVA) are shown where appropriate. These were done by applying
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the F-test: a calculated F value greater than the table value o f 4.02 indicates a 

statistically significant difference between the results being tested; where no 

significant difference was found, no F value appears in the ANOVA table.

Batch Roughness Ellipticity Shape factor ê j

SPO 0.912 ±0.023 0.532 ±0.103 0.380 ± 0.094
SPl 0.913 ±0.018 0.645 ±0.101 0.268 ± 0.096
SP2 0.918 ±0.019 0.637 ± 0.099 0.280 ± 0.093
SP3 0.930 ±0.016 0.628 ±0.104 0.302 ± 0.097
SP4 0.934 ±0.014 0.669 ±0.103 0.265 ± 0.094
SP5 0.924 ± 0.022 0.612 ±0.088 0.312 ±0.085

Table 3.13a Changes in shape (3-dimensional) fo r  SP batch o f  pellets 

as a function o f  coating level, showing means and standard deviations.

SPl SP2 SP3 SP4 SP5
SPO 21.64 17.25 10.5 22.81 7.98
SPl - - - -
SP2 - - -
SP3 - -
SP4 -

Table 3.13b ANOVA o f  shape factor Ccs results shown in table 3.13a 

showing the significant F  values.

SPl SP2 SP3 SP4 SP5
SPO 19.22 16.6 13.87 28.26 9.64
SPl - - - -
SP2 - - -
SP3 - -
SP4 4.89

Table 3.13c ANOVA o f ellipticity results shown in table 3.13a

showing the significant F values.
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SPl SP2 SP3 SP4 SP5

SPO - - 13.56 20.26 6.03

SPl - 12.1 18.46 5.06
SP2 6.03 10.71 -
SP3 - -
SP4 4.19

Table 3.13d ANOVA o f  roughness results shown in table 3.13a 

showing the significant F  values.

Tables 3.13a-d show the results of the 3-dimensional image analysis o f the SP pellets, 

and also the analysis of variance of each parameter separately.

Considering roughness first: a totally smooth sphere would have a roughness value of 

1.0, and any roughness on the surface would lead to a decrease in this value (see 

section 1.3). Podczeck and Newton [1995] showed that ball bearings had a measured 

roughness of 0.973 ± 0.005 and the values obtained for the SP batches indicate that 

they are not very rough in comparison. The roughness does however, differ 

significantly between certain batches as illustrated in table 3.13d. Ranking the actual 

values: SP4 > SP3 > SP5 > SP2 > SPl > SPO (SPO thus being the roughest), shows 

that the significant differences do not only occur between neighbouring values.

The ellipticity values on the other hand, are very much higher for the pellets, being 

-0.6 for SP batches compared to 0.25 for ball bearings, bearing in mind that a perfect 

sphere would exhibit no elliptical tendency at all. The ANOVA results show that it is 

mainly the uncoated SPO pellets that are significantly different from the coated 

batches.

This trend is repeated when analysing the shape factor Cc3 results. The measured 

values are low compared to those obtained with ball bearings (0.722 ± 0.016). This is 

a reflection of the high values o f ellipticity obtained for these pellets, since the ec3 

shape factor is a combination of ellipticity and surface roughness.
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Batch Roughness Ellipticity Shape factoreç3

ALO 0.914 ±0.013 0.489 ±0.081 0.425 ± 0.079

ALl 0.921 ±0.019 0.606 ± 0.089 0.316 ±0.083

AL2 0.927 ±0.014 0.653 ± 0.097 0.274 ± 0.095

AL3 0.929 ±0.013 0.623 ± 0.079 0.307 ± 0.077

AL4 0.926 ±0.015 0.633 ±0.102 0.294 ± 0.098

AL5 0.924 ±0.012 0.576 ±0.114 0.347 ±0.109

Table 3.14a Changes in shape (3-dimensional) fo r  the AL batch o f  

pellets as a function o f  coating level, showing means and standard 

deviations.

ALl AL2 AL3 AL4 AL5

ALO 21.57 41.4 25.28 31.16 11.05

ALl - - - -
AL2 - - 9.68

AL3 - -
AL4 5.1

Table 3.14b ANOVA o f  shape factor Ccs results shown in table 3.14a 

showing the significant F  values.

ALl AL2 AL3 AL4 AL5

ALO 23.01 45.22 30.19 34.86 12.73
ALl - - - -

AL2 - - 9.97

AL3 - -
AL4 5.46

Table 3.14c ANOVA o f  ellipticity results shown in table 3.14a 

showing the significant F  values.
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ALl AL2 AL3 AL4 AL5

ALO - 12.03 16.02 10.25 7.12

ALl - 4.56 - -
AL2 - - -
AL3 - -
AL4 -

Table 3.14d ANOVA o f  roughness results shown in table 3.14a 

showing the significant F  values.

Tables 3.14a-d present the results for the AL batches. They seem to be similar to those 

for the SP batches in terms of roughness, ellipticity and overall shape. Again it seems 

to be mainly the uncoated pellets that are significantly different from the coated when 

ANOVA was carried out on the values of Cc3 and ellipticity results (higher Cc3, lower 

ellipticity). The roughness values also show some statistically significant differences 

between certain batches as seen in table 3.14d.

Batch Roughness Ellipticity Shape factor ec3

GRO 0.904 ±0.018 0.543 ±0.103 0.361 ±0.099

GRl 0.923 ±0.018 0.611 ±0.114 0.313 ±0.105
GR2 0.920 ±0.014 0.596 ±0.107 0.324 ±0.101
GR3 0.915 ±0.015 0.600 ±0.103 0.315 ±0.099
GR4 0.918 ±0.014 0.591 ±0.143 0.327 ±0.142

GR5 0.920 ±0.017 0.582 ±0.119 0.338 ±0.114

Table 3.15a Changes in shape (3-dimensional) o f  the GR batch o f  

pellets as a function o f  coating level, showing means and standard 

deviations.

GRl GR2 GR3 GR4 GR5
GRO 20.91 14.83 7.01 11.35 14.83

GRl - - - -

GR2 - - -
GR3 - -
GR4 -

Table 3.15b ANOVA o f roughness results shown in table 3.15a

showing the significant F values.

105



The 3-dimensional image analysis results for the GR batches are shown in table 3.15a. 

There were no significant differences found by ANOVA amongst the ellipticity or Cc3 

values i.e. all batches were similar in those respects. The roughness however, did 

present differences with the uncoated pellets being significantly rougher than any of 

the coated batches, as demonstrated by table 3.15b.

Batch Roughness Ellipticity Shape factor ec3

DSO 0.904 ±0.017 0.432 ± 0.092 0.473 ± 0.090
DSl 0.921 ±0.017 0.599 ± 0.094 0.322 ± 0.089
DS2 0.915 ±0.016 0.591 ± 0.086 0.324 ± 0.080
DS3 0.924 ±0.015 0.569 ± 0.092 0.355 ± 0.090
DS4 0.918 ±0.015 0.558 ±0.116 0.359 ±0.112

DS5 0.923 ±0.013 0.627 ± 0.084 0.297 ± 0.082

Table 3.16a Changes in shape (3-dimensional) o f  the DS hatch o f  

pellets as a function o f  coating level, showing means and standard 

deviations.

DSl DS2 DS3 DS4 DS5
DSO 41.22 40.13 25.17 23.49 55.99
DSl - - - -
DS2 - - -
DS3 - 6.08
DS4 6.95

Table 3.16b ANOVA o f  shape factor Ccs results shown in table 3.16a 

showing significant F  values.

DSl DS2 DS3 DS4 DS5
DSO 46.77 42.39 31.47 26.62 63.76
DSl - - - -
DS2 - - -
DS3 - 5.64
DS4 7.98

Table 3.16c ANOVA o f ellipticity results shown in table 3.16a

showing significant F values.
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DSl DS2 DS3 DS4 DS5

DSO 17.9 7.49 24.77 12.14 22.36
DSl - - - -
DS2 5.02 - -
DS3 - -
DS4 -

Table 3.16d ANOVA o f  roughness results shown in table 3.16a 

showing significant F  values.

DS is the fourth of the visually 'round' formulations and the values of roughness, 

ellipticity and ec3 are thus comparable to the previous formulations studied. The 

analyses of variance showed that in the case o f the ellipticity as well as the overall 

shape factor, it was mainly the uncoated pellets that were less elliptical and thus more 

spherical, than the coated batches. The thickest coat DS5 was also significantly 

different (lower ecs, higher ellipticity) to DS3 and DS4.

Batch Roughness Ellipticity Shape factor ec3

OVO 0.929 ±0.016 0.742 ± 0.085 0.188 ±0.082
OVl 0.935 ±0.126 0.722 ± 0.075 0.213 ±0.068
0V2 0.937 ±0.017 0.690 ± 0.086 0.247 ±0.081
0V3 0.932 ±0.016 0.707 ± 0.079 0.226 ± 0.078
0V4 0.935 ±0.016 0.703 ± 0.071 0.232 ± 0.063

0V5 0.932 ±0.015 0.637 ± 0.084 0.295 ± 0.075

Table 3.17a Changes in shape (3-dimensional) fo r  the OVbatch o f  

pellets as a function o f  coating level, showing means and standard 

deviations.

OVl 0V2 0V3 0V4 0V5

OVO - 9.33 - 5.19 30.68
OVl - - - 18.02

0V2 - - 6.17

0V3 - 12.76
0V4 10.64

Table 3.17b ANOVA o f  shape factor Ccs results shown in table 3.17a

showing significant F values.
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OVl 0V2 0V3 OV4 0V5
OVO - 6.31 - - 25.72
OVl - - - 16.85

0V2 - - 6.55
OV3 - 11.43
OV4 10.16

Table 3.1 le  ANOVA o f  ellipticity results shown in table 3.17a 

showing significant F  values.

The OV pellets are slightly elongated in shape and this is reflected in the values 

obtained for ellipticity and shape factor Cc3 for these batches, shovm in table 3.17a 

above. Ellipticity values are higher than any of those measured for the previous more 

rounded formulations. The ANOVA, table 3.17c, showed the thickest coat, 0V5, to be 

significantly less elliptical than all other batches, i.e. better shape factor Cc3. The ec3 

ANOVA showed a similar trend (table 3.17b). No significant differences were found 

by ANOVA within the roughness values i.e. all OV batches had similar surfaces.

Batch Roughness Ellipticity Shape factor

DUO 0.931 ±0.017 0.986 ± 0.077 -0.055 ± 0.070
DUl 0.939 ±0.014 0.855 ± 0.083 0.085 ± 0.079
DU2 0.940 ±0.013 0.878 ± 0.067 0.062 ± 0.067
DU3 0.942 ±0.015 0.903 ± 0.075 0.039 ± 0.069
DU4 0.934 ±0.016 0.887 ±0.058 0.047 ± 0.056
DU5 0.943 ±0.011 0.906 ± 0.059 0.037 ± 0.059

Table 3.18a Changes in shape (3-dimensional) fo r  D U  batch o f  pellets 

as a function o f  coating level, showing means and standard deviations.

DUl DU2 DU3 DU4 DU5
DUO 65.31 45.62 29.44 34.67 28.2

DUl - 7.05 4.81 7.68

DU2 - - -
DU3 - -
DU4 -

Table 3.18b ANOVA o f shape factor Ccs results shown in table 3.18a

showing significant F values.
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DUl DU2 DU3 DU4 DU5

DUO 51.87 35.25 20.83 29.62 19.34

DUl - 6.96 - 7.86

DU2 - - -
DU3 - -
DU4 -

Table 3.18c ANOVA o f  ellipticity results shown in table 3.18a 

showing significant F  values.

DUl DU2 DU3 DU4 DU5
DUO 4.59 5.8 8.67 - 10.32

DUl - - - -

DU2 - - -
DU3 4.59 -
DU4 5.8

Table 3.18d ANOVA o f  roughness results shown in table 3.18a 

showing significant F  values.

With the DU pellets, the ellipticity values increase once again compared to the OV 

batches, and the ec3 values decrease indicating a worsening sphericity (table 3.18a). 

According to the ANOVA results shown in tables 3.18b and c, it is DSO and DSl 

which are significantly different to the other batches. Looking at the ranking of the 

actual values, it is not surprising since they are the two extreme values, DUl having 

the highest shape factor and DUO having the lowest. Analysis of variance carried out 

on the roughness results highlighted some significant differences as seen in table 

3.18d, mainly the uncoated batch being less rough than the coated.

Batch Roughness Ellipticity Shape factor ec3

LDO 0.941 ±0.013 1.101 ±0.038 -0.160 ±0.035
LDl 0.945 ±0.016 1.051 ±0.047 -0.106 ±0.044

LD2 0.943 ±0.017 1.053 ±0.069 -0.110 ±0.063

LD3 0.940 ±0.015 1.055 ±0.037 -0.116 ±0.037
LD4 0.937 ±0.016 1.014 ±0.059 -0.077 ± 0.058

LD5 0.945 ±0.011 1.062 ±0.049 -0.118 ±0.049

Table 3.19a Changes in shape (3-dimensional) fo r  the LD pellet

batches as a function o f  coating level, showing means and standard

deviations.
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LDl LD2 LD3 LD4 LD5

LDO 18.4 15.77 12.22 43.47 11.13

LDl - - 5.31 -
LD2 - 6.87 -

LD3 9.6 -
LD4 10.61

Table 3.19b ANOVA o f  the shape factor ecz results shown in table 

3.19a showing significant F  values.

LDl LD2 LD3 LD4 LD5
LDO 14.36 13.24 12.16 43.48 8.74
LDl - - 7.87 -
LD2 - 8.74 -
LD3 9.66 -
LD4 13.24

Table 3.19c ANOVA o f  the ellipticity results shown in table 3.19a 

showing significant F  values.

Tables 3.19a-c show the results for the LD series. These pellets are extremely 

elongated, with ellipticity values greater than 1. This leads to negative ec3 values i.e. 

very large deviation from sphericity. ANOVA shows the same trends in differences 

for the shape factor Cc3 and ellipticity (tables 3.19b and c), mainly the uncoated pellets 

having a worse shape than the coated batches and LD4 having a better shape than all 

the others.

There were no significant differences between the roughness values obtained for 

different LD batches.
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Batch Roughness Ellipticity Shape factor ec3

CYO 0.929 ±0.018 1.193 ±0.054 -0.264 ± 0.055

CYl 0.938 ±0.017 1.105 ±0.048 -0.168 ±0.041

CY2 0.929 ±0.017 1.075 ±0.065 -0.146 ±0.059

CY3 0.931 ±0.020 1.087 ±0.053 -0.156 ±0.051

CY4 0.935 ± 0.022 1.090 ±0.061 -0.156 ±0.055
CY5 0.932 ±0.019 1.066 ±0.068 -0.134 ±0.061

Table 3.20a Changes in shape (3-dimensional) fo r  the CY batch o f  

pellets as a function o f  coating level, showing means and standard 

deviations.

CYl CY2 CY3 CY4 CY5

CYO 47.3 71.47 59.87 59.87 86.75

CYl - - - 5.93

CY2 - - -
CY3 - -
CY4 -

Table 3.20b ANOVA o f  shape factor Ccs results shown in table 3.20a 

showing significant F  values.

CYl CY2 CY3 CY4 CY5

CYO 33.83 60.83 49.09 46.35 70.47

CYl - - - 6.65

CY2 - - -
CY3 - -
CY4 -

Table 3.20c ANOVA o f  ellipticity results shown in table 3.20a 

showing significant F  values.

The CY series o f pellets were the most elongated pellets and thus have very high 

ellipticity values and very low ecs values as shown in table 3.20a. Tables 3.20b and c 

present the results of the analyses of variance carried out; again it is mainly the 

uncoated pellets that have a significantly worse shape than the coated pellets. 

Roughness was not found to differ significantly between batches o f CY.
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ALO GRO DSO OVO DUO LDO CYO

SPO 4.97 - 21.25 90.55 464.81 716.29 1018.8

ALO 10.06 5.66 137.97 565.96 840.64 1166.1

GRO 30.81 73.52 425.1 666.8 959.5

DSO 199.52 684.8 984.3 1334.2

OVO 145.1 297.5 501.9

DUO 27.1 107.3

LDO 26.57

Table 3.21a ANOVA o f  shape factor ecs results o f  all uncoated batches showing 

significant F  values.

ALO GRO DSO OVO DUO LDO CYO

SPO 4.13 - 22.32 98.44 460.1 722.7 975.3

ALO 6.51 7.25 142.9 551.4 836.1 1106.3

GRO 27.5 88.4 438.1 695 943.1
DSO 214.5 685.1 999.1 1292.8

OVO 132.9 287.7 454

DUO 29.52 95.65

LDO 18.89

Table 3.21b ANOVA o f  ellipticity results o f  all uncoated batches showing significant 

F values.

ALO GRO DSO OVO DUO LDO CYO

SPO - - - 14.77 18.44 42.97 14.77
ALO 5.11 5.11 11.5 14.77 37.24 11.5

GRO - 31.93 37.24 69.94 31.93
DSO 31.93 37.24 69.94 31.93

OVO - 7.36 -
DUO 5.11 -
LDO 7.36

Table 3.21c ANOVA o f  roughness results fo r  all uncoated batches showing 

significant F  values.

Tables 3.21a-c present the results of an analysis o f variance o f ec3, ellipticity and 

roughness, comparing all the batches of uncoated pellets. The ellipticity and the
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overall shape, ec3, both showed that all batches differed significantly from each other 

in these respects except for SPO and GRO. Again these two parameters follow the 

same trends and differ from the roughness results; this could be due to the fact that 

pellets produced by extrusion/spheronisation tend to be elliptical and thus this 

component contributes more to the overall shape [Podczeck and Newton 1995]. Also, 

the surfaces of these pellets were not so rough (compared to ball bearing values), 

although most uncoated batches did differ significantly from each other with some 

exceptions.

AL5 GR5 DS5 0V5 DU5 LD5 CY5

SP5 - - - - 167.9 410.5 441.6

AL5 - 5.6 6.0 213.3 480.0 513.6

GR5 - 4.1 201.1 461.6 494.6

DS5 - 150.1 382.3 412.4

0V5 147.8 378.7 408.6

DU5 53.3 64.9

LD5 -

Table 3.22 ANOVA o f  shape factor ecs results fo r  all final coat batches (coat 5) 

showing significant F  values.

Table 3.22 shows the significantly different values for the ec3 shape factor in the case 

of the thickest coated pellets. When compared to table 3.21a, ANOVA results o f ec3 

for the uncoated, it is clear that there are many more insignificant results for the 

coated pellets; eight combinations were found to be insignificant compared to just 

one. Further, analyses of variance comparing the other coated batches showed three 

combinations to be insignificant for coat 1 pellets, five combinations insignificant for 

both coat 2 and coat 3 pellets, and four combinations insignificant for coat 4 pellets. 

These observations indicate that amongst the batches selected to work with in this 

study, by application of a thicker layer of filmcoating the differences in shape between 

the batches were reduced.

Looking at the 2-dimensional results and the 3-dimensional results together, the actual 

values for the 3-dimensional shape factor are always lower, thus indicating a less
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spherical shape. This is to be expected since this factor takes another dimension into 

consideration i.e. the thickness. It also makes this technique more powerful since ec3 

was able to distinguish with greater selection between more uncoated batches than eR 

(only one combination of formulations was insignificant compared to four).

However the two shape factors ranked the pellet shapes slightly differently. For or 

values of uncoated batches: SPO > ALO > GRO > DSO > OVO > DUO > LDO > CYO 

and for fully coated batches: SP5 > DS5 > AL5 > GR5 > 0V 5 > DU5 > LD5 > CY5. 

For the uncoated ec3 values: DSO > ALO > SPO > GRO > OVO > DUO > LDO > CYO 

and for the fully coated e&B: AL5 > GR5 > SP5 > DS5 > 0V5 > DU5 > LD5 > CY5. 

Thus in all cases the elongated batches OV, DU, LD and CY worsen in shape in that 

order. Keeping in mind that there are some statistically insignificant differences 

between the four rounder batches (SP, AL, GR and DS), the discrepancies in the rank 

orders obtained from the two shape factors are only minor.

3.3.2.3 Heywood’s shape coefficients

Using the individual values obtained for length, breadth and thickness using the 

image analysis system as described in section 2.4.2.4, the volume and surface 

coefficients [Heywood 1963] were calculated for all particles measured (see section

1.3 for the working equations). The means and standard deviations of these are 

presented in tables 3.23a and 3.24a respectively. As a reference for comparison 

purposes, a perfectly spherical particle i.e. equi-dimensional, would have a volume 

coefficient (k) o f 0.524 and a surface coefficient (f) o f 3.142.

By application o f a simple t-test (p = 0.05) it was found that the values o f f  and k for 

uncoated batches and final coat (coat 5) batches were all statistically significantly 

different from each other, with an exception in the case of the f  values for SPO and 

SP5.

An analysis of variance (ANOVA using the F-test) o f the volume coefficient, k, was 

performed for each coating level and the significant F values are shown in tables 

3.23b-e. For the uncoated pellets (table 3.23b), the trend is clear: all batches have 

similar volume coefficients except LDO, which differs significantly from all the 

others. No tables are presented for the coat 1 pellets (the thinnest coat) and coat 4 

pellets, since no significant differences were identified by the ANOVA. At the
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remaining coating levels (coats 2, 3 and 5, with ANOVA shown in tables 3.23c, d and 

e respectively), significant differences occur mainly with the elongated batches DU, 

LD and CY.

The values o f k obtained for the LD pellet batches are noticably higher than those of 

any other batches and this should indicate that LD batches are the most spherical i.e. 

their k values are closest to, or even higher than, Heywood’s chosen k value for a 

perfect sphere (0.524). However this was obviously not the case as seen from visual 

examination and SEM photos (see figures 3.13a - 3.14c), and thus this brings into 

question the suitability o f applying Heywood’s equations to shapes such as these. 

Perhaps the shape of the LD pellets is so far removed from that of a sphere, that the 

traditional Heywood’s equation does not hold, and this thus puts a limitation on its 

use.

The values obtained for the surface coefficient, f, were also compared using an 

analysis of variance and the significant F-values are shovm in tables 3.24b-g. In this 

case all the levels of coating seemed to show a similar trend regarding the significant 

differences when comparing the elongated batches (OV, DU, LD and CY) with all 

other batches. Very few significant differences appeared amongst the round batches 

(SP, AL, GR and DS).

Batch Heywood’s Volume Coefficient, k
Uncoated Coat 1 Coat 2 Coat 3 Coat 4 Coat 5

SP 0.492 ± 0.025 0.509 ±0.033 0.496 ± 0.023 0.505 ±0.034 0.505 ± 0.032 0.503 ± 0.027
AL 0.498 ± 0.023 0.513 ±0.029 0.504 ± 0.024 0.509 ± 0.026 0.515 ±0.025 0.512 ±0.019
GR 0.489 ± 0.024 0.511 ±0.026 0.507 ± 0.023 0.506 ± 0.024 0.499 ± 0.028 0.510 ±0.024
DS 0.504 ± 0.027 0.505 ± 0.027 0.508 ± 0.058 0.510 ±0.022 0.507 ± 0.023 0.508 ± 0.027
OV 0.492 ± 0.028 0.502 ± 0.020 0.504 ±0.015 0.500 ± 0.022 0.503 ± 0.023 0.502 ±0.015
DU 0.497 ± 0.074 0.506 ± 0.042 0.500 ± 0.026 0.487 ± 0.026 0.491 ±0.036 0.488 ± 0.030
LD 0.551 ±0.059 0.519± 0.052 0.527 ± 0.058 0.506 ± 0.044 0.503 ± 0.044 0.523 ± 0.045
CY 0.496 ± 0.070 0.498 ± 0.079 0.482 ± 0.063 0.480 ± 0.062 0.504 ± 0.070 0.485 ± 0.070

Table 3.23a Heywood’s volume coefficient, k, as a function o f  coating level, 

calculated using dimensions measured by image analysis.
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ALO GRO DSO OVO DUO LDO CYO

SPO - - - - - 24.4 -
ALO - - - - 19.7 -

GRO - - - 27.0 -

DSO - - 15.5 -
OVO - 24.4 -

DUO 20.5 -
LDO 21.2

Table 3.23b ANOVA o f  Heywood's volume coefficient (k), fo r  ail uncoated pellet 

batches showing significant F  values (Ftable (7,200) = 4.02).

AL2 GR2 DS2 0V2 DU2 LD2 CY2

SP2 - - - - - 8.7 -
AL2 - - - - 4.8 4.4
GR2 - - - - 5.7
DS2 - - - 6.1

0V2 - 4.8 4.4

DU2 6.6 -
LD2 18.4

Table 3.23c AND ^A o f  Heywood’s volume coefficient (k), fo r  all coat 2 pellet

batches showing significant F  values.

AL3 GR3 DS3 0V3 DU3 LD3 CY3

SP3 - - - - - - 7.6

AL3 - - - 5.9 - 10.3

GR3 - - 4.4 - 8.3
DS3 6.5 - 11.0

0V3 - - 4.9

DU3 4.4 -

LD3 8.3

Table 3.23d ANOVA o f Heywood’s volume coefficient (k), for all coat 3 pellet

batches showing significant F values.
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AL5 GR5 DS5 0V5 DU5 LD5 CY5

SP5 - - - - - 4.6 -

AL5 - - - 6.6 - 8.4

GR5 - - 5.6 - 7.2

DS5 - 4.6 - 6.1

OV5 - 5.1 -
DU5 14.1 -
LD5 16.6

Table 3.23e ANOVA o f  Heywood’s volume coefficient (k) fo r  ail fina l coated hatches 

(coat 5), showing significant F  values.

Batch Heywood’s Surface Coefficient, f

Uncoated Coat 1 Coat 2 Coat 3 Coat 4 Coat 5

SP 2.944 ± 0.080 2.937 ± 0.082 2.903 ± 0.060 2.935 ± 0.069 2.915 ±0.071 2.941 ±0.081

AL 2.960 ± 0.068 2.969 ± 0.063 2.923 ± 0.064 2.951 ±0.053 2.958 ± 0.074 2.979 ±0.071

GR 2.934 ± 0.069 2.959 ± 0.066 2.958 ± 0.072 2.954 ± 0.074 2.935 ±0.104 2.971 ±0.079

DS 2.993 ±0.071 2.952 ± 0.075 2.964 ± 0.058 2.978 ±0.051 2.974 ± 0.060 2.946 ± 0.066

OV 2.839 ±0.077 2.880 ± 0.059 2.905 ± 0.062 2.885 ±0.065 2.894 ± 0.066 2.928 ± 0.060

DU 2.646 ± 0.074 2.797 ±0.116 2.769 ± 0.070 2.718 ±0.067 2.740 ±0.071 2.719 ±0.053
LD 2.609 ± 0.096 2.641 ±0.086 2.650 ± 0.073 2.612 ±0.069 2.649 ± 0.082 2.637 ± 0.079

CY 2.382 ±0.082 2.530 ±0.107 2.535 ±0.088 2.520 ± 0.092 2.559 ±0.106 2.551 ±0.110

Table 3.24a Heywood’s surface coefficient, f  fo r  all batches as a function o f  coating 

level, calculated using dimensions measured by image analysis.

ALO GRO DSO OVO DUO LDO CYO

SPO - - 6.0 27.5 221.2 279.6 786.8

ALO - - 36.5 245.6 306.9 832.2

GRO 8.7 22.5 206.6 263.1 759.1

DSO 59.1 300.0 367.3 930.0

OVO 92.8 131.8 520.3

DUO - 173.6

LDO 128.4

Table 3.24b ANOVA o f Heywood’s surface coefficient (f) for all uncoated pellet

batches showing significant F values.
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ALl GRl DSl OVl DUl LDl CYl

SPl - - - 6.9 41.7 186.2 352.1

ALl - - 16.8 62.9 228.7 409.6

GRl - 13.3 55.8 215.0 391.2

DSl 11.0 51.1 205.6 378.5

OVl 14.6 121.4 260.4

DUl 51.7 151.5

LDl 26.2

Table 3.24c ANOVA o f Heywood’s surface coefficient (f) fo r  ail coat 1 pellet batches

showing significant F  values.

AL2 GR2 DS2 0V2 DU2 LD2 CY2

SP2 - 9.5 11.7 - 56.6 201.8 426.9

AL2 - 5.3 - 74.8 235.0 474.6

GR2 - 8.9 112.6 299.1 564.1

DS2 11.0 119.9 310.8 580.2

0V2 58.3 205.0 431.6

DU2 44.6 172.6

LD2 41.7

Table 3.24d ANOVA o f Heywood’s surface coefficient (f) fo r  all coat 2 pellet batches

showing significant F  values.

AL3 GR3 DS3 0V3 DU3 LD3 CY3

SP3 - - 5.9 8.0 150.3 333.1 549.8

AL3 - - 13.9 173.3 366.9 593.0

GR3 - 15.2 177.8 373.4 601.3

DS3 27.6 215.8 427.6 669.7

0V3 89.0 237.9 425.3

DU3 35.9 125.2

LD3 27.0

Table 3.24e ANOVA o f Heywood’s surface coefficient (f) fo r  all coat 3 pellet batches

showing significant F  values.
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AL4 GR4 DS4 0V4 DU4 LD4 CY4

SP4 4.2 - 8.0 - 70.3 162.4 290.9

AL4 - - 9.4 109.1 219.1 365.4

GR4 - - 87.3 187.7 324.5

DS4 14.7 125.7 242.4 395.3

0V4 54.4 137.8 257.6
DU4 19.0 75.2

LD4 18.6

Table 3.24f ANOVA o f  Heywood’s surface coefficient (f) fo r  ail coat 4 pellet batches 

showing significant F  values.

AL5 GR5 DS5 0V5 DU5 LD5 CY5

SP5 - - - - 126.0 236.2 388.8

AL5 - - 6.7 172.8 298.9 468.2

GR5 - 4.7 162.3 285.1 450.9

DS5 - 131.7 244.0 398.8
0V5 111.6 216.4 363.3

DU5 17.2 72.1

LD5 18.9

Table 3.24g ANOVA o f  Heywood’s surface coefficient (j) fo r  all fina l coated batches 

(coat 5), showing significant F  values.

Heywood’s surface and volume coefficients can also be combined as a surface to 

volume ratio (f/k), thus providing a single number with which to describe the shape of 

particles. Numerous authors have previously used this ratio to evaluate the shape of 

their particles [Rupp 1970, Nystrom 1978].

Using the values Heywood proposed for a spherical object, the ratio f/k for a perfect 

sphere = 5.996. This figure can be compared to those in table 3.25 which lists the 

calculated f/k values for all uncoated and coated pellet batches. All the batches 

produced values indicating them to be less than perfect spheres, with one exception 

being the batch o f uncoated GR pellets. Looking at the figures overall, for the four 

more ‘round’ batches o f pellets (SP, AL, GR, and DS), the f/k values o f the uncoated 

forms are better i.e. more spherical, than their coated forms; the converse is seen for 

the more elongated batches (OV, DU, LD, and CY), with their uncoated pellets 

exhibiting lower f/k values than the coated pellets.
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Pellet
Batch

Ratio ÊTc

Uncoated Coat 1 Coat 2 Coat 3 Coat 4 Coat 5

SP 5.984 5.770 5.853 5.812 5.772 5.847

AL 5.944 5.788 5.800 5.798 5.744 5.818

GR 6.000 5.791 5.834 5.838 5.882 5.825

DS 5.938 5.846 5.835 5.839 5.866 5.799

OV 5.770 5.737 5.764 5.770 5.753 5.833
DU 5.324 5.528 5.538 5.581 5.580 5.572

LD 4.735 5.089 5.028 5.162 5.266 5.042

CY 4.802 5.080 5.259 5.250 5.077 5.260

Table 3.25 Heywood's surface to volume ratio (f/k) fo r  ail pellet batches as a 

function o f  coating level.

Additionally, the Heywood coefficients were recalculated using the mean thickness 

values from the ring gap sizing studies with the mean length and breadth values from 

image analysis. The results are shown in table 3.26 .

In nearly all cases, the mean thickness measured by ring gap sizing was lower than the 

equivalent value from the image analysis (see section 3.3.1.2), which meant that the 

calculated shape coefficients were lower too.

Batch
Heywood’s Shape Coefficients (mean values)

Volume coefficient, k 
Uncoated Coated (coat 5)

Surface coefficient, f 
Uncoated Coated (coat 5)

SP 0.462 0.456 2.834 2.774

AL 0.467 0.485 2.845 2.880

GR 0.480 0.482 2.900 2.871

DS 0.452 0.492 2.802 2.892

OV 0.508 0.479 2.896 2.845

DU 0.502 0.454 2.662 2.615

LD 0.538 0.498 2.581 2.571

CY 0.503 0.458 2.402 2.485

Table 3.26 Heywood's shape coefficients fo r  uncoated and fina l coated pellets, 

calculated using thickness values measured by ring gap sizing and length and breadth 

values by image analysis.
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Finally to summarize the information gained from the different shape measurements 

i.e. the aspect ratio, the two-dimensional shape factor c r , the three-dimensional shape 

factor Cc3, and Heywood’s surface and volume coefficients.

The aspect ratio has previously been shown to be less powerful in discriminating 

between pellet batches than the others [Podzceck and Newton 1995; Podczeck et al 

1995], and thus looking at aspect ratio results may be misleading since so many values 

would be statistically insignificant. Similarly, the eR results for each pellet batch 

individually i.e. shape as a function of coat thickness, produced very few significant 

differences, and the batches GR, DS, OV and CY showed no significant differences 

between any coating levels. This would indicate that for these batches there was no 

change in shape, as measured by eR, when uncoated pellets were layered with 

increasing coat thicknesses. Significant differences were found when just the uncoated 

pellets of all batches were compared, with only four insignificant combinations. And 

similarly when comparing all the fully coated batches, there were only three 

insignificant combinations.

The ec3 shape factor however, only found the GR pellets having no significant 

differences between any coating levels, whereas the rest of the pellet batches showed 

certain trends. In general, the rounded batches (SP, AL and DS) indicated that their 

uncoated pellets had a better shape than coated pellets, and the elongated batches (OV, 

DU, LD and CY) showed that the shape improved when the pellets were coated. 

Comparing the uncoated pellets of all batches showed that ec3 differed significantly in 

all cases except for one combination (SPO + GRO). Looking at the fully coated batches 

in a similar manner showed eight combinations that were statistically insignificant 

(mainly amongst the rounder batches). Thus the conclusion could be drawn that 

coating reduced the shape differences between batches.

So, the three-dimensional ec3 was able to distinguish between more batches than the 

two-dimensional Or when comparing uncoated pellets of different shapes. However 

the combinations that the eR could not differentiate between were only amongst the 

rounded batches, and this was the same when fully coated pellets were compared. The 

ec3 values for fully coated pellets produced more insignificant combinations than the 

eR values and this would lead to conflicting conclusions being drawn depending which 

shape factor was employed. It would perhaps be logical to say that the ec3 is the
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preferred measure of shape since it is more discriminatory than cr in most cases, 

especially when comparing similar shaped pellets i.e. visually round. It also provides a 

clearer indication of the effect of coating different pellets i.e. for rounded batches the 

shape worsens when coated, and for elongated pellets the shape improves when 

coated.

This trend was also clearly shown by Heywood’s ratio of f/k (surface coefficient / 

volume coefficient). Heywood’s coefficients are also not as powerful as the ec3 shape 

factor, and mainly show significant differences amongst the elongated pellets. 

Additionally, the f  and k values present some misleading results due to the apparent 

unsuitability of applying Heywood’s equations to pellets so far removed from the 

ideal spherical shape.

3.3.3 Density:

3.3.3.1 Bulk/tapped density

Pellet Mean Untapped Density 
± standard deviation /g/cm̂

Mean Bulk Density at 1000 taps 
± standard deviation /g/cm̂

Batch Uncoated Coated (coat 5) Uncoated Coated (coat 5)

SP 0.879 ±0.012 0.869 ± 0.008 0.899 ± 0.002 0.874 ± 0.002

AL 0.821 ±0.033 0.847 ± 0.006 0.860 ± 0.009 0.844 ± 0.003

GR 0.824 ± 0.023 0.867 ± 0.002 0.866 ± 0.002 0.867 ± 0.002

DS 0.830 ±0.013 0.862 ± 0.002 0.873 ±0.011 0.864 ± 0.005

OV 0.835 ±0.013 0.849 ± 0.003 0.863 ±0.001 0.849 ± 0.003

DU 0.857 ±0.025 0.846 ± 0.000 0.894 ± 0.006 0.846 ± 0.000

LD 0.866 ±0.021 0.842 ±0.017 0.904 ± 0.006 0.847 ±0.011

CY 0.713 ±0.013 0.792 ± 0.003 0.772 ±0.013 0.792 ± 0.003

Table 3.27a Bulk density at 0 and 1000 taps fo r  uncoated and coated pellets.
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ALO GRO DSO OVO DUO LDO CYO

SPO 26.92 19.27 - 22.94 - - 285.44

ALO - - - 20.46 34.26 137.05

GRO - - - 25.56 156.37

DSO - - - 180.53

OVO - 29.75 146.55

DUO - 263.41

LDO 308.36

Table 3.27b ANOVA o f  bulk density at 1000 taps fo r  

uncoated pellet results shown in table 3.27a ( table F= 18.51).

AL5 GR5 DS5 0V5 DU5 LD5 CY5

SP5 39.74 - - 27.59 34.61 32.19 296.87

AL5 23.36 - - - - 119.38
GR5 - - 19.47 - 248.35
DS5 - - - 228.88

0V5 - - 143.45

DU5 - 128.74

LD5 133.56

Table 3.27 c ANOVA o f  the bulk density at 1000 taps fo r  

coated pellet results in table 3.27a (table F= 18.51).

Table 3.27a presents the bulk density results for uncoated pellets and final coated 

pellets before and after tapping. The analyses of variance of the tapped bulk densities 

highlight the values that were statistically significantly different from each other (see 

tables 3.27b and c). In particular, both CYO and CY5 had significantly lower tapped 

densities than all other batches which could be a consequence of their extreme 

deviation from the spherical shape leading to more irregular packing of particles.

A simple t-test at the 95% confidence level (with 2 degrees of freedom) was used to 

compare the mean bulk densities after 1000 taps of the uncoated and coated pellets of 

each batch; it showed that the tapped densities o f SP, OV, DU and LD were 

significantly lower after coating whereas GR, DS, AL and CY were not significantly 

different.
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Tap density studies reflect the packing properties of particles which affects the 

compressibility of a particle bed.

Kawakita's equation for the compression of powder solids is expressed by

C  a ab
[Yamashiro et al 1983] (equation 3.1)

where N is the number of taps, C is the degree of volume reduction and a and b are 

constants.

C is given by

C  = 0 N (equation 3.2)

where Vo is the initial apparent volume and Vn (cm ) is the volume at tapping number 

N.
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40000  - -

20000  ■ -

200 400 600 800 10000
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Figure 3.19 G raph show ing the relationship between tap number(N) an d change in 

volume(N/C).

Figure 3.19 shows a plot of N/C against N for all the uncoated batches of pellets and 

batch SP5 pellets. All the other coat 5 batches did not show a decrease in volume 

when tapped. The SP5 graph has a significantly higher gradient than the uncoated 

pellets, where the gradient is equal to the inverse of a. . This reflects the degree of
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volume reduction at the limit of tapping and represents the compactibility of the pellet 

bed i.e. SP5 is a less compressible batch than any of the uncoated batches.

Thus for the coated pellets, the majority of the batches immediately reached their 

minimum/equilibrium volume when poured into the cylinder. On the other hand, the 

uncoated pellet beds were consolidated by tapping. This could possibly be due to the 

change in surface properties or shape properties occurring when a film coat is applied. 

Denser packing could indicate less inter-particulate friction, or a more spherical shape. 

According to work carried out by Chapman [1985], tap density is not very sensitive to 

small changes in shape. Thus the packing properties of coated pellets may be 

explained by a change in surface properties. James [1983] studied friction at the 

tablet-metal interface and found it to be material dependant; in some cases smoother 

steel surfaces provided greater friction, and in other cases surfaces with extreme 

roughness (low or high) provided greater friction.

Similarly, in this study, the coated pellets have a different surface topography (see 

section 3.3.6); the fact that their pellet beds did not consolidate on tapping i.e. a more 

rigid structure, indicates an increased interparticular friction holding the pellets in 

place once poured into the container. This would also explain the decreased bulk 

densities (due to increased volume), recorded for some of the coated batches in 

comparison with the uncoated.

Ususally the lower bulk densities o f the coated pellets would indicate an increased 

voidage within the pellet bed. Voidage may be calculated using the effective particle 

density (from mercury pycnometry).

This is due to the relationship: bulk density a  true density,

or k = bulk density/ true density (equation 3.3)

where k is the packing fraction.

Also, e = 1 - k (equation 3.4)

where e is the bed porosity or fractional voidage (expressed as a %).

From a geometrical point of view, the most densely packed perfect spheres would 

have a bed porosity o f 26%, and the most loosely packed perfect spheres would have a
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bed porosity of 48% [Aulton 1988]. Using the above equations for those batches that 

exhibited a decrease in bulk density after coating (SP, OV, DU and LD), produced 

calculated voidages between 31 and 36%. However, the calculated voidage decreased 

from uncoated to coated pellets whereas for pellets with similar apparent/true 

densities, a decrease in bulk density always leads to an increase in voidage.This is not 

the case with the pellets in this work due to the apparent decrease in effective density 

of coated pellets measured by mercury pycnometry (the values used for true density 

term in equation 3.3). Those results are discussed further in section 3.3.1.3. Helium 

pycnometry studies showed a similar trend and are discussed in the next section.

3.3.3.2 Apparent/true density

Using the technique of helium pycnometry, apparent densities o f the powders used in 

the pellet formulations were measured and are shown in table 3.28 below. The 

reported values are slightly lower than the literature values which reflects the fact that 

apparent density, by definition, is always lower than the true density of a solid.

RAW MATERIAL MEASURED APPARENT 

DENSITY g/cm3
LITERATURE VALUE g/cm̂

Avicel PHlOl 1.5750 1.6180*
Paracetamol 1.2863 1.2930**

Barium sulphate 4.3819 4.25-4.5**

Glyceryl monostearate 0.9781 -
* from Handbook of Pharmaceutical Excipients (1986)
**from The Merck Index (1996).

Table 3.28 Apparent densities o f  the raw materials used in pellet formulations.

The calculated/theoretical apparent density of a mix in the following proportions: 

paracetamol 10%

Avicel PHlOl 50%

glyceryl monostearate 16% 

barium sulphate 24%

would be = 1.6298 g/cm^ using the measured apparent densities of the raw materials 

above. This is thus the theoretical apparent density for all the formulations tested.
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The materials used in the coating process were also studied, and the measured 

apparent density of a powder mix of ethylcellulose and povidone in the proportions

used for film coating the pellets was = 1.1114 g/cm^.

FORMULATION
APPARENT DENSITY (± SD) g/cm ^  

uncoated whole uncoated crushed coated pellets

SP 1.6246 (±0.0027) 1.6744 (± 0.0098) 1.5597 (±0.0179)
AL 1.6471 (±0.0017) 1.6668 (±0.0070) 1.5449 (±0.0007)
GR 1.6351 (±0.0009) 1.6631 (±0.0072) 1.5323 (±0.0014)

DS 1.6362 (±0.0005) 1.6612 (±0.0013) 1.5329 (±0.0025)

OV 1.6419 (±0.0010) 1.6721 (±0.0008) 1.4821 (±0.0023)

DU 1.5533 (±0.0002) 1.6594 (±0.0003) 1.4594 (± 0.0013)
LD 1.6365 (±0.0008) 1.6654 (±0.0087) 1.4897 (± 0.0027)

CY 1.6510 (± 0.0008) 1.7004 (±0.0080) 1.5575 (±0.0011)

Table 3.29a Measured apparent densities o f  uncoated and fu lly  coated 

pellets.

ALO GRO DSO OVO DUO LDO CYO
SPO 1706.3 371.6 445.7 1008.7 17182 477.3 2349
ALO 485.34 407.8 91.1 29718 378.7 51.3
GRO - 155.9 22608 6.61 852.1
DSO 113.4 23163 - 748.3
OVO 26517 98.3 279.1
DUO 23387 32238
LDO 708.6

Table 3.29b ANOVA o f  the results in table 3.29a fo r  uncoated whole pellets 
(table F=4.41).

ALO GRO DSO OVO DUO LDO CYO
SPO 6.81 15.06 20.55 - 26.54 9.56 79.74
ALO - - - 6.46 - 133.18
GRO - 9.34 - - 164.12
DSO 13.76 - - 181.27
OVO 18.73 5.14 95.15
DUO - 198.3
LDO 144.51

Table 3.29c ANOVA o f  the results in table 3.29a fo r uncoated crushed pellets 
(table F^4.41).
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AL5 GR5 DS5 0V5 DU5 LD5 CY5
SP5 25.46 87.25 84.1 1291.1 1169.2 569.5 -

AL5 18.45 17.02 953.99 849.61 354.13 18.45
GR5 - 707.1 617.65 210.9 73.81
DS5 716.18 626.15 215.89 70.91
0V5 - 145.64 1237.8
DU5 106.7 1118.5
LD5 534.25

Table 3.29d ANOVA o f  the results in table 3.29a fo r  coated pellets (coat 5) 
(table F=4.41).

The results in table 3.29a show that the crushed uncoated pellets had higher apparent 

densities than the uncoated whole pellets, which in turn were more dense than the 

coated pellets of the same batch. This reduction is a result of crushing the pellets 

which was intended to eliminate closed pores being included in the volume measured. 

In the case of the whole uncoated pellets, closed pores would have been included in 

the estimate of volume, and for the coated pellets perhaps the coating layer enclosed 

crevices on the surface forming additional closed pores. Also, the density of the 

coating material was lower than that of the pellet core which would further lower the 

total density.

Statistically the apparent density values are all different (as a result o f crushing and of 

coating), with the order uncoated crushed > uncoated whole > coated pellets, for 

pellets of the same batch. Tables 3.29b and c show that almost all the batches were 

significantly different from each other when whole, and after crushing there were less 

differences between batches i.e. the apparent densities were brought closer to each 

other.

The values of the crushed pellets would be expected to be closest to the true density of 

the formulation. However, the apparent densities measured were actually higher than 

the theoretical density calculated from the individual powders. The reason for this is 

unclear. Even when using the literature values for the individual powders (see table 

3.28) the calculated value (1.644) does not exceed the measured value.

For the coated pellets the analysis of variance again showed most o f the values to be 

significantly different (see table 3.29d).

The differences between the batches may be explained by them having different 

porosities (see section 3.3.4) and/or different internal structures, bearing in mind that
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the helium molecule is extremely small and can penetrate pores down to 1 Angstrom. 

It is unlikely to be a result o f inhomogenous mixing during preparation o f the pellets 

since the repeated measurements produced small standard deviations.

3.3.3.3 Effective density

Whilst determining the porosities of the pellets via mercury penetration studies as 

described in section 2.4.4, measurements o f effective density were also obtained. The 

results are presented in tables 3.30a and b below.

Batch Mean pellet density ± S.D. / g/cm̂  
uncoated pellets coated pellets

SP 1.4018 ±0.0059 1.3153 ±0.0080

AL 1.3437 ±0.0055 1.2609 ±0.0043

GR 1.3388 ±0.0028 1.2631 ±0.0047

DS 1.3549 ±0.0041 1.2884 ±0.0163

OV 1.3552 ±0.0153 1.2487 ±0.0202

DU 1.3138 ±0.0065 1.2348 ±0.0047

LD 1.3334 ±0.0132 1.2398 ±0.0069

CY 1.2979 ±0.1134 1.2141 ±0.0013

Table 3.30a Effective densities o f  uncoated and coated pellets 

determined by mercury penetration (n=3).

AL5 GR5 DS5 0V5 DU5 LD5 CY5
SP5 41.75 38.44 10.21 62.57 91.41 80.41 144.47
AL5 - 10.67 - 9.61 6.28 30.9
GR5 9.03 - 11.3 - 33.87
DS5 22.23 40.53 33.32 77.87
0V5 - - 16.89
DU5 - -

LD5 9.32

Table 3.30b ANOVA o f  the results in table 3.30a fo r  coated pellets (table F^7.71).
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An analysis of variance using the F-test to compare all the uncoated batches found no 

significant differences between the results i.e. all had similar effective densities. The 

coated pellets however did have some significant differences between most batches as 

shown in table 3.30b.

Comparing the uncoated results with the coated for each batch showed the coated 

values to be significantly lower on application o f a simple t-test (4 degrees of 

freedom, at the 5% level). This follows the same trend as seen with the helium 

pycnometry results in section 3.3.3.2 but the actual values obtained with the mercury 

pycnometer are lower than those obtained with helium. This is a consequence of the 

ability of helium to penetrate very small pores (down to 1 Angstrom), whereas 

mercury at 740 mmHg pressure can only enter pores down to 7.5 microns in size.

3.3.4 Porosity

Table 3.31a lists the porosities for all the uncoated pellets derived from measurements 

with mercury at 740 mmHg pressure. At this pressure mercury enters pores down to

7.5 microns in diameter which is small in comparison to the diameter of the pellets 

(-1000 pm) and thus the reported values can give a good estimate o f the porosities. 

The coated pellets were not measured since the film coat provided a non-porous layer. 

The values for the batches range from -16%  upto -  27%, and in this work the ‘round’ 

pellets appear to have lower porosities than the elongated batches.

Table 3.31b demonstrates which of the results are significantly different from others 

and it is clear that the two extreme values (for SPO and CYO) are different from all the 

other batches. The DUO batch, which had the second highest porosity value, was 

significantly different to all other batches except LDO. The only other combination of 

batches that was found to be statistically significant was LDO + DSO.

Ranking the porosity values of all batches gives:

CY > DU > LD > GR > AL > OV > DS > SP.
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Batch Mean porosity / % Standard deviation

SPO 15.97 0.39
ALO 19.14 0.28

GRO 19.16 0.17

DSO 18.14 0.21
OVO 18.61 0.81
DUO 20.46 0.35

LDO 19.61 0.72

CYO 26.8 0.59

Table 3.31a Porosities fo r  uncoated pellets.

ALO GRO DSO OVO DUO LDO CYO
SPO 61.88 62.66 29 42.92 124.14 81.59 722.25
ALO - - - 10.73 - 361.32
GRO - - 10.41 - 359.43
DSO - 33.14 13.31 461.81
OVO 21.08 - 413.04
DUO - 247.52
LDO 318.34

Table 3.31b ANOVA o f  the results in table 3.30a (tab le F^7.71).

In order to understand the possible reasons behind the different assessed porosities of 

the pellets, their preparation needs to examined.

The batch with the highest measured porosity, CY, was the only batch with a 

shortened spheronisation time (10 seconds compared with 10 minutes). This allowed 

the extrudate to be chopped into shorter lengths but was not long enough for any 

densification to take place . Thus any consolidation o f the powder mass occurred only 

during the extrusion process whereas all the other batches underwent a full 10 minutes 

of spheronisation. The batches DU and LD contained low proportions of water, 

producing very dry formulations which did not fully form spheres but had some 

degree of rounding. These then had similar porosity values, only exceeded by CY.

The batches GR, DS, OV and AL were found to have porosities that did not differ 

significantly from each other despite the variations in their production. GR was a 

granulated product, DS had no additional step between mixing and spheronisation.
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OV had a slightly lower water content and AL used a mixture of ethanol and water as 

its binder. However, they all underwent a 10 minute spheronisation stage which 

resulted in roughly spherical pellets, (with the exception of OV being oval), of similar 

porosity. This is in spite o f the inclusion o f alcohol in AL in order to attempt to 

change the porosity as other authors have demonstrated previously [Johansson et al 

1995].

The batch with the lowest porosity, SP, was the basic formulation on which the other 

formulations were based and its low porosity indicates that its water content was 

optimal for consolidation during spheronisation.

To sum up the results, the porosities of the pellets seemed to be most affected by the 

spheronisation process and the water content o f the formulation.

3.3.5 Surface area

These studies were carried out with the aid of a steady-state permeameter as described 

in section 2.4.5, using the Kozeny-Carman equation to calculate the specific surface 

area (see section 1.7, equation 1.13). This equation only holds if  the air flow through 

the bed of pellets is not turbulent. Eriksson et al [1993] calculated the Reynold's 

numbers for similar pellet batches using the same apparatus, and found that the low 

values obtained indicated mainly laminar flow. Also when plotting the pressure 

difference per unit length against air velocity a straight line indicates laminar flow, 

and this was found to be the case during the studies performed here. Figure 3.20 

presents the graph plotted for the three repeated samples measured for batch SPO. The 

slope of the graph gives the permeability coefficient which, in conjunction with the 

bed porosity, is used to calculate the permeametry surface area.
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Figure 3.20 Graph showing pressure difference per unit length (P/L) against air 

velocity fo r  SPO pellets.

The surface areas measured are presented in table 3.32a and are reported in terms of 

volume as well as per gram. Tables 3.32b-e show the findings of analyses of variance 

of these results. Notice that the ANOVAs for surface area by volume and weight are 

slightly different, probably due to the method of calculation: first the volume surface 

area was calculated using the Kozeny-Carman equation, then this value was divided 

by the apparent density of the batch to give the surface area in terms of weight. In 

section 3.3.3.2 it was shown that the apparent densities varied between the batches 

and this could give rise to the discrepancies here.

Nevertheless, the ANOVAs show most o f the surface area values to be significantly 

different from other batches. Also, by application of a simple t-test (p = 0.05), all 

uncoated pellets were seen to have significantly greater surface areas than the coated 

pellets of the same batch.

The decrease in surface area o f the coated pellets is of a far greater magnitude than 

would be expected purely as a direct result o f the increase in size after coating. This 

points to a change in surface characteristics upon coating of the pellets, perhaps a 

smoothening of the surface i.e. resulting in decreased surface area.

Another factor that influences the measurement of surface area is the bed porosity at 

which the permeability measurements are made [Kaye 1967]. This is not fully 

understood and since the Kozeny-Carman equation actually incorporates a porosity
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function it should be independent o f porosity. However it has been found that in 

general the measured surface area increases as porosity decreases, and it is 

recommended to operate within a restricted porosity interval. For the results presented 

here, the batches SP, OV, DU and LD were found to have lower bulk densities when 

coated i.e. increased bed porosity (see section 3.3.3.1) and these batches have lower 

measured surface areas here. This is thus not in keeping with the general trend found 

by others but the reason for this could be the change in the surface characeristics 

imparted by the coating layer.

Additionally, in these experiments the effective particle density as determined by 

mercury displacement was used in determining the porosity o f the pellet bed. This was 

as suggested by Eriksson et al in 1993, since the inter-particular pores would have a 

much greater influence on air flow than the intra-particular pores in such a system. 

Thus the effect o f the permeability o f the pellets themselves should not be a 

significant factor even though the uncoated pellets are porous and the coated pellets 

are not. However, the effective densities for the uncoated and coated batches differed 

significantly (see section 3.3.3.3), the coated pellets having lower values than the 

uncoated. Bearing in mind that a decrease in effective density would lead to an 

apparent decrease in the calculated surface area, it is perhaps not clear whether the 

permeametry results reflect a true decrease in the surface area o f the coated pellets 

compared to the uncoated, or whether it is a direct consequence of the lower effective 

density values.

Batch
Surface area by volume 

/ cm'*
Surface area by weight 

/ cmVg

U C U C

SP 47.33 ± 0.22 37.82 ± 0.29 28.27 ±0.13 24.25 ±0.18
AL 44.96 ±0.12 34.30 ±0.18 26.98 ± 0.07 22.20 ±0.11

GR 48.33 ± 0.34 38.80 ± 0.96 29.06 ± 0.20 25.32 ± 0.63

DS 47.26 ± 0.32 38.89 ±0.92 28.45 ±0.19 25.37 ±0.60
OV 43.25 ± 0.44 33.07 ±0.12 25.87 ±0.27 22.31 ±0.08
DU 41.17±0.41 31.16 ±0.47 28.81 ±0.25 21.35 ±0.32
LD 44.34 ± 0.30 33.16±0.15 26.62 ±0.18 22.26 ±0.10
CY 51.33 ±0.24 43.77 ±0.62 30.19± 0.14 28.10 ±0.40

Table 3.32a Surface areas o f  uncoated (U) and fu lly coated (C) pellets.
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ALO GRO DSO OVO DUO LDO CYO
SPO 85.57 15.09 - 253.78 577.1 152.34 243.21
ALO 172.5 80.45 44.63 218.2 - 85.57
GRO 17.35 392.62 778.7 242.23 137.15
DSO 244.91 563.7 129.94 252.04
OVO 65.48 18.07 993.85
DUO 152.34 1569.5
LDO 743.91

Table 3.32b ANOVA o f  surface area by volume results fo r  uncoated pellets 
(table F=7.71)

ALO GRO DSO OVO DUO LDO CYO
SPO 70.95 26.51 - 244.88 12.49 114.66 156.20
ALO 184.2 92.31 52.21 142.9 - 437.7
GRO 15.72 432.54 - 251.44 54.01
DSO 283.36 - 141.44 127.99
OVO 368.0 24.41 792.24
DUO 202.85 80.34
LDO 538.52

Table 3.32c ANOVA o f  surface area by weight results fo r  uncoated pellets 
(table F=7.71).

AL5 GR5 DS5 0V5 DU5 LD5 CY5
SP5 59.31 - - 108.28 212.65 103.86 169.53
AL5 96.81 100.63 - 47.35 - 429.39
GR5 - 157.33 279.56 152.0 118.43
DS5 162.2 286.03 156.78 114.28
0V5 17.44 - 548.77
DU5 19.28 761.9
LD5 538.77

Table 3.32d ANOVA o f  surface area by volume results fo r  coated (coat 5) 
pellets {table F =7.71).

AL5 GR5 DS5 OV5 DU5 LD5 CY5
SP5 46.87 12.84 14.02 42.1 94.16 44.25 166.39
AL5 108.8 112.2 - 8.17 - 389.88
GR5 - 101.44 176.55 104.77 86.78
DS5 104.7 180.85 108.08 83.81
0V5 10.34 - 375.87
DU5 9.31 510.89
LD5 382.35

Table 3.32e ANOVA o f surface area by weight results for coated (coat 5)
pellets (table F=7.71).
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Differences between the different batches would not be influenced by the effective 

density values, particularly for the uncoated pellets which were all found to have 

similar densities (see table 3.30a in section 3 .333). Thus the ANOVA results shown 

in table 3.32b present true significant differences in surface area between almost all 

uncoated batches. The varying values could be a result of different shape, size and/or 

surface characteristics of the batches. CY, the most elongated batch, had the largest 

surface area, followed by the four roughly spherical batches and then the other three 

elongated batches: CY > GR > SP > DS > AL > LD > OV > DU. In terms of 

dimensions, CY had the highest mean length and the lowest mean thickness measured 

by image analysis (see section 3.3.1.3.1 and Appendix I), and this could be the reason 

for the high measured surface area. However the other three elongated batches, despite 

having long lengths, were all found to have significantly lower surface areas than the 

more rounded batches. Since a perfect sphere has the minimum surface area and 

considering that a deviation from the spherical shape would usually increase the 

surface area, there must be another factor exerting its influence, this most likely being 

the surface roughness of the pellets. In particular the batch GR was seen to have the 

second highest surface area after CY although it is a nearly spherical batch with small 

dimensions. This is discussed in the next section, 3.3.6.

3.3.6 Surface roughness:

3.3.6.1 Image analysis

During the 3-dimensional shape analysis studies performed, a measure of surface 

roughness was also obtained as decribed in section 2.4.2.4. The complete results are 

shown in section 3.3.2.2 but table 3.33 below presents the results for the uncoated 

pellets and the final coated pellets (coat 5). A t-test was carried out (p = 0.05) to check 

whether the uncoated and fully coated results were significantly different or not, and it 

was found that only OV, LD and CY had similar roughness values for their uncoated 

and final coat batches. For the other batches the coated pellets were smoother than the 

uncoated. The values themselves are not very different when compared with the 

roughness value obtained by measuring steel ball-bearings o f 0.973 ± 0.005, keeping 

in mind that the theoretical range o f the value of roughness measured by this method 

is between 1.000 (perfect smoothness) and 0.000.
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Roughness

Batch Uncoated Coat 5 Significant difference

SP 0.912 ± 0.023 0.924 ± 0.022 YES

AL 0.914 ±0.013 0.924 ±0.012 YES

GR 0.904 ± 0.018 0.920 ±0.017 YES

DS 0.904 ±0.017 0.923 ±0.013 YES

OV 0.929 ±0.016 0.932 ±0.015 NO

DU 0.931 ±0.017 0.943 ±0.011 YES

LD 0.941 ± 0.013 0.945 ±0.011 NO

CY 0.929 ±0.018 0.932 ±0.019 NO

Table 3.33 Roughness measured by image analysis fo r  uncoated and fu lly coated 

pellets.

3.3.6.2 Laser profilimetry

The surface characteristics of the pellets were also studied using a laser profilimeter as 

described in section 2.4.6.2. Standard roughness parameters were obtained, including 

Ra or rugosity, the arithmetic average of the absolute values o f all points of the 

measured surface, Rq which is the root mean square o f all the points, Rt the largest 

measurement value, and Rtm which is the arithmetic average of the largest height 

difference in 25 rectangles after splitting the surface into a 5x5 grid (see section 1.4).

Batch Rugosity Ra /|im 
mean SD

Rq/̂ im 
mean SD

Max Peak Rt /̂ im 
mean SD

Rtm/pm 
mean SD

SPO 1.99 0.25 2.54 0.29 24.36 5.21 11.51 1.11
ALO 2.69 0.61 3.54 0.84 28.43 5.18 13.12 2.01
DSO 2.79 0.79 3.59 0.97 26.51 6.12 13.58 3.05
GRO 2.94 0.25 3.98 0.59 39.49 18.96 15.40 1.97

OVO 2.19 1.01 2.78 1.26 21.42 9.64 10.22 2.58
DUO 1.48 0.13 1.88 0.16 16.00 2.26 8.27 0.33

LDO 1.60 0.21 2.00 0.25 14.92 2.26 7.94 0.55
CYO 2.41 0.56 3.11 0.57 25.34 5.58 12.31 1.83

Table 3.34a Surface roughness parameters fo r  uncoated pellets expressed as the 

means and standard deviations.
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Uni of London pel 1ets Pharmaceutics 09.03.96
Nana Chopra uncoated spheres ZUS4R

I

100 pm

O pm 

50 pm

O .ZO mm : 4000 p/mm

. 20 mm 
500 p/mm

surface roughness

Figure 3.21a Laser profilim etry scan o f  the surface o f  an uncoated SPO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 
spheres S5 gold

01.02.96 
ZZSG5-1

100 pm

I
O pm

50 pm

0.17 mm ;1000 p/mm

surface roughness

0.15 mm 
500 p/mm

1 ^ .

Figure 3.2 lb  Laser profilimetry scan o f  the surface o f  a fully coated SP5 pellet.



Uni of London pellets
Nana Chopra

Pharmaceutics 1-1.03. 96
uncoated alcoholic 2UR3

100 pm

I
0 pm

50 pm

0 .20 mm : 4000 p/mm

surface roughness

. 20 mm 
p/mm

Figure 3.22a Laser profilim etry scan o f  the surface o f  an uncoated ALO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 
alcoholic R5

09.02.96 
ZRG5-2

I

100 pm

O pm 

50 pm

. 20 mm 
500 p/mm

0 .20 mm : 4000 p/mm

surface roughness

Figure 3.22b Laser profilimetry scan o f  the surface o f  a fully coated AL5 pellet.
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Uni of London pellets
Nana Chopra

Pharmaceutics 09.03.95
uncoated granulated ZUQ'I

100 pm

I

ô .20 mm : HoOO p/mm

O pm

50 pm

. 20 mm 
500 p/mm

Figure 3.23a L aser profilim etry scan o f  the surface o f  an uncoated GRO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 
granulated 65

09.02.96 
266-5

100 pm

I
O pm

50 pm

.12 mm 
500 p/mm

0 . 20 mm ; 4000 p/mm ^

syrF ace roughness

Figure 3.23b Laser profilimetry scan o f  the surface o f  a fully coated GR5 pellet.

140



Uni of London pellets
Nana Chopra

Pharmaceutics
uncoated direct

'12.03. 96 
ZUDS1

'100 pm

I
O pm

50 pm

0 .20 mm : 4000 p/mm

. 20 mm 
p/mm

surface roughness

Figure 3.24a Laser profilim etry scan o f  the surface o f  an uncoated DSO pellet.

Pharmaceutics 
direct DS5 gold

13.02.96 
ZDSG5-5

Uni of London pellets
Nana Chopra

100 pm

O pm

50 pm

p/mm

* 0 . 20 mm ; '1000 p/mm

surface roughness

Figure 3.24b Laser profilimetry scan o f  the surface o f  a fully coated DS5 pellet.
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Uni of London pellets
Nana Chopra

Pharmaceutics
uncoated ovoids

09.03.96 
2U05 w m m

'100 pm

I

0 .20 mm i 4000 p/mm

0 pm

50 pm

O .20 mm 
500 p/mm

surface roughness

Figure 3 .25a Laser profilim etry scan o f  the surface o f  an uncoated OVO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 
ovoids 05

06.02.96 
ZÜG5-2

I

'100 pm

0 pm 

50 pm r..

0 .20 mm ;HOOO p/mm

20 mm 
500 p/mm

surface roughness

Figure 3.25 b Laser profilimetry scan o f the surface o f  a fully coated 0V5 pellet.
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Uni of London pellets
Nana Chopra

Pharmaceutics 09.03.36
uncoated dumbells 2UD2

100 pm

I
0 pm

0 .20 mm :1000 p/mm

0.20 mm 
500 p/mm

surface roughness

Figure 3.26a Laser profilim etry scan o f  the surface o f  an uncoated DUO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 
alcoholic H5

10.02.96 
ZD65-1

I

100 pm

O pm 

50 pm
i-r-r

O . 20 mm ; -^000 p/mm

13 mm 
500 p/mm

surface roughness

Figure 3.26b Laser profilimetry scan o f  the surface o f  a fully coated DU5 pellet.
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Uni of London pel 1ets
Nana Chopra

Pharmaceutics -12.03.96
uncoated long dbell 2UL5

100 pm

I
O pm

50 pm

0 . 20 mm : '1000 p/mm

. 20 mm 
p/mm

surface roughness

Figure 3.27a Laser profilimetry scan o f the surface o f an uncoated LDO pellet.

Uni of London pellets
Nana Chopra

Pharmaceutics 02.02.96
long dbells L5 gold 2L65-2

100 pm

O pm

50 pm

p/mm

0. 20 mm ; -4000 p/mm

surface roughness

Figure 3.27b Loser profilimetry scan o f  the surface o f  a fully coated LD5 pellet.
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Uni of London pellets
Nana Chopra

Pharmaceutics -12.03.96
uncoated cylinders 2ÜC2

'100 pm

I
O pm

50 pm

0 .20 mm ; HOOO p/mm

surface roughness

. 20 mm 
500 p/mm

Figure 3.28a Laser profilimetry scan o f the surface o f an uncoated CYO pellet.

13.02.96 
ZC65-5

Pharmaceutics 
cylinders C5 gold

Uni of London pel 1ets 
Nana Chopra

.11 mm 
) p/mm

...

0 . 20 mm ; 4000 p/mm

surface roughness

Figure 3.28b Laser profilimetry scan o f  the surface o f  a fu lly  coated CY5 pellet.
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Examples o f the surface profiles produced by the software are shown in figures 3.21a 

- 3.28b.

Table 3.34a shows the surface roughness results obtained for all the uncoated pellet 

batches and the outcome of an analysis of variance (with p= 0.05%) on each of the 

parameters is presented in tables 3.34b-e. The ANOVA identifies the significantly 

different values between certain batches but there seem to be no clear patterns or 

trends amongst the Rtm and Rt values, perhaps not surprisingly since they may be 

quite random in nature. The Ra and Rq values however, appear to show significant 

differences occurring mainly between the AL, DS, GR batches and the others. The 

ranking order of both these parameters is the same i.e. GRO > DSO > ALO > CYO > 

OVO > SPO > LDO > DUO. Thus AL, DS and GR were found to be (in most cases) 

significantly rougher than SP, OV, DU and LD. These latter batches were all produced 

in a similar manner, the only difference being the water content in their formulations. 

Since a decreased water content results in incomplete rounding, the LD, DU and OV 

batches can be considered as preforms of the round SP pellets, and thus all these 

stages are seen to have a similar smooth surface. The rougher pellets AL, DS and GR 

differed either in the way they were produced or in the binder solution used, although 

all underwent the same spheronisation conditions as a final stage during production. 

This indicates that the surface characteristics of uncoated pellets depends on the 

formulation as well as the manufacturing process, and that spheronisation does not 

result in similar surfaces in every case.

ALO DSO GRO OVO DUO LDO CYO
SPO - 5.41 7.17 - - - -
ALO - - - 13.51 11.63 -
DSO - - 14.34 12.39 -

GRO 7.06 21.62 19.22 -

OVO - - -

DUO - 7.42

LDO 6.04

ALO DSO GRO OVO DUO LDO CYO
SPO - - 7.17 - - - -
ALO - - - 11.64 9.44 -
DSO - - 13.64 11.26 -
GRO - 16.95 14.27 -

OVO - - -

DUO - 6.88

LDO -

Table 3.34b ANOVA o f  Rq values 

fo r  uncoated pellets (  table F=5.32).

Table 3.34c ANOVA o fR a  values 

fo r  uncoated pellets (table F=5.32).
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ALO DSO GRO OVO DUO LDO CYO

SPO - - 10.48 - 7.27 8.83 -

ALO - - 5.83 16.29 18.59 -

DSO - 7.82 19.5322.03 -
GRO 18.5935.21 38.55 6.61

OVO - - -
DUO - 11.31

LDO 13.23

Table 3.34dANOVA o f  Rtm values 

fo r  uncoatedpellets (table F=5.32).

ALO DSO GRO OVO DUO LDO CYO
SPO - - 7.82 - - - -
ALO - - - - 6.24 -
DSO 5.76 - - - -
GRO 11.16 18.86 20.63 6.84

OVO - - -
DUO - -
LDO -

Table 3.34e ANOVA o f  Rt values 

fo r  uncoated pellets (table F=5.32).

The results for ail batches o f the thickest coated pellets, coat 5, are presented in table 

3.36. The presence of the filmcoat on the pellets meant that the laser beam could 

possibly pass through the transparent layer in which case it would not be measuring 

the profile of the surface of the coated pellet. Thus a thin layer of gold was applied to 

the coated pellets to ensure an opaque surface, and table 3.35 demonstrates that the 

gold layer itself had little or no effect on the magnitude of the measured parameters. A 

paired t-test showed that none of the roughness parameters were significantly different 

from each other and thus the effect of the gold coating was taken as negligible.

Batch Rugosity Ra/ pm 
mean SD

Rq/ |im 
mean SD

Max. Peak Rt/ pm 
mean SD

Mean Rtm/ pm 
mean SD

SPO 2.60 0.74 3.33 1.02 23.69 5.36 13.07 2.87

SPO + gold 2.63 0.36 3.37 0.44 25.38 5.57 13.60 1.82

Table 3.35 Comparison o f  surface roughness with and without a gold sputtered layer.

An analysis of variance using the F-test for all the results o f the coated pellets, showed 

no significant differences between any of the batches for any o f the parameters 

measured. Thus all coated pellet batches had similar surface characteristics which 

indicates that by coating the pellets, any differences in surface roughness between 

batches of different shapes were eliminated i.e. none of the core pellets studied 

exerted any influence on the surface roughness of the coated product.
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Batch Rugosity Ra/ gm 
mean SD

Rq/ gm 
mean SD

Max Peak Rt/ gm 
mean SD

Mean Rtm/ gm 
mean SD

SP5 4.95 2.38 7.40 3.13 75.23 22.79 25.29 10.89

AL5 3.72 1.47 5.47 2.70 55.79 27.76 20.17 8.75

DS5 6.01 3.03 9.04 5.71 90.91 62.99 31.59 18.06
GR5 6.52 2.62 9.27 3.14 88.03 22.48 34.29 12.17

0V5 5.15 2.77 7.66 4.11 78.89 37.55 28.65 16.27
DU5 6.57 3.07 11.08 5.93 121.24 57.85 32.98 11.38
LD5 6.79 1.92 10.89 3.04 120.22 50.73 31.38 9.13
CY5 6.59 1.25 9.92 2.05 97.55 25.42 30.38 4.45

Table 3.36 Surface roughness parameters fo r  coated pellets o f  all batches (  coat 5).

In a further experiment, a sample of coated pellets (coat 5) of some of the batches 

(SP5, DU5 and GR5) were placed in a standard dissolution vessel for 20 hours. After 

drying and coating them with gold, the surface roughness of the pellet cores remaining 

were measured, as shown in table 3.37. A simple t-test comparing each batch before 

and after dissolution found the differences to be insignificant. Also, an analysis of 

variance using the F-test found no significant differences between any of the three 

batches after dissolution. Therefore the surface did not appear to be changed after the 

dissolution process. This observation agrees with laser profilimetry work carried out 

by Healy et al [1995], who found that the surfaces o f two-component compressed 

discs became rougher during dissolution but single component discs did not show any 

change.

Batch Rugosity Ra/ gm 
mean SD

Rq/ gm 
mean SD

Max. Peak Rt/ gm 
mean SD

Mean Rtm/ gm 
mean SD

SP5 6.40 2.38 10.65 5.31 110.23 37.95 35.97 9.20

DU5 4.77 2.30 6.98 3.53 75.71 31.69 25.88 9.98
GR5 5.10 1.80 7.84 4.34 68.61 52.01 23.10 7.72

Table 3.37 Surface roughness parameters after dissolution o f  coated pellets.

When looking at all the results obtained, as per definition the Ra values are always the 

smallest measurements, Rt always the largest and also Rtm is a fraction of the Rt 

value. The roughness parameter Ra is correlated to Rtm as well since Ra is an 

arithmetic mean value and is therefore influenced by the extremes. Rowe [1979] 

stated that the ratio between Ra and Rtm gave an overall indication of the type of
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surface, and found that this ratio was approximately 8.0 for uncoated tablets and 5.4 

for coated tablets. This difference was ascribed to the method o f formation of the 

surface i.e. powder consolidation compared to polymer coating. However, for the 

results obtained in this study, the ratio of Ra to Rtm does not seem to differentiate 

between the different surfaces, being 4.7 (range 4.3 - 5.0) for the uncoated pellets and

5.1 (range 4.6 - 5.6) for the coated pellets.

The roughness parameters measured for the uncoated pellets and coated pellets of 

each batch were compared using a Welch test rather than a simple t-test since the 

variances were found to be inhomogenous. The statistical test found all four 

parameters to increase significantly upon coating for most batches. The exceptions to 

this were the batches AL, DS and OV in the case of Ra, Rq and Rtm values, and AL 

and DS in the case o f Rt values i.e. these batches showed no significant difference in 

surface roughness between uncoated and coated pellets. This is summarised in table 

3.38. For those batches where there was a significant increase in surface roughness 

upon coating, the results showed the roughness parameters Ra and Rq at least doubled 

or trebled, and at the same time the standard deviations increased as well. The Rt and 

Rtm values showed more random increases.

Batch
Roughness parameter significantly higher 
for coated pellets than uncoated pellets

Ra Rq Rt Rtm
SP YES YES YES YES
AL NO NO NO NO
GR YES YES YES YES
DS NO NO NO NO
OV NO NO YES NO
DU YES YES YES YES
LD YES YES YES YES
CY YES YES YES YES

Table 3.38 Indicating the batches where coated pellets were significantly rougher 

than uncoated pellets.
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One problem experienced during these profilimetry studies was that the surface 

roughness measured on a larger area (0.5 x 0.5mm) using a lower resolution (y- 

resolution 200 p/mm) was not equivalent to that measured on a smaller area (0.2 x 

0.2mm) using a higher resolution (y-resolution 500 p/mm), even with exactly the same 

number of measurement points present. It was thought that one possible explanation 

was that the scanning laser was affected by the curvature of the surface. According to 

the company manual [UBM, technical data], the tolerable inclination o f object surface 

is ± 7° (mirror surface), giving a total range of 14°. The inclination of the surface in 

each of the two cases was calculated and found to be 7.2° for the smaller area and 

17.7° for the larger area. Therefore the tolerable inclination o f the surface was 

exceeded in the larger area measurements and not in the smaller area measurements 

which could lead to a discrepancy in the results. Thus all surface profile studies were 

carried out on an area of 0.2 x 0.2mm as described in section 2.4.6.2.

Another reason for the resolution affecting the roughness values is that all the 

measures are statistical parameters. Whitehouse and Archard [1970] studied 

engineering surfaces with the help of a theoretical model, and found that reducing the 

sampling interval resulted in an increased number o f peaks being detected. This is in 

agreement with the findings o f this present work where the roughness parameters were 

not equivalent when measured with different numbers of points/mm. Whitehouse and 

Archard also found that a sharper stylus detected more details and finer details on the 

surface which indicates that the same surfaces measured with a different sized laser 

beam or stylus would present different results.

3.4 Capsule Filling

Prior to beginning the filling process, a batch of empty capsules were weighed on a 

capsule weighing machine as described in section 2.5. This provided capsules with a 

mean weight of 95 mg (standard deviation 0.76mg).

Each batch of pellets was then filled into capsules using the capsule filling and closing 

machine as described in section 2.5. Since the filling time was restricted to 

approximately 5 minutes, at least 1500 filled capsules were produced for each batch of 

pellets. Next, the filled capsules were weighed on the capsule weighing machine as 

described in section 2.5. Taking into account the bulk densities o f the pellets and the
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volume o f size 0 capsules (0.67 cm^), and after weighing an initial small sample of 

capsules, the target weight was set at 459 mg with a target count o f 800 capsules. A 

lower limit o f 400 mg and an upper limit of 500 mg were chosen and capsules within 

these limits were counted as ‘good’ capsules. The machine automatically stopped 

weighing once the target count was reached, or continued till the capsules were 

finished. The mean, minimum and maximum weights obtained for each capsule batch 

are shown in tables 3.39 and 3.40 for uncoated and coated pellets respectively. Also 

shown are the total number of capsules weighed for each batch of pellets and the 

number of over- and under-weight capsules found. The under-weight numbers were 

also expressed as a percentage of the total number of capsules weighed. However, 

these figures do not indicate whether the under-weight capsules were just slightly 

under-filled or completely empty and this becomes clearer from the histograms 

showing the weight distribution for each batch (see figures 3.29 - 3.44).

Pellet
batch

Capsule Count Under
weight as a 

% of the 
total

*Mean 

weight ± 
SD/mg

Minimum 

weight /mg
Maximum 

weight /mgTotal
Number

At Target 
Weight

Over
weight

Under
weight

SPO 816 816 0 0 0.0 464.1 ± 1.2 428 478

ALO 816 812 0 4 0.5 450.7 ± 1.4 92 466

GRO 816 816 0 0 0.0 458.6 ± 1.3 403 473

DSO 822 814 0 8 1.0 460.9 ± 1.4 92 477

OVO 816 812 0 4 0.5 456.5 ± 1.3 250 473

DUO 876 815 0 61 7.0 446.9 ± 2.3 90 467

LOG 936 811 0 125 13.4 444.7 ± 3.2 90 469

CYC 1790 75 0 1715 95.8 405.2 ± 1.1 89 417

Table 3.39 Results o f  check weighing capsules filled  with uncoated pellet batches. 

*mean weight o f  capsules within target range.
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Pellet
batch

Capsule Count Under
weight as a 

% of the 
total

*Mean 

weight ± 
SD /mg

Minimum 

weight /mg

Maximum 

weight /mgTotal
number

At Target 
Weight

Over
weight

Under
weight

SP5 1038 811 0 227 21.9 450.7 ±3.0 90 475

AL5 1176 818 0 358 30.4 442.2 ±3.0 93 468

GR5 844 808 0 36 4.3 457.7 ± 1.9 93 475

DS5 1080 801 0 279 25.8 454.2 ±2.8 92 476

0V5 1044 777 0 267 25.6 446.9 ± 2.7 92 469

DU5 1635 449 0 1186 72.5 433.0 ±3.4 91 463

LD5 1531 428 0 1103 72.0 431.5 ±3.7 91 466

CY5 1618 110 0 1508 93.2 412.3 ±2.0 93 438

Table 3.40 Results o f  check weighing capsules filled  with coated pellet batches.

*mean weight o f  capsules within target range.

The flow of the pellets from one hopper into the other and then into the capsules is all 

important in determining the resulting fill weight. With the large feeding hopper full, 

pressure was exerted on the product below and thus there was perhaps an increased 

possibility of the pellets building bridges or causing blockages. Nevertheless filling 

continued till the pellets were nearly finished and the large hopper was empty, leaving 

only a few grams of pellets remaining in the lower hopper.

To compensate for the relatively large size of the pellets, the outlet from the 

larger/upper hopper into the smaller/lower hopper was increased to allow maximum 

flow of pellets into the lower hopper. Despite this adjustment, in certain cases the flow 

of pellets was irregular i.e. it could be seen to stop and start, or else the flow stopped 

completely, resulting in partially filled or empty capsules; in such instances manual 

vibration/banging of the lower hopper was undertaken to keep the pellets moving. The 

batches that exhibited flow problems and required vibration o f the lower hopper 

during the filling process were the CYO uncoated pellets, and the coated pellets DU5 

(only occasionally), LD5 and CY5.
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Figure 3.29 The w eight distribution o f  capsu les f i lle d  w ith uncoated SPO pellets.

250 300
W eight

V ER A G K PRIN T

OA---
0 50 100

m[ s g

Figure 3.30 The w eight distribution o f  capsu les f i l le d  w ith uncoated ALO pellets.
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Figure 3.31 The w eight distribution o f  capsules f i l le d  with uncoated GRO pellets.
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Figure 3.32 The w eight distribution o f  capsules f i l le d  with uncoated DSO pellets.
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Figure 3.34 The w eigh t distribution o f  capsules f i l le d  w ith uncoated DUO pellets.
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Figure 3.35 The weight distribution o f  capsules f i l le d  with uncoated LDO pellets.
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Figure 3.36 The weight distribution o f  capsules filled  with uncoated CYO pellets.

156



1

c
sï
CL

250 300 350 40015050 100 2000 450 500
W eight

V ER A G K PRIN T
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Figure 3.38 The weight distribution o f  capsules filled  with coated AL5 pellets.
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6

feÙ-4

3

2

1

!
0 50 1too 150 200 250 300

W eight
350 400 450 500

Figure 3.40 The weight distribution o f  capsules filled  with coated DS5 pellets.
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Figure 3.42 The weight distribution o f  capsules filled  with coated DU5 pellets.

159



100 150 200 250 300
W eight

z a a m  aanam  4B £ ïb  s g g g g  6250223 73313# 8222233 9 i,mr:i# 101

Figure 3.43 The weight distribution o f capsules filled with coated LD5 pellets.

250 
W eight

V ER A G K PR IN T HARGEKTOTAL

Figure 3.44 The weight distribution o f  capsules filled  with coated CY5 pellets.
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Looking at the results in table 3.39 shows that the uncoated pellet batches nearly all 

easily achieved the target count of 800 ‘good’ capsules with the minimum of 

underweight capsules. With the more elongated shapes (DUO, LDO, CYO), an 

increasing total number of capsules had to be weighed before the target count was 

reached, and in the case of the CYO pellets the target of 800 was not achieved after 

weighing all the capsules that had been filled (1790 in total). At the same time the 

percentage of under-weight capsules increased for these elongated batches; however, 

there were no over-weight capsules found for any of the batches. Only SPO and GRO 

had no underweight capsules present which would indicate that these two pellet 

batches possessed the best capsule filling characteristics of all uncoated pellets. 

Amongst those batches that did produce under-weight capsules OVO was the only 

batch that did not produce empty capsules, just a small percentage of under-filled 

capsules. This is confirmed by the graphs of weight distribution shown in figures 3.29 

- 3.36. Most o f the weight distributions for the uncoated pellet batches show a narrow 

peak around the target weight of 459 mg, with perhaps a few under-filled capsules or 

empty capsules around the 90 mg mark. Then, with increasing elongation, the batches 

DUO and LDO show a distribution increasingly skewed to the left with a small peak 

for empty capsules. For CYO the weight distribution graph shows capsules present at 

all weights and only a small proportion within the desired weight range.

Table 3.40 shows the results for the coated pellet batches and in this case all batches 

except GR5 weighed over 1000 capsules before attaining the target count of 800 

‘good’ capsules. This is reflected in the large proportion of under-filled capsules 

weighed. Within the limits of the total number of capsules that were filled for each 

batch, only the four ‘rounded’ pellet batches reached the target count, whereas the 

elongated pellets worsened in their ability to achieve the correct weight with 

increasing elongation. Due to the restricted number of coated pellets available, it was 

not possible to determine the total number of capsules required to be filled in order to 

achieve the target count for all batches. Weight distribution histograms for coated 

pellet batches are shown in figures 3.37 - 3.44. The batches SP5, AL5, GR5 and DS5 

all show a weight distribution slightly skewed to the left, with a lesser peak for empty 

capsules (except GR5). The batch OVO has a similar weight distribution but just failed 

to reach the target count of 800 good capsules. This pattern then changes for the DU5
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and LD5 batches which exhibit a large peak around 95 mg indicating empty capsules, 

a spread of under-filled capsule weights and then a small peak around the target 

weight. The most elongated batch, CY5, shows capsule weights spread across the 

range, an absence of any real peaks, and only a small proportion of capsules within the 

target range.

The percentage of under-weight capsules for coated batches are seen to be much 

higher than for the corresponding uncoated batches, with the exception of GR5 which 

only produced ~ 4% under-weight capsules. In contrast with the uncoated batches, all 

coated batches contained empty capsules as well as under-filled capsules, but again 

there were no over-weight capsules present.

Compared to the uncoated results, the coated pellets seemed to have slightly lower 

mean weights, as well as higher standard deviations of the mean weights indicating 

greater variation. Also, the mean weights obtained for the four elongated batches are 

generally lower than those obtained for the four rounded batches. However amongst 

both uncoated and coated batches, the CY pellets were found to have the lowest mean 

weight values. In these experiments the deviations from the target weight appear 

greater than those mentioned by Marquardt and Clement [1970] who found the dosage 

accuracy of filling pellets into hard gelatin capsules to be good. However that paper 

does not take into account the shape o f their pellets and thus it is difficult to compare 

the two studies.

In summary, with uncoated pellets all the batches reached the target count of capsules 

within the desired weight range during filling except the most elongated batch, CYO. 

However, for the more extreme shaped batches (DUO, LDO and CYO), the number of 

underweight capsules produced increased significantly. On the other hand, with coated 

pellets only the four ‘rounded’ batches reached the target number of capsules to be 

filled whereas the elongated batches were either under-filled or totally empty. All 

coated batches except GR5 resulted in at least 20% of the total number of capsules 

weighed being underweight. Thus when working with coated pellets perhaps the 

inclusion of a lubricant to improve the flow of pellets would be advisable to enhance 

their capsule filling performance. Dosage errors during the capsulation of pellets was 

previously investigated by Pfeifer and Marquardt [1986] who found over-filled
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capsules occurring due to capsules jamming or not opening during the filling process. 

However under-filling was caused mainly by the properties of the filling material or 

the machine settings and to a lesser extent by faulty capsules.

In this study the inferior performance of the elongated pellets may be explained by an 

increased tendency to form bridges or blockages in the hoppers which required 

vibration of the hopper to ensure flow. Also, perhaps during the transfer from the 

hopper into the capsule, the elongated pellets were more easily damaged/cut by the 

movement of the sliding dosator.

Another difference observed between the pellets was that the coated pellets seemed to 

be more static than the uncoated batches which resulted in pellets ‘sticking’ to the 

cover o f the small hopper as well as the outlet of the large hopper. This could be a 

property o f the coating layer or an effect o f different handling of the coated pellets.

As a result of the coating process there could also be an increased chance of the 

presence of agglomerates or ‘twins’ amongst the coated batches which is undesirable 

for successful capsule filling as mentioned by Pfeifer and Marquardt [1986] who 

suggested using a sieve in the pellet hopper.

A point to note in this study is that the minimum weight of some capsules being less 

than 94 mg perhaps seems strange since the capsules were weight-sorted before the 

filling procedure and the lower acceptable limit was set at 94 mg. Possible 

explanations for this could include the presence of product in the capsule leading to a 

longer delay before the capsule comes to a stable position on the weighing cell - since 

the machine is programmed to take the weight at a certain point on the ’weighing 

curve’ this time-delay should have been taken into account. Also, the empty capsules 

were weight-sorted 48 hours prior to them being filled and the humidity conditions 

may have changed within this period (e.g. drier conditions could lead to lighter 

capsules). However the possibility of the capsules being damaged/chipped during the 

filling process itself also exists, and could be a direct cause of the capsules remaining 

empty. If the latter did not occur then this would indicate that the exercise of weight- 

sorting the capsules prior to filling them was perhaps unnecessary. However with the 

small quanties that were used in this study this extra precaution ensured the exclusion 

of any damaged empty capsules or impurities amongst the capsules selected for 

filling.
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3.5 Drug release profiles

The release characteristics of all the pellet batches, imcoated and coated, were studied 

by performing dissolution tests as described in section 2.4.7. The appearance of the 

pellets was noted after completion of the test, and it was observed that all pellets 

stayed intact and unchanged throughout the run except for the uncoated pellets of the 

DU and LD batches. These two batches appeared to disintegrate within the dissolution 

vessel and only fragments of the pellets remained. For coated batches all pellets 

remained intact during the test and no change in pellet appearance e.g. swelling, was 

observed.

Individual profiles for each batch and each coat thickness are shown in figures 3.45 - 

3.52. These graphs illustrate the effect o f increasing thickness of the coating layer on 

the time taken for 100% drug release. All batches show a retardation o f release with 

increasing coat thickness. Statistical moment analysis was used to describe and 

compare these profiles [Brockmeier et al 1983; Podczeck 1993; Pinto et al 1997], and 

the parameters AUC (area under the curve), MDT (mean dissolution time), and VDT 

(variance of dissolution time) were calculated. This technique considers the whole 

curve and thus is only applicable when the dissolution process is monitored until 

100% drug release is achieved, and these parameters can be used even when the curve 

cannot be described by an algebraic equation. Graphs of the calculated parameters as 

a function of coating level are shown in figures 3.53 - 3.55, and the actual values are 

presented in the appendix, tables A2 - A9. The relative dispersion coefficient, RD, 

was also calculated for each concentration-time profile and was found to be between 

0.1 and 0.2 for all pellet batches. The values obtained for RD did not match those for 

any of the traditional dissolution models (for first order release RD = 1.0, pseudo first 

order RD = 0.8, cube root release RD = 0.6 and zero order release RD = 0.3), and 

were generally lower than RD values obtained by other authors working with 

ethylcellulose coated pellets [Pinto et al 1997]. However the closeness of all the RD 

values obtained would indicate similar mechanisms of release for all the batches of 

pellets. Another technique which may be used to compare the drug release 

mechanisms of two dissolution graphs is time-scaling. This involves plotting the same 

y-axis values (% drug release) for the first graph against x-axis values (time) which 

are multiplied by the ratio of the MDT values of the two graphs. If the replotted first
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graph overlaps with the second, then they may be regarded as equivalent and having 

similar release mechansisms. This method was applied to all the drug release profiles 

obtained and it was found that by shifting the time scale of each curve, all graphs for 

the same pellet batch were made to overlap. Thus this agreed with the RD values 

calculated and indicated that the drug release mechanisms were similar for all pellet 

batches regardless of coating level.

Since the release rate mechanism did not fit any one particular dissolution model, the 

other calculated parameters were also used to describe and compare the profiles. Thus 

analyses of variance (ANOVA using the F-test) o f the AUC, MDT and VDT were 

performed in order to identify the values that differed significantly, and the results of 

these are presented in tables 3.41 - 3.54.

As expected, the MDT and AUC values increase with increasing coat thickness (see 

figures 3.52 and 3.53), indicating that the coating layer effectively slowed the release 

o f the drug from the pellets. The VDT values are an indication o f the variation of the 

mean dissolution times o f the pellets, and these also show an increase with coat 

thickness for most batches (see figure 3.54). However all batches, except DU and LD, 

show a decrease in VDT from the uncoated pellets to the first coat followed by 

increasing values for further coats. Batches DU and LD do not exhibit this, and they 

are also the only two batches whose uncoated pellets disintegrated in the dissolution 

vessels (all the coated batches remained intact). This could provide the possibility of 

an immediate high release rate for the powder mass resulting from the disintegrated 

uncoated pellets i.e. less variation in dissolution time, and this would then explain the 

trends seen in figure 3.54.

The reason for their disintegration is possibly that insufficient consolidation occurred 

during the spheronisation stage of their formation due to their low water contents. 

Their elongated shapes, both with a narrowing towards the middle of the particle (see 

figures 3.12a and 3.13a), may also have contributed to the breaking up of the pellets 

when placed in the dissolution medium. However, the CYO pellets being cylindrical in 

shape and having the most extreme elongation, did not disintegrate during dissolution. 

The CY pellets (uncoated and coated) exhibited the fastest dissolution of all the 

batches and this probably is related to them having the largest surface areas.
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Figure 3.45 Dissolution profiles for SP pellet batches.
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Figure 3.46 Dissolution profiles for AL pellet batches.
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Figure 3.48 Dissolution profiles for DS pellet batches.
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Figure 3.49 Dissolution profiles for OV pellet batches.
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Figure 3.50 Dissolution profiles for DU pellet batches.
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Figure 3.51 Dissolution profiles for LD pellet batches.
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Figure 3.54 Area under the curve fo r  all pellet batches as a function o f  coat thickness.
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Figure 3.55 Variation in dissolution time for a ll p e lle t hatches as a function o f  coat 

thickness.

Tables 3.41 - 3.46 indicate the statistically significant differences between all eight 

batches in terms of the MDT, AUC and VDT values at different coating levels. On the 

whole most values are significantly different with the exception of the results for coat 

3 pellets which appear to have less differences between the batches. However the CY 

pellet values are significantly different from all other batches (usually lower).

The following tables, tables 3.47 - 3.54, show the findings of analyses of variance of 

the MDT, AUC and VDT for each individual batch of pellets at different coating 

levels. Again most showed significant differences with a few exceptions. The main 

points to note is that the uncoated pellet values were consistently different from all 

coated pellet values, and most insignificantly different values were amongst the VDT 

results.

These results demonstrate that the increase in coat thickness from one level to the next 

slows the dissolution process down significantly and thus great care needs to be taken 

when using this type of coating since small variations may have large effects on the 

release profile.
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MDT

ALO GRO DSO OVO DUO LDO CYO

SPO 333.1 533.1 296.2 108.6 5096 6769 3609
ALO 23.41 - 61.31 2823 4099 1749

GRO 34.55 160.5 2333 3503 1368
DSO 46.11 2935 4233 1837

OVO 3717 5163 2466

DUO 118.5 127.9
LDO 492.7

AUC

ALO GRO DSO OVO DUO LDO CYO

SPO 93.21 263.6 114.651.84 3108 4024 2048

ALO 43.33 - 6.02 2125 2893 1268

GRO 30.58 81.66 1561 2228 842.3
DSO 12.3 2029 2780 1194

OVO 2357 3163 1448
DUO 59.1 110.1
LDO 330.5

VDT

ALO GRO DSO OVO DUO LDO CYO
SPO 343.5 709.2 393.3 175 4086 4547 3247

ALO 65.57 - 28.13 2060 2391 1479

GRO 46.21 179.6 1391 1665 921.4

DSO 43.61 1944 2266 1380

OVO 2570 2938 1915

DUO 12.33 48.12

LDO 109.2

MDT
ALl GRl DSl OVl DUl LDl CYl

SPl 38.83 122.241.37 93.09 11.68 353.2 885
ALl 298.8 160.4 11.68 93.09 626.3 1294

GRl 21.37 428.6 58.34 59.89 349.4
DSl 258.6 9.09 152.8 543.7
OVl 170.7 809 1552
DUl 236.4 693.3
LDl 120

AUC
ALl GRl DSl OVl DUl LDl CYl

SPl 20.15 51.7 - 29.46 - 84.65 422.3
ALl 136.4 34.49 - 40.34 187.4 626.9

GRl 33.72 159.228.38 - 178.5
DSl 46.4 - 61.1 367.3
OVl 53.15 214 674.9
DUl 53.84 349.2
LDl 128.8

VDT

ALl GRl DSl OVl DUl LDl CYl
SPl 46.69 61.64 - 67.47 - 122.1 296.8
ALl 215.6 74.83 - 87.94 319.8 579
GRl 36.4 258.1 28.16 10.23 87.94

DSl 100.6 - 85.23 237.5
OVl 115.8371.1 647.3
DUl 72.34 215.6
LDl 38.18

Table 3.41 ANOVA o f  the MDT,

A UC and VDT fo r  ail uncoatedpellets 

showing the values where F  is significant 

(table F  = 4.96, p=0.05%).

Table 3.42 ANOVA o f  the MDT,

A UC and VDTfor coat 1 o f  all batches 

showing values where F  is significant 

(table F  = 7.71, p=0.05%).
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MDT

AL2 GR2 DS2 0V2 DU2 LD2 CY2

SP2 125.3 41.04 - 133 56.03 15.83 684.6

AL2 309.8 109.3 - 13.76230.2 1396

GR2 51.09 321.8 193 - 390.4

DS2 116.445.47 22.28 724

0V2 16.37240.6 1421

DU2 131.4 1132

LD2 492.2

AUC
AL2 GR2 DS2 0V2 DU2 LD2 CY2

SP2 310.1 120.6 - 97.53 87.55 - 1295
AL2 817.5 333.8 59.81 68.11 230 2873

GR2 106.5 435 413.7 180.3 625.4

DS2 111 100.4 9.64 1248

0V2 - 55.23 2104
DU2 47.79 2056

LD2 1477
VDT

AL2 GR2 DS2 0V2 DU2 LD2 CY2

SP2 344.3 82 - 196 94.52 - 511.3
AL2 762.4 358.9 20.75 78.03 320 1695

GR2 75.11 531.6 352.6 94.52 183.8

DS2 207 102.3 - 493.8

0V2 18.3 177.8 1340

DU2 82 1045

LD2 541.9

MDT
AL3 GR3 DS3 OV3 DU3 LD3 CY3

SP3 - - - 28.67 15.91 - 63.35
AL3 - 19.06 8.68 - - 107.5

GR3 - 30.03 16.93 - 61.37

DS3 53.47 35.37 8.79 36.01

0V3 - 18.91 177.3

DU3 8.9 142.8

LD3 80.38

AUC

AL3 GR3 DS3 0V3 DU3 LD3 CY3
SP3 - - - 8.17 - - 15.07
AL3 - - - - - 29.43

GR3 - - - - 24.47
DS3 8.2 - - 15.04

0V3 - - 45.44
DU3 - 36.5

LD3 36.32
VDT

AL3 GR3 DS3 0V3 DU3 LD3 CY3
SP3 - - - 19.91 10.09 - 10.18
AL3 - - - - - 28.76
GR3 - 12.97 - - 16.41

DS3 20.09 10.22 - 10.05

0V3 - - 58.56

DU3 - 40.54

LD3 34.40

Table 3.43 ANOVA o f  MDT, AUC, 

and VDTfor coat 2 o f  all batches 

showing values where F  is significant 

(table F  = 7.71, p=-0.05%).

Table 3.44 ANOVA o f  MDT, AUC, 

and VDTfor coat 3 o f  all batches 

showing values where F  is significant 

(table F= 7.71, p=0.05%).
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MDT

AL4 GR4 DS4 0V4 DU4 LD4 CY4

SP4 243.7243.7 75.4 645.3 901.3 11.06 2125

AL4 974.9 590.2 95.88207.7 151 3808
GR4 48 1682 2082 358.6 929.3

DS4 1161 1498 144.2 1400

0V4 21.33 487.4 5112

DU4 712.7 5794

LD4 2442

AUC
AL4 GR4 DS4 0V4 DU4 LD4 CY4

SP4 411 197.5 - 508 842.4 236.8 1834
AL4 1178 340.3 - 76.5923.86 3981
GR4 252.1 1339 1856 866.8 827.9
DS4 429.1 739.8 184 1994

0V4 42.06 51.14 4273
DU4 185.9 5162

LD4 3389

VDT

AL4 GR4 DS4 0V4 DU4 LD4 CY4

SP4 525.1 169.1 - 981.4 1522 364.7 966.3

AL4 1290 454.6 70.76259.2 14.59 2916
GR4 213.2 1965 2706 1030 326.9

DS4 884 1400 306.3 1068

0V4 59.09 149.6 3895

DU4 396.7 4914

LD4 2518

MDT

AL5 GR5 DS5 0V5 DU5 LD5 CY5
SP5 - 160.4 147.3 132.8 153.8 31.69 652.8

AL5 163.8 150.5 129.7 150.5 30.22 659.6
GR5 - 585 628.4334.7 166

DS5 559.8 602.2 315.7 179.9
0V5 - 34.73 1374

DU5 45.87 1440
LD5 972.2

AUC

AL5 GR5 DS5 0V5 DU5 LD5 CY5

SP5 - 44.05 11.28 31.46 66.81 109.3 215.4
AL5 72.79 27.6 13.8 39.43 73.24 274.6
GR5 10.75 150 219.4 292.1 64.64
DS5 80.42 133 190.8 128.1
0V5 - 23.46 411.5
DU5 - 522.2

LD5 631.5
VDT

AL5 GR5 DS5 0V5 DU5 LD5 CY5
SP5 8.07 47.26 18.73 120 193.1 192.3 176.7

AL5 94.39 51.39 65.79 122.2 121.6 260.3
GR5 - 317.8 431.4430.2 41.19
DS5 233.5 332.1 331 80.37
0V5 8.67 8.5 587.8

DU5 - 739.2
LD5 737.6

Table 3.45 ANOVA o f  the MDT,

A UC and VDTfor coat 4 o f  all batches 

showing values where F  is significant 

(table F  = 7.71, p=0.05%).

Table 3.46 ANOVA o f  the MDT,

A UC and VDTfor coat 5 o f  all batches 

showing values where F  is significant 

(table F  = 7.71, p=0.05%).
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MDT

SPl SP2 SP3 SP4 SP5

SPO 5200 4907 4711 4505 4166

SPl - 9.04 18.73 42.97

SP2 - 6.46 22.74

SP3 - 12.59

SP4 -
AUC

SPl SP2 SP3 SP4 SP5

SPO 3258 3129 3064 2979 2827

SPl - - - 11.43

SP2 - - 5.72

SP3 - -
SP4 -

VDT

SPl SP2 SP3 SP4 SP5

SPO 1341 1332 1327 1317 1299

SPl - - - -

SP2 - - -
SP3 - -
SP4 -

MDT
ALl AL2 AL3 AL4 AL5

ALO 97645 86121 83197 77071 76599

ALl 271.3 433.6 911.7 956.8
AL2 18.94 188.4 209.1
AL3 87.86 102.2

AL4 -
AUC

ALl AL2 AL3 AL4 AL5
ALO 14x10̂ 13x10̂ 13x10^ 12 xlO< 12 xlÔ
ALl 217.7 293.5 642.2 684.1
AL2 5.65 112.1 130

AL3 67.42 81.44

AL4 -
VDT

ALl AL2 AL3 AL4 AL5
ALO 94x10^ 92 xlO*91 xlO"90x10^ 89x10^
ALl 86.53 135.6 351 423.6
AL2 - 88.95 127.2

AL3 50.26 79.87
AL4 -

Table 3.47 ANOVA o f  the MDT, Table 3.48 ANOVA o f  the MDT,

A UC and VDT fo r  ail SP batches showing A UC and VDT fo r  ail AL batches

values where F  is significant 

(table F  = 5.59, p=0.05%).

showing values where F  is significant 

(table F  = 5.59, p=0.05%).
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MDT

GRl GR2 GR3 GR4 GR5

GRO 6014 5549 5026 5185 5023

GRl 7 33.2 23.06 33.4

GR2 9.72 - 9.82

GR3 - -
GR4 -

AUC

GRl GR2 GR3 GR4 GR5

GRO 3245 3101 2761 2954 2855

GRl - 14.69 - 9.35

GR2 7.44 - -
GR3 - -
GR4 -

VDT

GRl GR2 GR3 GR4 GR5

GRO 59888 59392 57952 58704 58104

GRl - 11.93 - 10.11
GR2 6.63 - -
GR3 - -
GR4 -

MDT

DSl DS2 DS3 DS4 DS5
DSO 92436 83168 84127 79183 79386

DSl 183.6 146.7 384.4 372.2

DS2 - 36.68 33

DS3 56.14 51.56

DS4 -
AUC

DSl DS2 DS3 DS4 DS5

DSO 10 xlÔ 10x10^ 10x10* 96461 95391
DSl 52.38 118.8 267.2 318.4
DS2 13.42 82.99 112.5
DS3 29.67 48.19
DS4 -

VDT

DSl DS2 DS3 DS4 DS5

DSO 38 xlÔ 38x10^ 38x10* 37x10* 37x10*

DSl 8.86 20.88 60.17 69.24
DS2 - 22.86 28.57

DS3 10.16 14.07
DS4 -

Table 3.49 ANOVA o f  the MDT,

A UC and VDT o f  all GR pellets showing 

values where F  is significant 

(table F  = 5.59, p=0.05%).

Table 3.50 ANOVA o f  the MDT,

AUC and VDT o f  all DS pellets showing 

values where F  is significant 

(table F  = 5.59, p^O.05%).
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MDT

OVl 0V2 0V3 0V4 OV5

OVO 45 xlOf41 xlO<36x10'* 35x10'*32x10'*

OVl 841 3474 4885 8430

0V2 896.2 1672 3945

0V3 120.1 1081

0V4 480.4

AUC

OVl 0V2 0V3 0V4 0V5

OVO 17 xlO* 16x10^ 14x10'* 14x10'* 14x10'*

OVl 92.15 646.3 734.3 1166

0V2 250.4 306.2 602.3

0V3 - 76.03

OV4 49.61
VDT

OVl 0V2 0V3 0V4 0V5

OVO 49x10̂ 48x10^ 47x10^ 47x10^46 xlCf

OVl 220.5 1528 2109 4440

0V2 587.5 966.1 2682

0V3 46.82 758.9

0V4 428.7

MDT

DUl DU2 DU3 DU4 DU5
DUO 21641 14707 10510 7032 5151

DUl 500.7 1491 3001 4257

DU2 263.8 1050 1838
DU3 261.2 709
DU4 109.5

AUC

DUl DU2 DU3 DU4 DU5

DUO 71844 53901 42173 33093 26636

DUl 965.1 2946 5563 8243

DU2 538.9 1894 3567
DU3 412.3 1333
DU4 262.5

VDT
DUl DU2 DU3 DU4 DU5

DUO 86721 74184 62105 48962 37487
DUl 366.9 1537 4020 7631
DU2 402.3 1958 4651
DU3 585.2 2318
DU4 573.8

Table 3.51 ANOVA o f  the MDT,

AUC and VDT o f  all OV pellets showing 

values where F  is significant 

(table F  = 5.59, p=0.05%).

Table 3.52 ANOVA o f  the MDT,

AUC and VDT o f  all DU  pellets showing 

values where F  is significant 

(table F  = 5.59, p=0.05%).
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MDT

LDl LD2 LD3 LD4 LD5

LDO 368.5 228.9 142.4 113.5 43.55

LDl 12.41 39.56 54.74 119

LD2 7.65 15.02 54.55

LD3 - 21.34

LD4 12.32

AUC

LDl LD2 LD3 LD4 LD5

LDO 127 79.31 45.66 42.74 13.38

LDl - 15.26 16.78 43.43

LD2 - - 20.65

LD3 - 7.2

LD4 6.22

VDT

LDl LD2 LD3 LD4 LD5

LDO 62.9 48.16 30.58 25.47 6.3

LDl - - 6.24 22.04

LD2 - - 14.72

LD3 - 6.84

LD4 -

MDT

CYl CY2 CY3 CY4 CY5

CYO 76801 73671 71093 68143 62602

CYl 24.41 82.63 194.1 543.7

CY2 17.22 80.85 337.8

CY3 23.44 202.4

CY4 88.11

AUC

CYl CY2 CY3 CY4 CY5

CYO 41160 39900 38766 37608 34710

CYl 7.34 26.88 60.08 206
CY2 6.13 25.43 135.6
CY3 6.59 84.04
CY4 43.57

VDT

CYl CY2 CY3 CY4 CY5
CYO 67704 67419 67069 66631 65301
CYl - - - 16.29

CY2 - - 12.67
CY3 - 8.85

CY4 -

Table 3.53 ANOVA o f  the MDT, Table 3.54 ANOVA o f  the MDT,

AUC and VDTfor ail LD pellets showing AUC and VDTfor ail CY pellets showing

values where F  is significant 

(table F  = 5.59, p=0.05%).

values where F  is significant 

(table F  = 5.59, p=0.05%).

Another point to note is that when statistical analysis was performed on the coating 

thickness measurements (see section 3.3.1.3.2), comparing the thickness values 

obtained for each batch at a particular coating level found that there were significant 

differences between certain batches. Only coat 1 pellets of all batches had similar coat 

thicknesses, whereas increasing coats showed some differences, with very few
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differences amongst the coat 5 pellets. However, looking at tables 3.42 - 3.46 which 

present the significant differences occurring amongst the dissolution parameters of all 

eight batches at each coating level, it is seen that in most cases there are significant 

differences. Thus, particularly in the case of the thinnest coating layer (coatl), where 

all batches were found to have similar coat thicknesses, the differences seen between 

the dissolution profiles of the eight batches are not likely to be due to variations in 

thickness of their coating layers.

Nevertheless, a graph of the ratio of MDT (h) to coat thickness (pm) (i.e. MDT/coat 

thickness ) for each batch at each different coating level was plotted, see figure 3.56.

coat 1 

coat 2

□  coat 3

□  coat 4 

coat 5

DS OV 
p e l l e t  batch

Figure 3.56 Graph show ing M D T/coat thickness fo r  each p e lle t batch a t different 

coating levels.

This graph shows that for all batches except the LD pellets, the ratio of mean 

dissolution time to coat thickness decreased substantially with increasing levels of 

coating. Only the LD pellets did not follow this trend, with their coat 1 ratio being 

lower than the coat 2 and 3 ratios. Thus figure 3.56 reaffirms the conclusion that for 

most of the pellet batches studied, increasing coat thickness marginally increases the 

mean dissolution time significantly i.e. slows the dissolution process down.

183



CHAPTER FOUR: GENERAL DISCUSSION

The pellets used in this study were characterised in a variety of different ways and the 

results o f each individual technique are presented and discussed in Chapter Three. 

However, the properties and performance of the pellets are interlinked in many 

instances and in this chapter an attempt to identify these links is made. First, an 

overview o f the observations from Chapter Three in terms of the morphology, internal 

structure, surface characteristics and performance of the pellets will be presented, then 

the relationship between several o f the properties will be investigated.

4.1 Morphological studies

(relating to sections 3.3.1 and 3.3.2)

After production, all uncoated pellet batches were sieved and the 1.0-1.4mm sieve 

size range was chosen to work with. Subsequently part of each batch was filmcoated 

with a water insoluble polymer and five samples of increasing coat thicknesses were 

collected.

By the use of image analysis, the dimensions of all batches were measured in terms of 

length, breadth and thickness, thus providing a more precise analysis of the exact sizes 

(see table A l). As expected, the breadth measurements of the uncoated pellets were 

within the sieved range i.e. they did not exceed 1.4mm, since this is the principal 

dimension involved in the sieving process when using square aperture sieves. The 

length values, on the other hand, varied according to the elongation of the batch shape 

- the four visually ‘rounded’ batches (SP, AL, GR and DS) having lengths within the 

1.0 - 1.4mm range and the four elongated batches (OV, DU, LD and CY) having 

lengths in excess of 1.4mm, upto double the thickness values in the most extreme case 

(CY). The dimensions of the coated pellets were seen to increase in accordance with 

increasing coating time, and the thickness of the coating layers themselves were 

measured separately by examination of cross-sections of the pellets under a 

microscope.

The thickness of the pellets was also studied by the technique of ring gap sizing - 

these values were lower than those obtained by image analysis (see table 3.2), a result
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in agreement with those published by Nystrom and Stanley-Wood [1976, 1977], and 

thought to be due to the technique’s ability to measure the minimum dimension of a 

particle. The increase in size from uncoated pellets to final coated pellets, divided by 

two, should give an indication of the thickness of the coating layer. It was found that 

the ring gap sizing values were of a similar magnitude to the direct measurements of 

the coat thickness by microscopy of the sectioned pellets.

The dimensions measured were used to calculate shape factors in order to describe the 

pellets’ shape numerically. Traditional shape descriptors such as Heywood’s shape 

coefficients and aspect ratio, as well as others including a three-dimensional shape 

factor, Cc3, developed by Podczeck and Newton [1995] were presented. The Ccs was 

shown to be the most powerful shape factor in that paper and similarly here it was 

able to distinguish between all uncoated pellet batches except the combination SPO + 

GRO (see table 3.21a). Increasing coating thickness was seen to produce less 

significant differences between batches i.e. the shape factor values for several batches 

became approximately equal by application of a thicker coat. However, looking at 

each batch individually, for the ‘rounded’ batches (SP, AL, GR and DS), the shape 

factor Cc3 decreased upon coating, whereas for the more elongated batches (OV, DU, 

LD and CY) the shape became more spherical when the pellets were coated.

Another advantage of this particular shape factor is that it consists of two separable 

components, one relating to the elliptical character of the object, and one describing 

its surface roughness which will be discussed under surface studies.

4.2 Structural studies

(relating to sections 3.3.3 and 3.3.4)

Further characteristics of the pellets such as density and porosity were also evaluated. 

Bulk density gave an indication o f the behaviour of each batch as a whole, and the 

uncoated batches and final coated batches of pellets were compared. There were some 

significant differences found between the bulk densities of the different batches, in 

particular both the CYO and the CY5 batches had lower bulk densities than the rest 

(see table 3.27a). Comparing the uncoated and coated pellets o f each batch showed 

that four of the batches - SP, OV, DU and LD - had lower bulk densities when coated.
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whereas the other four batches showed no significant difference. Tap density 

experiments indicated that coated pellets had different packing properties than their 

uncoated counterparts; the majority of coated batches immediately reached their 

minimum volume when poured into a cylinder whilst uncoated pellet beds could 

undergo rearrangement to give volume reduction by tapping. This indicated a change 

in surface topography when the pellets were coated.

Considering the pellet material itself, the apparent density of crushed uncoated pellets 

was measured in order to produce results as close as possible to their true density (see 

table 3.29a). After crushing however, there were still some significant differences 

found between the uncoated batches despite the fact that they all consisted of the same 

dry material composition. The CYO batch was seen to be significantly denser than all 

other batches. Additionally it was observed that the measured apparent densities for 

the uncoated pellets all exceeded the theoretical calculated value for the formulation. 

The coated pellets were measured whole and nearly all the batches were significantly 

different from each other. Also, all coated pellets were found to be significantly less 

dense than the equivalent uncoated pellets.

A measure of the effective densities of the pellets was also obtained (see table 3.30a) 

and in this case there were no significant differences found between any of the 

uncoated pellet batches. The coated pellets exhibited significant differences between 

most batches, and again it was seen that the coated values were significantly lower 

than their uncoated counterparts.

Another characteristic of the pellets that was investigated was their porosity derived 

fi*om mercury penetration studies. It was not possible to measure the porosities of the 

coated pellets due to the presence of the polymer coating layer on the pellet surface, 

although the porosity o f the core should have remained unchanged. The uncoated 

pellets showed some significant differences in porosity, mainly with SPO being the 

least porous and CYO being the most porous pellets (see table 3.31a). It was observed 

that the porosities of the pellets seemed to be affected most by the spheronisation 

process i.e. the force involved in rounding and consolidating the pellets, and the water 

content of the formulation.
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4.3 Surface studies

(relating to sections 3.3.5 and 3.3.6)

The surface of the pellets was studied in terms of area and roughness. The surface 

area, as assessed by permeametry experiments, showed coated pellets to be 

significantly lower than uncoated pellets of the same batch (see table 3.32a). This 

observation was most likely to be due to the variation in the effective densities 

detected between coated and uncoated pellets and not due to an actual decrease in 

surface area. Comparing all uncoated batches did find differences between the surface 

areas, of which just two combinations were not significant. Similarly with the final 

coat batches (coat 5), most values were significantly different from each other (six 

combinations insignificant). The CY pellets had the largest surface area, probably due 

to their extreme elongation, followed by the four more rounded batches (GR, SP, DS 

then AL), and then the other three elongated batches (LD, OV and DU). This order 

showed that it was not only deviation from the spherical shape that affected the 

surface area of the pellets but perhaps the actual surface profile itself was an 

influencing factor. This was then investigated by studying the roughness of the surface 

of the pellets.

A measure of roughness was obtained from the shape analysis by image analysis (see 

table 3.33) because one component of the overall three-dimensional shape factor Ccs 

[Podczeck and Newton 1995] is related to the roughness of the surface. The roughness 

values obtained for all the uncoated batches were mostly significantly different, with a 

few exceptions. Upon coating, the insignificant combinations o f values increased i.e. 

the.surface roughness between batches became similar. In particular it seemed that 

there were less differences between the four visually ‘round’ batches than between the 

more elongated batches.

Comparing the uncoated with final coated pellets (coat 5) of the same batch it was 

found that for the batches OV, LD and CY there was no significant difference in 

surface roughness detected. The other batches however, (SP, AL, GR, DS and DU), 

all showed the uncoated pellets to be rougher than the coated. This observation is in 

direct contrast to results obtained from laser profilimetry studies.

With a laser profilimeter, several roughness parameters were measured for all 

uncoated and final coated batches (see tables 3.34a and 3.36). These measures of
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roughness all increased when the pellets were coated except for the batches AL, DS 

and OV (no significant difference between uncoated and coated), thus showing the 

coated pellets to be generally rougher than the uncoated pellets.

Looking at the profilimetry results for the individual batches, there were some 

significant differences present between the values of all the uncoated pellet batches. 

These mainly showed that the batches ALO, GRO and DSO possessed rougher surfaces 

than the other batches. From this it was deduced that the surface roughness of 

uncoated pellets depends both on the formulation as well as the manufacturing 

process, in particular the manufacturing stages prior to spheronisation i.e. extrusion or 

granulation or just mixing.

In contrast to the uncoated pellets’ results, there were no significant differences found 

between any of the coated batches i.e. all had similar surface profiles. Thus it appears 

that by filmcoating the pellets, any differences in surface roughness between batches 

of different shape were covered by the coat, and this indication is in agreement with 

the findings of the image analysis studies.

The reason that the two techniques used to analyse surface roughness produced some 

seemingly conflicting results could be that they examine the surface at different levels, 

image analysis being a ‘macroscopic’ technique, and laser profilimetry being more at 

the ‘microscopic’ level. Additionally, the profilimetry was carried out on a section of 

the surface of the pellet, whereas the image analysis method considered the complete 

profile of the pellet. However, the two techniques treat the surface differently; image 

analysis considers the two-dimensional image of a particle and draws radii at 1° 

angles from the centre of gravity to the edge i.e. 360 points of measurement, whereas 

profilimetry actually traces the surface landscape at up to 1000 points/mm in x and y 

directions with a 1 micron thick laser beam. This is nearly equivalent to a tenfold 

difference in the degree of observation of the two techniques.

Considering the results o f both techniques together, it can be concluded that 

macroscopic surface irregularities are filled by the coating material, so that roughness 

in the sense of irregularities, diminishes, and therefore differences between different 

shaped pellets decrease. The films however, possess peaks and valleys measured on a 

microscopic level, and thus impart a surface roughness of their ovm during the coating 

process, independent of the initial shape. This could be a function of the coating
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material used and roughness would then perhaps become more obvious with more 

solid particles in the film’s formulation e.g. inclusion of pigments.

4.4 Pellet performance

(relating to sections 3.3.7 and 3.4)

The main method of evaluating the performance of the different pellet batches was by 

studying their drug release characteristics. The pellets were formulated such that their 

drug release would be controlled by the film coat applied. The coating consisted o f a 

water insoluble polymer with a water soluble additive in order to allow pores to be 

formed and drug to be released from the core. All batches were coated with the same 

solution but the thickness o f the coat applied varied, thus there were uncoated pellets 

and coated pellets of five different coat thicknesses to work with.

Dissolution tests were carried out and, from the release profiles obtained, several 

parameters were calculated to describe the curves numerically in order for 

comparisons to be made. These were the mean dissolution time (MDT), the area under 

the dissolution curve (AUC) and the variance of dissolution time (VDT) (values in 

tables A2 - A9).

From observing the tests, it was noted that all pellets stayed intact throughout the time 

of testing except the batches DUO and LDO which disintegrated within the dissolution 

vessel. This weakness perhaps was a consequence of their shapes (i.e. due to the 

narrowing towards the centre of the particles) and/or the lower water contents in their 

formulation. The presence o f a coating layer not only held the pellet cores together, 

but for all pellet batches the drug release rate was decreased as a function of coat 

thickness. This was reflected by the parameters calculated.

The values of MDT, AUC and VDT all increased as the coat thickness increased for 

all batches (see figures 3.52 - 3.54). Comparing uncoated batches and each coating 

level separately, most values were found to be significantly different from each other. 

Coat 3 pellets however, seemed to have more insignificant combinations than any 

other coating level; only the CY3 batch was different from all the other level 3 coated 

batches (see tables 3.41-3.46).
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Comparing the values of MDT, AUC and VDT, at different coating levels for each 

batch individually, showed most values to be different with some exceptions (see 

tables 3.47-3.54). For all batches the uncoated pellets were significantly different from 

the coated pellets, and most insignificant differences occurred between VDT values. 

The relative dispersion coefficient of the dissolution, RD, was also calculated for all 

the pellet batches and according to the low values obtained, the mechanism of release 

did not fit any traditional dissolution model (see tables A2-A9). However it was 

shown by time-scaling of the dissolution curves that the drug release mechanisms 

involved were similar for all levels of coating thickness of each batch of pellets.

Another method of studying the pellets’ performance was by evaluating their capsule 

filling ability. All batches of uncoated and final coated pellets were tested by selecting 

a desired fill weight range and setting a target count of pellets to reach that weight 

within a set time. Satisfactory filling depended largely on the flow of the pellets 

within the hoppers and it was found that for the batches CYO, CY5, DU5 and LD5, 

the pellets required additional manual tapping of the hoppers in order to sustain their 

flow into capsules. For uncoated pellets, all batches except CYO reached the target 

count of ‘good’ capsules within the set time limit, SPO and GRO having the best 

performance (see table 3.39 and figures 3.28 - 3.35). With coated pellets however, it 

was seen that an increased number of capsules were needed before the target was 

reached compared to the uncoated batches. Only the four visually ‘round’ batches 

(SP5, AL5, GR5, and DS5) reached the target count, whilst the four elongated batches 

failed (see table 3.40 and figures 3.36 - 3.43). Amongst the coated batches GR5 

pellets showed the best capsule filling performance. For both uncoated and coated 

pellet batches it was seen that the number o f underfilled capsules increased 

significantly for the more elongated batches i.e. DU, LD and CY pellets, and this 

perhaps gives an indication of the limits of pellet shape acceptable for capsule filling 

(see section 4.5).
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4.5 Relationships between different pellet properties

The sections 4.1 - 4.4 summarize the findings of various studies undertaken and build 

up a clearer picture of the characteristics of the pellet batches. However, are these 

characteristics inter-linked and, in particular, what effect is the shape of the pellets 

exerting upon their properties? In order to address these questions, the relationship 

between several of the results was investigated.

Spearman’s ranking test was applied as described in section 2.6, to compare the rank 

orders of two measured properties at a time.

For n = 8, since all the batches were included, the tabulated rs value is 0.738 at the 5% 

confidence level i.e. a calculated rs value exceeding this tabulated value indicates a 

positive correlation between the ranking of the two sets of results. Similarly, a 

negative correlation would be indicated by numbers more negative than -0.738. If the 

rank orders were exactly the same, the rank correlation coefficient would be 1.000.

Ranked properties Batches

Spearman’s

correlation

coefficient

porosity + surface area all uncoated 0.000

porosity + mean dissolution time (MDT) all uncoated -0.881

porosity + surface roughness (Ra) all uncoated -0.238

surface area + surface roughness (Ra) all uncoated 0.619

surface area + mean dissolution time (MDT) all uncoated 0.167

coat thickness + mean dissolution time (MDT) all coat 5 0.417

3-D shape (Ccs) + mean dissolution time (MDT) all uncoated 0.667

3-D shape (Ccs) + mean dissolution time (MDT) all coat 5 -0.060

2-D shape (e^) + mean dissolution time (MDT) all uncoated 0.714

2-D shape (qr) + mean dissolution time (MDT) all coat 5 -0.012

3-D shape (ecs) + surface roughness (Ra) all uncoated 0.524

2-D shape (eR) + surface roughness (Ra) all uncoated 0.357

3-D shape (Ccs) + surface area all uncoated 0.048

continued...
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3-D shape (ecs) + % underfilled capsules all uncoated 0.595

3-D shape (ecs) + % underfilled capsules all coat 5 0.714

2-D shape (eR) + % underfilled capsules all uncoated 0.881

2-D shape (ea) + % underfilled capsules all coat 5 0.714

surface roughness (Ra) + % underfilled capsules all uncoated 0.310

3-D shape (ecs) + bulk density all uncoated 0.024

3-D shape (Ccs) + bulk density all coat 5 0.452

surface roughness + bulk density all uncoated -0.548

3-D shape (ecs) + Heywood’s volume coefficient, k all uncoated 0.083

3-D shape (ecs) + Heywood’s volume coefficient, k all coat 5 0.476

2-D shape (eR) + Heywood’s volume coefficient, k all uncoated -0.250

2-D shape (eR) + Heywood’s volume coefficient, k all coat 5 0.286

3-D shape (ecs) + Heywood’s surface coefficient, f all uncoated 1.000

3-D shape (ecs) + Heywood’s surface coefficient, f all coat 5 0.976

2-D shape (eR) + Heywood’s surface coefficient, f all uncoated 0.833

2-D shape (eR) + Heywood’s surface coefficient, f all coat 5 0.786

3-D shape (Ccs) + aspect ratio all uncoated -0.905

3-D shape (ecs) + aspect ratio all coat 5 -0.702

2-D shape (eR) + aspect ratio all uncoated -0.976

2-D shape (eR) + aspect ratio all coat 5 -0.845

measured properties.

Table 4.1 shows the results for the Spearman’s rank coefficients comparing the rank 

orders of certain pairs of measured properties for uncoated or fully coated pellets. 

Looking at the result for two properties such as porosity and surface area, correlation 

coefficient = 0.000. This indicates no correlation at all which is not surprising since 

the porosity may be regarded as an internal feature of the pellets and in this case the 

surface area was determined by the technique of air permeametry which measures 

external surface area only. With other techniques o f measuring surface area such as 

gas adsorption, a correlation with porosity would be expected since the total surface 

area is measured. However, porosity and mean dissolution time for uncoated pellets
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did show a negative correlation, i.e. the ranking order was inverted. Thus the highest 

porosity pellets would have the lowest mean dissolution time i.e. the fastest drug 

release, and this is not surprising since increased pores would lead to increased 

dissolution. The coated pellets however, were assumed to be non-porous and their 

release was controlled entirely by the coating layer. The relationship between mean 

dissolution time and other properties was also investigated but no definite correlations 

were found. Surface area of the uncoated pellets did not appear to be related to the 

dissolution rate, whilst the same for coated pellets was not considered since there were 

no significant differences in surface area found between batches. The relationship 

between surface area and surface roughness (Ra) of uncoated pellets was also 

investigated and in this case there was almost a positive correlation seen between the 

two properties.

For uncoated pellets at the 5 % confidence level, the shape factor Cc3 almost showed a 

positive correlation with mean dissolution time, whereas the coated pellets showed 

almost none. This means that for the uncoated pellets, a more spherical shape 

produced a higher mean dissolution time. This is partly due to the disintegration of the 

elongated pellets DU and LD leading to shortened dissolution times, and not due to 

surface area effects.

There were no other correlations found between properties such as bulk density, shape 

and surface roughness. Porosity and surface roughness of pellets was seen to be 

unrelated which is in contrast to work done by other authors [Ozkan and Briscoe 

1996; Rowe 1978a, 1979], who claimed that there is a relationship between surface 

roughness and porosity of tablets or compacts.

Capsule filling performance was also ranked against other properties to look for 

correlations. The percentage o f underfilled capsules was nearly positively correlated to 

the ec3 shape factors for both uncoated and coated pellets which was in agreement 

with the observations made during the filling of capsules i.e. an elongated shape did 

not fill as successfully as a more spherical shape. This correlation was demonstrated 

more definitely by comparing the 2-dimensional shape factor cr with the percentage 

of underfilled capsules, where the uncoated pellets showed a positive correlation and 

the coated batches almost reached the significant value at the 5 % confidence level. In
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this respect the 2-dimensional shape factor appears to give better results than the 3- 

dimensional ec3 shape factor. Surface roughness (Ra) did not exhibit a correlation with 

the capsule filling performance of uncoated pellets and thus the shape on its own 

appeared to influence their capsule filling ability. Looking at the values of shape 

obtained for all the batches studied, the approximate limits for adequate capsule filling 

performance are as follows for uncoated pellets:

2-dimensional shape factor cr > 0.36

3-dimensional shape factor Cc3 >0.18

or aspect ratio AR< 1.2.

These are the values of shape measured for the OVO pellets which were visually oval; 

any further elongation or deviation from the spherical shape led to an obvious 

deterioration in capsule filling ability as seen with the DUO, LDO and CYO pellet 

batches. The capsule filling results for the coated pellet batches were very poor 

compared to the uncoated pellets and probably due to the presence of the filmcoat. 

However, if the process were improved e.g. by the addition of a lubricant or by 

adapting the equipment to obtain better flow of product, the point where the process 

becomes unacceptable would again coincide with the shape measured for the 0V5 

pellet batch. Thus for coated pellets the limits would be similar to the values for 

uncoated pellets with the exception of the 3-dimensional shape factor Cc3 which 

should be > 0.29. This increase in the limiting value is a reflection of the ec3 shape 

factor finding that coat 5 pellets o f the elongated batches (OV, DU, LD and CY) had 

higher values i.e. better shape, than their uncoated counterparts. The actual limiting 

values may be considered to be fairly low since the theoretical value for a perfect 

sphere is 1.000 (for or, ec3 and aspect ratio), and the values for the best capsule filling 

pellet batches (SP and GR) were only -0.5 for Or, -1.1 for AR and -0.35 for the ec3 

shape factor. However, the pellet batches studied were selected to give a fair 

representation o f shapes which could be produced by commonly used processes such 

as extrusion-spheronisation and granulation, and thus the range of shape 

measurements and limits can be considered to be realistic.

Further, the relationships between different shape factors was investigated. The two 

three-dimensional shape factors, Cc3 and Heywood’s coefficients were compared. The
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rank orders for Cc3 and Heywood’s surface coefficient, f, showed very good 

correlations for both the uncoated and coated pellets. However the volume factor, k, 

did not correlate with the ec3 shape in either case. Looking at the aspect ratio and the 

shape factor Cc3, negative correlations were found, and the same applied to aspect ratio 

and the 2-dimensional shape factor cr. This shows that overall all the shape factors 

ranked the shape of the pellet batches in a similar fashion. However this does not 

overcome the fact that aspect ratio was not as efficient as the other shape factors in 

distinguishing between batches, and that Heywood’s shape coefficients produced 

misleading results in cases where pellets deviated highly from the spherical shape.

Rank correlations such as these only demonstrate the presence o f a relationship 

between the rank orders of two different properties, they do not provide a numerical 

value or indicate the extent of the relationship. In this study though, the correlations 

highlight the properties that are influenced by shape, and also aid in comparing the 

different methods available for characterizing shape. Based on this information, 

further studies could be carried out to study the possible relationships in depth.
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CHAPTER FIVE; CONCLUSION

The eight sets of pellets (SP, AL, GR, DS, OV, DU, LD and CY) were characterized 

in terms of their morphological and structural properties, and then their performance 

in drug release and capsule filling was evaluated.

Properties such as size and surface area were investigated and found to follow the 

general expected results for four ‘rounded’ batches (SP, AL, GR and DS) and four 

elongated shaped batches (OV, DU, LD and CY).

Whilst measuring shape, it was found that traditional shape factors such as the aspect 

ratio were not as discriminatory as other measures. Also Heywood’s shape 

coefficients were found to be inappropriate for use with very extreme shapes such as 

the LD batch i.e. dumbbell shaped or very elongated, perhaps due to the inclusion of 

an empirically determined value relating to the spherical shape. The two-dimensional 

shape factor cr determined by image analysis was faster but not as powerful as the 

three-dimensional ec3 factor which was able to distinguish between nearly all uncoated 

batches of pellets.

The roughness component of the shape factor Cc3 was considered to be a macroscopic 

measure of the surface roughness of the pellets and results indicated that the coating 

material filled in irregularities on the core surface, thereby diminishing differences 

between the different pellet batches. The more microscopic technique of laser 

profilimetry showed that the surface roughness values increased and were similar for 

most batches when pellets were coated i.e. the coating layer imparted its own surface 

roughness independent of initial surface and shape conditions. There were no 

significant differences once the pellets were coated but some differences existed 

between the roughness parameters obtained for uncoated pellets. These differences 

showed that the manufacturing process and the binder solution in the formulation used 

both affected the surface characteristics of pellets. In particular, the same 

spheronisation conditions during manufacture did not result in all pellet batches 

having similar surfaces.

Bulk/tap density experiments established that half the batches had lower bulk 

densities when coated whereas the others showed no difference. Most coated pellets 

reached their minimum packing volume immediately when poured into a cylinder.
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whereas uncoated pellet beds underwent consolidation when tapped. This indicated a 

change in the nature of the surface after coating, perhaps increased friction between 

pellets.

Characterizing the pellet batches in terms of densities indicated that all uncoated 

pellets had similar effective densities whereas the coated pellets showed significant 

differences between most batches, their values being lower than for uncoated pellets. 

Also the uncoated pellet batches were seen to have significant differences between 

their porosity measurements; the coated pellets were not measured due to the presence 

of the polymer coating.

The ranking of porosity values of the uncoated pellets was shown to be inversely 

correlated to the mean dissolution time values. Another propery that almost showed a 

positive correlation with the mean dissolution time was the shape as measured by the 

shape factor Cc3. The thickness of the coating layer was seen to be directly 

proportional to the dissolution rate of the pellets. Studying the dissolution profiles by 

statistical moment analysis indicated that the drug release mechanisms did not fit a 

traditional model but it was noted that all profiles for each batch were equivalent to 

each other, thereby indicating the same release mechanism.

A clearer picture of the influence of shape on the pellets was obtained from capsule 

filling studies. All uncoated batches except the most elongated, CYO, were deemed to 

perform successfully during capsule filling, with the four rounded batches (SP, AL, 

GR, DS) being better than the elongated ones. Coated pellet batches did not fill into 

capsules as well as uncoated batches, and again the rounded batches performed better 

than the elongated pellets. Taking into account the number of underfilled capsules 

produced, approximate limits were identified for the shape values required for 

adequate capsule filling (two-dimensional or shape factor >0.36, three-dimensional ec3 

shape factor >0.18 and aspect ratio <1.2). Thus for uncoated pellets there was a 

definite correlation found between shape and number of underfilled capsules, whereas 

the coated pellets almost showed a similar correlation but the presence of the coat 

influenced their capsule filling ability in a negative manner.

Further work could be done using the information gained here as a starting point. This 

study was fairly broad and looked at various aspects of the properties of
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pharmaceutical pellets and the influence of shape. Thus targetting work at a particular 

area such as studying the filmcoat in greater detail e.g. the variation in thickness and 

its interaction with the surface of pellets of different shapes may be useful. Using 

similar batches of pellets, more information could be gained by performing 

experiments with all levels of coating rather than just comparing uncoated pellets and 

the final coated pellets. Additionally, other pellets could be produced, perhaps with 

more varied surface characteristics, by changing the formulation or using different 

pelletization techniques e.g. melt pelletization. A further extension o f the work could 

be to investigate the effects of mixing different shapes of pellets and evaluating their 

performance.

In summary it may be said that the shape of pellets influences a whole range of their 

properties although with a complex system it is not always possible to identify a 

straightforward and obvious relationship. Considering the performance of the pellets 

worked with in this project, the range of shapes seemed not to affect the dissolution of 

pellets which was primarily controlled by the filmcoat. However extremely deviant 

shapes such as dumbell shaped pellets may disintegrate during dissolution when 

uncoated. The evaluation of performance during capsule filling did highlight the 

influence of the shape of pellets where the ability to fill successfully decreased with 

increasing elongation. It was possible to identify a threshold value for the shape below 

which the capsule filling process did not seem to be viable.

Exact limits for the shape measurements required for a successful pelletised product 

may vary from product to product and will need further study, but this work shows the 

importance of measuring shape and the ways in which it may affect the properties of 

pharmaceutical pellets.
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APPENDIX

Table A l Mean dimensions (± standard deviation) of all pellet batches as measured 
by image analysis.

Batch Length/pm Breadth/|im Thickness/|im
SPO 1307.5 ± 55.4 1253.1 ±52.6 1150.2 ±60.2
SPl 1385.1 ±42.7 1269.7 ±61.1 1179.6 ±62.6
SP2 1402.6 ± 48.4 1304.2 ±59.6 1189.6 ±49.0
SP3 1421.4 ±43.9 1316.6 ±69.0 1217.1 ±58.9
SP4 1429.8 ±48.4 1305.4 ±76.7 1199.1 ±58.8
SP5 1432.4 ± 50.7 1335.4 ±45.7 1236.1 ±61.3
ALO 1380.5 ±63.3 1316.9 ±66.7 1221.8 ±76.2
ALl 1448.9 ±68.1 1345.3 ±85.8 1265.7 ±64.4
AL2 1477. ± 80.0 1357.6 ±97.7 1250.3 ±86.3
AL3 1477.9 ±47.2 1368.5 ±56.3 1276.8 ±54.1
AL4 1464.1 ±62.9 1343.2 ±67.2 1261.9 ±65.9
AL5 1440.2 ±66.0 1345.5 ±71.0 1270.2 ±73.2
GRO 1189.2 ±90.0 1139.4 ±67.4 1040.1 ±72.2
GRl 1309.9 ±56.6 1212.3 ±66.2 1137.0 ±79.3
GR2 1347.4 ±81.3 1256.8 ±85.1 1173.5 ±74.8
GR3 1281.3 ±61.5 1194.6 ±68.6 1114.2 ±77.9
GR4 1303.0 ± 55.1 1221.7 ±72.5 1125.1 ±90.1
GR5 1281.1 ±68.8 1197.4 ±69.5 1126.0 ±78.6
DSO 1287.6 ±82.0 1238.0 ±96.4 1164.1 ±78.4
DSl 1324.7 ±81.5 1239.4 ± 100.9 1152.5 ±94.0
DS2 1284.5 ±75.7 1201.0 ±82.3 1124.4 ±68.4
DS3 1351.3 ±92.0 1268.9 ±87.8 1195.2 ±82.5
DS4 1298.1 ±97.2 1223.3 ±96.5 1147.8 ±89.5
DS5 1323.3 ±68.8 1223.7 ±76.9 1138.3 ±56.8
OVO 1381.0 ±55.2 1234.7 ±54.0 1094.1 ±54.3
OVl 1413.5 ±74.6 1269.3 ± 62.4 1150.2 ±52.8
0V2 1408.3 ±75.8 1277.5 ±59.1 1170.4 ±53.8
0V3 1421.5 ±70.3 1285.4 ±76.0 1165.5 ±59.5
0V4 1451.9 ±76.4 1312.6 ±63.5 1196.1 ±58.2
0V5 1486.3 ±67.1 1375.2 ±51.3 1267.4 ±58.9
DUO 1758.7 ±64.4 1343.2 ±94.7 1108.8 ±73.2
DUl 1756.8 ±70.7 1476.5 ± 85.7 1301.6 ±82.3
DU2 1769.5 ±70.4 1473.2 ±54.3 1282.6 ±60.5
DU3 1776.5 ±78.9 1470.4 ±89.1 1242.3 ± 88.4
DU4 1789.2 ±99.7 1493.2 ± 89.7 1273.6 ±50.3
DU5 1824.4 ±87.7 1508.1 ±83.0 1273.9 ±45.2
LDO 1973.2 ±87.0 1286.0 ±71.0 1084.5 ±49.5
LDl 1916.0 ±67.8 1385.5 ±90.0 1158.6 ±54.2
LD2 1970.6 ± 113.0 1408.0 ±96.0 1188.2 ±45.4
LD3 1967.4 ±95.4 1427.3 ±71.4 1169.2 ±50.2
LD4 1919.6 ±94.2 1447.8 ±83.0 1201.4 ±55.8
LD5 1981.2 ±93.8 1409.3 ± 80.8 1181.9 ±56.4
CYO 2180.3 ± 183.4 1286.7 ± 109.6 924.2 ±43.7
CYl 1894.8 ±93.6 1310.3 ± 115.8 1019.1 ±51.6
CY2 1875.7 ± 117.2 1349.3 ±90.6 1043.1 ±52.1
CY3 1898.8 ± 105.7 1355.1 ± 126.4 1037.6 ±63.0
CY4 1882.2 ± 122.2 1314.3 ± 117.9 1042.7 ±57.4
CY5 1838.1 ± 114.9 1334.2 ± 106.8 1039.3 ±49.3

199



Table A2 Dissolution parameters measured for SP pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: SP pellets

sample AUC MDT VDT RD
Uncoated SPG

1 6447.69
2 6460.95
3 6026.87
4 6399.47
5 6012.16
6 5993.10

55.04
55.09
52.18 
55.29
52.19 
52.25

555.77
553.13
492.99
549.08
494.06
492.52

0.183
0.182
0.181
0.180
0.181
0.180

mean
s.d.

6311.83
246.89

54.10
1.67

533.96
35.51

0.181
0.001

Coat 1
1
2
3

SPl
430.47
406.08
406.67

4.56
4.42
4.42

2.82
2.61
2.61

0.136
0.134
0.134

mean
s.d.

414.41
13.92

4.46
0.08

2.68
0.12

0.135
0.001

Coat 2
1
2
3

SP2
529.39
533.92
533.75

5.89
5.87
5.87

4.60 
4.62
4.61

0.133
0.134
0.134

mean
s.d.

532.35
2.58

5.88
0.01

4.61
0.01

0.134
0.001

Coat 3 
1
2
3

SP3
583.39
606.98
585.75

6.80
6.95
6.80

5.61
5.89
5.63

0.121
0.122
0.122

mean
s.d.

592.04
12.99

6.85
0.09

5.71
0.16

0.122
0.001

Coat 4
1
2
3

SP4
654.40
686.41 
675.35

7.82
7.92
7.96

7.34
7.77
7.71

0.120
0.124
0.122

mean
s.d.

672.06
16.26

7.90
0.07

7.60
0.23

0.122
0.002

Coat 5 
1
2
3

SP5
894.03 
727.14
832.03

9.95
9.30
9.76

12.77
9.47
11.56

0.129
0.109
0.121

mean
s.d.

817.73
84.36

9.67
0.34

11.27
1.67

0.120
0.010

200



Table A3 Dissolution parameters measured for AL pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: AL pellets

sample AUC MDT VDT RD
Uncoated ALO

1 5591.32
2 5567.93
3 5596.52
4 5603.44
5 5609.57
6 5559.79

45.52
45.46
45.52 
45.32 
45.23
45.46

394.89
396.20
395.06
398.22
400.51
396.32

0.191
0.192
0.191
0.194
0.196
0.192

mean
s.d.

5585.26
15.23

45.50
0.04

395.38
0.71

0.193
0.002

Coat 1 
1
2
3

ALl
449.54
487.04
481.31

4.88
5.16
5.21

3.30
3.84
3.73

0.139
0.144
0.138

mean
s.d.

472.63
20.20

5.08
0.18

3.62
0.28

0.140
0.003

Coat 2
1
2
3

AL2
689.30
709.28
700.41

7.41
7.59
7.61

7.82
8.01
8.03

0.142
0.139
0.139

mean
s.d.

699.66
10.01

7.54
0.11

7.95
0.12

0.140
0.002

Coat 3 
1 
2 
3

AL3
726.94
722.19
759.58

8.15
7.93
8.48

8.86
8.75
9.52

0.133
0.139
0.132

mean
s.d.

736.24
20.36

8.19
0.28

9.04
0.42

0.135
0.004

Coat 4 
1
2
3

AL4
868.07
849.78
869.91

9.75
9.44
9.58

12.86
11.85
12.32

0.135
0.133
0.134

mean
s.d.

862.59
11.13

9.59
0.16

12.34
0.51

0.134
0.001

Coat 5 
1
2
3

AL5
842.89 
907.78 
874 68

9.38
10.02
9.69

12.38
14.01
13.22

0.141
0.139
0.141

mean
s.d.

875.11
32.45

9.70
0.32

13.20
0.82

0.140
0.001
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Table A4 Dissolution parameters measured for GR pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: GR pellets

sample AUC MDT VDT RD
Uncoated GRO

1 5097.73 43.21 335.14 0.179
2 5117.47 43.18 334.85 0.180
3 5054.52 43.27 334.50 0.179
4 5047.39 43.19 335.78 0.180
5 5062.19 43.17 336.24 0.180
6 5112.74 43.15 335.96 0.180

mean 5089.91 43.22 334.83 0.180
s.d. 32.25 0.04 0.31 0.001

Coat 1 GRl
1 307.84 3.27 1.48 0.139
2 329.79 3.40 1.67 0.145
3 325.81 3.42 1.64 0.14

mean 321.15 3.36 1.60 0.141
s.d. 11.70 0.08 0.10 0.003

Coat 2 GR2
1 433.51 4.98 3.08 0.124
2 421.82 4.82 2.85 0.123
3 428.69 5.00 3.03 0.121

mean 428.01 4.93 2.98 0.123
s.d. 5.87 0.10 0.12 0.002

Coat 3 GR3
1 476.54 5.49 3.64 0.121
2 1058.87 8.94 13.06 0.163
3 539.36 5.93 4.38 0.125

mean 691.59 6.78 7.03 0.136
s.d. 319.62 1.88 5.24 0.023

Coat 4 GR4
1 546.03 6.28 4.96 0.126
2 529.11 6.10 4.75 0.128
3 544.77 6.26 5.02 0.128

mean 539.97 6.21 4.91 0.127
s.d. 9.42 0.10 0.14 0.001

Coat 5 GR5
1 610.98 6.83 6.45 0.138
2 611.44 6.81 6.55 0.141
3 627.64 6.73 6.79 0.150

mean 616.69 6.79 6.60 0.143
s.d. 9.49 0.05 0.17 0.006
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Table A5 Dissolution parameters measured for DS pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: DS pellets

sample AUC MDT VDT RD
Uncoated DSD

1 5501.77
2 5523.95
3 5492.45
4 5454.23
5 5499.51
6 5499.26

46.06
45.92 
45.99 
45.97 
45.84
45.93

384.12
386.84 
386.01 
387.29
388.84 
387.23

0.181
0.183
0.182
0.183
0.185
0.184

mean
s.d.

5506.06
16.37

45.99
0.07

385.66
1.40

0.183
0.001

Coat 1 
1 
2 
3

DSl
363.53
416.10
409.76

3.65
3.88
3.92

2.13
2.62
2.54

0.160
0.174
0.165

mean
s.d.

396.46
28.70

3.82
0.15

2.43
0.26

0.166
0.007

Coat 2
1
2
3

DS2
523.12
545.89
509.19

5.91
6.31
5.75

4.55
4.80
4.29

0.130
0.120
0.130

mean
s.d.

526.07
18.53

5.99
0.29

4.54
0.25

0.127
0.006

Coat 3 
1
2
3

DS3
598.24
603.92
572.86

5.96
5.69
5.62

5.86
5.84
5.33

0.165
0.180
0.169

mean
s.d.

591.67
16.54

5.76
0.18

5.68
0.30

0.171
0.008

Coat 4
1
2
3

DS4
704.34
673.61
689.68

6.82
6.94
7.12

8.04
7.77
7.98

0.173
0.161
0.157

mean
s.d.

689.21
15.37

6.96
0.15

7.93
0.14

0.164
0.008

Coat 5
1
2
3

DS5
690.25
701.21
756.50

6.88
6.58
7.27

7.90
7.93
9.16

0.167
0.183
0.173

mean
s.d.

715.99
35.51

6.91
0.34

8.33
0.72

0.174
0.008
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Table A6 Dissolution parameters measured for OV pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: OV pellets

sample AUC MDT VDT RD
Uncoated OVO

1 5797.47 49.17 435.18 0.180
2 5744.57 49.22 434.91 0.180
3 5767.91 49.17 435.03 0.180
4 5825.35 49.09 436.29 0.181
5 5749.51 49.18 435.44 0.180
6 5803.23 49.11 435.81 0.181

mean 5769.98 49.19 435.04 0.180
s.d. 26.46 0.03 0.00 0.001

Coat 1 OVl
1 467.29 5.27 3.58 0.129
2 492.48 5.39 3.89 0.134
3 494.66 5.61 3.97 0.126

mean 484.81 5.42 3.81 0.130
s.d. 15.21 0.17 0.21 0.004

Coat 2 OV2
1 637.78 7.62 7.31 0.126
2 626.30 7.65 7.22 0.123
3 614.46 7.49 6.87 0.122

mean 626.18 7.59 7.13 0.124
s.d. 11.66 0.08 0.23 0.002

Coat 3 OV3
1 861.43 9.82 12.57 0.130
2 866.10 9.77 12.84 0.135
3 850.09 9.89 12.25 0.125

mean 859.21 9.83 12.55 0.130
s.d. 8.24 0.06 0.30 0.005

Coat 4 OV4
1 879.80 10.58 14.00 0.125
2 887.22 10.79 14.27 0.123
3 884.64 10.57 13.98 0.125

mean 883.89 10.65 14.08 0.124
s.d. 3.76 0.12 0.17 0.001

Coat 5 OV5
1 986.62 12.30 18.60 0.123
2 1003.91 12.19 19.28 0.130
3 972.32 12.37 18.26 0.119

mean 987.62 12.29 18.71 0.124
s.d. 15.82 0.09 0.52 0.006
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Table A7 Dissolution parameters measured for DU pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: DU pellets

sample AUC MDT VDT RD
Uncoated DUO

1 2117.07
2 2111.26
3 2120.48
4 2118.17
5 2097.93
6 2113.87

20.46
20.49 
20.43 
20.51 
20.45
20.50

56.03
55.75
56.19
55.44
56.16
55.65

0.134
0.133
0.135
0.132
0.134
0.132

mean
s.d.

2116.27
4.69

20.46
0.03

55.99
0.22

0.133
0.001

Coat 1 
1
2
3

DUl
387.96
391.85
390.93

4.05
4.04
4.27

2.29
2.32
2.38

0.139
0.143
0.130

mean
s.d.

390.25
2.03

4.12
0.13

2.33
0.05

0.137
0.007

Coat 2
1
2
3

DU2
622.02
608.10
633.64

6.83
6.90
7.24

6.29
6.12
6.68

0.135
0.128
0.128

mean
s.d.

621.25
12.79

6.99
0.22

6.36
0.29

0.130
0.004

Coat 3 
1
2
3

DU3
795.47
792.23
793.88

9.01 
9.18
9.02

10.45
10.91
10.39

0.129
0.129
0.128

mean
s.d.

793.86
1.58

9.07
0.10

10.58
0.28

0.129
0.001

Coat 4
1
2
3

DU4
941.41
957.91
935.21

11.22
11.19
11.03

15.82
15.74
15.46

0.126
0.126
0.127

mean
s.d.

944.84
11.74

11.15
0.10

15.67
0.19

0.126
0.001

Coat 5
1
2
3

DU5
1069.44
1047.52
1078.99

12.40
12.23
12.84

20.67
20.31
21.14

0.135
0.136
0.128

mean
s.d.

1065.32
16.14

12.49
0.31

20.71
0.42

0.133
0.004
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Table A8 Dissolution parameters measured for LD pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: LD pellets 

sample AUC MDT VDT RD
Uncoated LDO

1 1848.49
2 1388.13
3 1376.57
4 1380.06
5 1387.46
6 1365.14

17.17
14.40 
14.43 
14.45
14.41 
14.49

39.88
24.70
24.62 
24.48
24.62 
24.39

0.135
0.119
0.118
0.117
0.118
0.116

mean
s.d.

1537.73
269.19

15.33
1.59

29.73
8.79

0.121
0.007

Coat 1 
1
2
3

LDl
279.10
306.37
299.76

2.51
2.61
2.64

1.05
1.23
1.20

0.166
0.181
0.172

mean
s.d.

295.08
14.22

2.59
0.07

1.16
0.10

0.173
0.008

Coat 2 
1 
2 
3

LD2
553.85
539.68
573.18

5.07
5.14
5.65

4.56
4.44
5.18

0.178
0.168
0.162

mean
s.d.

555.57
16.81

5.29
0.32

4.73
0.40

0.169
0.008

Coat 3 
1 
2 
3

LD3
765.19 
810.18
802.20

7.47
7.44
7.33

9.39
10.35
9.70

1.168
0.187
1.181

mean
s.d.

792.52
24.00

7.41
0.08

9.81
0.49

0.845
0.570

Coat 4 
1
2
3

LD4
823.85
817.77
808.42

8.21
8.24
8.34

11.75
11.67
11.22

0.174
0.172
0.161

mean
s.d.

816.68
7.78

8.26
0.07

11.55
0.29

0.169
0.007

Coat 5 
1
2
3

LD5
1128.36
1149.27
1125.39

11.40
10.86
10.59

21.34
21.19
19.53

0.164
0.180
0.174

mean
s.d.

1134.34
13.03

10.95
0.41

20.69
1.01

0.173
0.008
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Table A9 Dissolution parameters measured for CY pellet batches; AUC = area under 
the curve , MDT = mean dissolution time (in minutes for uncoated batches and in 
hours for coated batches), VDT = variation in dissolution time, RD = dispersion 
coefficient.

Analysis of dissolution profiles: CY pellets

sample AUC MDT VDT RD
Uncoated CYO

1 2893.97
2 2899.45
3 2924.06
4 2912.98
5 3338.74
6 2884.96

25.85
25.80 
25.72 
25.77 
28.60
25.81

107.06
107.55
108.97
107.91
137.36
107.76

0.160
0.162
0.165
0.163
0.168
0.162

mean
s.d.

2905.83
16.03

25.79
0.07

107.86
0.99

0.163
0.003

Coat 1 
1
2
3

CYl
144.49
152.71
146.42

1.51 
1.48
1.51

0.31
0.32
0.31

0.134
0.146
0.138

mean
s.d.

147.88
4.30

1.50
0.02

0.31
0.01

0.139
0.006

Coat 2
1
2
3

CY2
192.80
192.73
185.67

1.98
1.99 
2.02

0.55
0.55
0.52

0.141
0.138
0.128

mean
s.d.

190.40
4.10

2.00
0.02

0.54
0.02

0.136
0.007

Coat 3
1
2
3

CY3
195.74
263.52
228.52

2.18
2.58
2.49

0.62
1.00
0.84

0.130
0.150
0.135

mean
s.d.

229.26
33.90

2.42
0.21

0.82
0.19

0.138
0.010

Coat 4 
1
2
3

CY4
259.94
266.31
282.40

2.78
2.78 
3.16

1.12
1.10
1.29

0.144
0.143
0.130

mean
s.d.

269.55
11.58

2.91
0.22

1.17
0.11

0.139
0.008

Coat 5
1
2
3

CY5
367.36
404.06
348.06

3.89
3.95
3.73

2.19
2.52
2.03

0.145
0.161
0.146

mean
s.d.

373.16
28.45

3.86
0.11

2.24
0.25

0.151
0.009

207



REFERENCES

ABLETSHAUSER, C.B., SCHNEIDER, R. and RUPPRECHT, H. (1993) Film 

coating of pellets with insoluble polymers obtained in situ crosslinking in the 

fluidized bed. Journal o f  Controlled Release, 27, 149-156.

ALDERBORN, G. and NYSTRÔM, C. (1993) Characterization of powder surface 

areas. In: SANDELL, E. (Ed.), Industrial Apects o f  Pharmaceutics, Stockholm: 

Swedish Pharmaceutical Press, p.7-22.

ALLEN, T. (1990) Particle Size Measurement, 4th edition. London: Chapman & Hall.

AOKl, R. and SUZUKI, M. (1970) Effect of particle shape on the flow and packing 

properties of non-cohesive granular materials. Powder Technology, 4, 102-104.

ARWIDSSON, H.G. and RUDÉN, M. (1993) Film coating by the spray process. In: 

SANDELL, E., (Ed.) Industrial Aspects o f  Pharmaceutics, Stockholm: Swedish 

Pharmaceutical Press, p.212-226.

AULTON, M.E. (1988) Pharmaceutics: The Science o f  Dosage Form Design, 

Edinburgh: Churchill Livingstone.

AULTON, M.E. and TWITCHELL, A.M. (1995) Film coat quality. In: COLE, 

G.(Ed.), HOGAN, J. and AULTON, M., Pharmaceutical Coating Technology, 

London: Taylor & Francis Ltd. p363-408.

BANKS, M. and AULTON, M.E. (1991) Fluidised-bed granulation: a chronology. 

Drug Development and Industrial Pharmacy, 17, 1437-1463.

BEDDOW, J.K. and MELOY, T.P. (1980) Testing and Characterization o f  Powders 

and Fine Particles, London: Heyden & Sons Ltd.

BLANQUÉ, D., STERNAGEL H., PODCZECK, F. and NEWTON, J.M. (1995) 

Some factors influencing the formation and in vitro drug release from matrix 

pellets prepared by extrusion/spheronization. International Journal o f  

Pharmaceutics, 119, 203-211.

BOUTELL S.L. (1995) Factors influencing the preparation o f  spherical granules by 

extrusion/spheronisation. Ph.D. thesis. University of London.

BROCKMEIER, D., VOEGELE, D. and VON HATTINGBERG, H.M. (1983) In 

vitro - in vivo correlation, a time scaling problem? Basic techniques for testing 

equivalence. Arzneimittel-Forschung, 33, 598-601.

208



BS 2955 (1958) British Standard Institution, British Standard House, 2 Park street, 

London.

CARMAN, P C. (1937) Fluid flow through granular beds. Transactions o f  the 

Institution o f  Chemical Engineers, 23, 150-166, through ERIKSSON et al (1993).

CARSTENSEN, J.T. and FRANCHINI, M. (1993) The use of fractal geometry in 

pharmaceutical systems. Drug Development and Industrial Pharmacy, 19, 85-100.

CHAPMAN, S.R. (1985) The influence o f  process variables on the preparation o f  

spherical granules. Ph.D thesis. University of London.

CHAPMAN, S.R., ROWE, R.C. and NEWTON, J.M. (1988) Characterization of the 

sphericity of particles by the one plane critical stability. Journal o f  Pharmacy and 

Pharmacology, 40, 503-505.

COLE, G.C. (1987a) Capsule-filling machinery. In: RIDGWAY, K. (Ed.), Hard 

Capsules Development and Technology, London: The Pharmaceutical Press. pl04- 

163.

COLE, G.C. (1987b) The Mechanical Operations of Filling Hard Capsules. In: 

RIDGWAY, K. (Ed.), Hard Capsules Development and Technology, London: The 

Pharmaceutical Press. p98-100.

COLE, G.C. (1987c) Capsule Handling Systems. In: RIDGWAY, K. (Ed.), Hard 

Capsules Development and Technology, London: The Pharmaceutical Press. pl76- 

194.

CONINE, J.W. and HADLEY, H.R. (1970) Preparation of small solid pharmaceutical 

spheres. Drugs and Cosmetic Industry, 106 (4), 38-41.

DAUMESNIL R. (1994) Marketing considerations for multiparticulate drug delivery 

systems. In: GHEBRE-SELLASSIE I. (Ed.), Multiparticulate Oral Drug Delivery, 

New York: Marcel Dekker Inc. p.457-474.

DOWN G.R.B. (1991) The etiology of pinhole and bubble defects in enteric and 

controlled-release film coatings. Drug Development and Industrial Pharmacy, 17, 

309-315.

ERIKSSON, M., NYSTRÔM, C. and ALDERBORN, G. (1990) Evaluation of a 

permeametry technique for surface area measurements of coarse particulate 

materials. Inter nationalJournal o f  Pharmaceutics, 63, 189-199.

209



ERIKSSON, M., NYSTRÔM, C. and ALDERBORN, G. (1993) The use of air 

permeametry for the assessment of external surface area and sphericity of 

pelletized granules. InternationalJournal o f  Pharmaceutics, 99, 197-207.

FARIN, D. and AVNIR, D. (1992) Use of fractal geometry to determine effects of 

surface morphology on drug dissolution. Journal o f  Pharmaceutical Sciences, 81, 

54-57.

FIELDEN, K.E. and NEWTON, J.M. (1992) Extrusion and extruders. In: 

SWARBRICK, J. and BOYLAN, J.C. (Eds.), Encyclopedia o f  Pharmaceutical 

Technology, New York: Marcel Dekker Inc. p.395-441.

FISKE, T.J., RAILKAR, S.B. and KALYON, D.M. (1994) Effects of segregation on 

the packing of spherical and nonspherical particles. Powder Technology, 81, 57- 

64.

FUKUMORI, Y. (1994) Coating of multiparticulates using polymeric dispersions. In: 

GHEBRE-SELLASSIE, I. (Ed.), Multiparticulate Oral Drug Delivery, New York: 

Marcel Dekker Inc. p.79-111.

FURUUCHI, M. and GOTOH, K. (1992) Shape separation of particles. Powder 

Technology, 73, 1-9.

GHEBRE-SELLASIE, I. (1989a) Pellets: a general overview. In: GHEBRE- 

SELLASIE, I. (Ed.), Pharmaceutical Pelletization Technology, New York: Marcel 

Dekker Inc. p i -13.

GHEBRE-SELLASIE, I. (1989b) Mechanism of pellet formation and growth. In: 

GHEBRE-SELLASIE, I. (Ed.), Pharmaceutical Pelletization Technology, New 

York: Marcel Dekker Inc. pl23-143.

Handbook o f  pharmaceutical excipients (1986) London: The Pharmaceutical Society 

of Great Britain.

HARRISON, P.J. (1982) Extrusion o f  wet powder masses. Ph.D. thesis. University of 

London.

HAWKINS, A.E. (1993) The Shape o f  Powder-Particle Outlines, Taunton: John 

Wiley & Sons Ltd.

HEALY, A.M., CORRIGAN, O.I., and ALLAN, J.E.M. (1995) The effect of 

dissolution on the surface texture of model solid-dosage forms as assessed by non- 

contact laser profilometry. Pharmaceutical Technology Europe, 7(9), 14-22.

210



HELLÉN, L., YLIRUUSI, J., MERKKU, P. and KRISTOFFERSSON, E. (1993a) 

Process variables of the radial screen extruder: Part III - Shape, surface and flow 

properties of pellets. Pharmaceutical Technology International, 5(3), 38-48.

HELLÉN, L., YLIRUUSI, J., MERKKU, P. and KRISTOFFERSSON, E. (1993b) 

Process variables of instant granulator and spheroniser: I. Physical properties of 

granules, extrudate and pellets. International Journal o f  Pharmaceutics, 96, 197- 

204.

HEYWOOD, H.J. (1954)) Journal. Imperial College. Chemical Engineering Society, 

8, 25-33, through HEYWOOD, H.J. (1963).

HEYWOOD, H.J. (1963) The evaluation of powders. Journal o f  Pharmacy and 

Pharmacology, 15, 56T - 74T.

HILEMAN, G.A., GOSKONDA, S R., SPALITTO, A.J. and UPADRASHTA, S.M. 

(1993a) A factorial approach to high dose product development by an 

extrusion/spheronization process. Drug Development and Industrial Pharmacy, 

19, 483-491.

HILEMAN, G.A., GOSKONDA, S.R., SPALITTO, A.J. and UPADRASHTA, S.M. 

(1993b) Response surface optimization of high dose pellets by extrusion and 

spheronization. International Journal o f  Pharmaceutics, 100, 71-79.

HOLM, P., HOLM, J. and LÂNG, P.O. (1991) A comparison of two fluid bed 

systems. Enteric coating of pellets. Acta Pharmaceutica Nordica, 3(4), 235-241.

ILEY, W.J. (1991) Effect of particle size and porosity on particle film coatings. 

Powder Technology, 65, 441-445.

JAMES, M.B. (1983) Measurement o f  friction at a tablet metal interface. Ph.D. 

thesis. University of London.

JOHANSSON, B., WIKBERG, M., EK, R. and ALDERBORN, G. (1995) 

Compression behaviour and compactability of microcrystalline cellulose pellets in 

relationship to their pore structure and mechanical properties. International 

Journal o f  Pharmaceutics, 117, 57-73.

JONES, D. (1994) Air suspension coating for multiparticulates. Drug Development 

and Industrial Pharmacy, 20, 3175-3206.

211



JONES, D.M. and PERCEE, P.J. (1994) Coating of multiparticulates using molten 

materials. In: GHEBRE-SELLASSIE, I. (Ed.), Multiparticulate Oral Drug 

Delivery, New York: Marcel Dekker Inc. p i 13-142.

KAWAKITA, K. and LÜDDE, K.H. (1970) Some considerations on powder 

compression equations. Powder Technology, 4, 61-68.

KAYE, B.H. (1967) Permeability techniques for characterizing fine powders. Powder 

Technology, 1, 11-22.

KLEINEBUDDE, P., S0LVBERG, A.J. and LINDNER, H. (1994) The power- 

consumption-controlled extruder: a tool for pellet production. Journal o f  

Pharmacy and Pharmacology, 46, 542-546.

LEHMANN, K. (1994) Coating of multiparticulates using polymeric solutions. In: 

GHEBRE-SELLASSIE, I. (Ed.), Multiparticulate Oral Drug Delivery, New York: 

Marcel Dekker Inc. p.51-78.

LIGHTFOOT, D.K. (1994) Multiparticulate Encapsulation Equipment and Process. 

In: GHEBRE-SELLASSIE, I. (Ed.), Multiparticulate Oral Drug Delivery, New 

York: Marcel Dekker Inc. p. 159-180.

LINDNER, H. and KLEINEBUDDE, P. (1994) Use of powdered cellulose for the 

production of pellets by extrusion/spheronization. Journal o f  Pharmacy and 

Pharmacology, 46, 2-7.

LÔVGREN, K. and LUNDBERG, P.J. (1989) Determination of sphericity of pellets 

prepared by extrusion/spheronization and the impact of some process parameters. 

Drug Development and Industrial Pharmacy, 15, 2375-2392.

LOWELL, S. and SHIELDS, J.E. (1984) Powder Surface Area and Porosity, 2nd 

edition. Powder Technology Series, SCARLETT, B. (Ed.), London: Chapman and 

Hall.

MACRITCHIE, K. (1993) Rheological evaluation o f  mixtures o f  lactose, 

microcrystalline cellulose and water suitable fo r  the preparation o f  spherical 

granules. Ph.D. thesis. University of London.

MARQUARDT, H.G. and CLEMENT, H. (1970) On the dosage accuracy of pellets 

using a high speed hard gelatin capsule filling and sealing machine. Drugs Made 

in Germany, 13, 21-33.

212



MEHTA, A.M. (1989) Evaluation and characterization of pellets. In: GHEBRE- 

SELLASIE, I. (Ed.), Pharmaceutical Pelletization Technology, New York: Marcel 

Dekker Inc. p.241-265.

MOSCOU, L. and LUB, S. (1981) Practical use of mercury porosity in the study of 

porous solids. Powder Technology, 29, 45-52.

NAKAJIMA, Y., WHITEN, W.J. and WHITE, M.E.(1978) Method for measurement 

of particle-shape distribution by sieves. Institution o f  Mining and Metallurgy, 9, 

C194-C203.

NISKANEN, M. (1992) Explaining the dissolution properties of theophylline pellets 

by their microstructure. Pharmaceutical Technology International, 4(9), 20-38.

NYSTRÔM, C. (1978) The use of the ring gap sizer for characterization of particle 

shape in the sieve range. Powder Technology, 20, 83-87.

NYSTRÔM, C. and STANLEY-WOOD, N. (1976) Measurement of particle size of 

free-flowing material with a ring gap sizer. Acta Pharmaceutica Suecica, 13, 277- 

284.

NYSTRÔM, C. and STANLEY-WOOD, N. (1977) Measurement o f the minimum 

dimension of particles by a ring gap sizer. Acta Pharmaceutica Suecica, 14, 181- 

190.

ONIONS, A. (1986a) Films from water-based colloidal dispersions. Manufacturing 

Chemist, 57(3), 55-59.

ONIONS, A. (1986b) Films from water-based colloidal dispersions. Manufacturing 

Chemist, 57(4), 66-67.

ORR, C. (1969) Application of mercury penetration to materials analysis. Powder 

Technology, 3, 117-123.

OVERSTON, A. and BENBOW, J.J. (1968) Effects of die geometry on the extrusion 

of clay like material. Transactions. British Ceramic Society, 67, 543-567.

ÔZKAN, N. and BRISCOE, B.J. (1996) The surface topography of compacted 

agglomerates; a means to optimize compaction conditions. Powder Technology, 

86, 201-207.

PFEIFER, W. and MARQUARDT, G. (1986) Investigations of the frequency and 

causes of dosage errors during the filling of hard gelatin capsules. 2nd comm.:

213



dosage errors during the filling of pellets into hard gelatin capsules. Drugs Made 

in Germany, 29(4), 217-220.

PFEIFER, W., MARQUARDT, G. and ROMMEL, M. (1989) Automatic filling 

control for the filling of pellets into hard gelatin capsules. Drugs Made in 

Germany, 32(3), 115-121.

PICKARD, J.F. and REES, J.E. (1974a) Film coating: 1 Formulation and process 

considerations. Manufacturing Chemist and Aerosol News, 45(4), 19-22.

PICKARD, J.F. and REES, J.E. (1974b) Film coating: 2 Processing equipment. 

Manufacturing Chemist and Aerosol News, 45(5), 42-45.

PINTO, J.F., PODCZECK, F. and NEWTON, J.M. (1997) The use of statistical 

moment analysis to elucidate the mechanism of release of a model drug from 

pellets produced by extrusion and spheronisation. Chemical and Pharmaceutical 

Bulletin, 45(1), 171-180.

PITKIN, C. and CARSTENSEN, J.T. (1990) Effect of particle shape on some bulk 

solids properties. Drug Development and Industrial Pharmacy, 16, 1-12.

PODCZECK, F. (1993) Comparison of in vitro dissolution profiles by calculating 

mean dissolution time (MDT) or mean residence time (MRT). International 

Journal o f  Pharmaceutics, 97, 93-100.

PODCZECK, F. and NEWTON, J.M. (1994) A shape factor to characterize the 

quality of spheroids. Journal o f  Pharmacy and Pharmacology, 46, 82-85.

PODCZECK, F. and NEWTON, J.M. (1995) The evaluation of a three-dimensional 

shape factor for the quatitative assessment of the sphericity and surface roughness 

of pellets. International Journal o f  Pharmaceutics, 124, 253-259.

PODCZECK, F., CHOPRA, R. and NEWTON, J.M. (1995) The use of a two- and a 

three-dimensional shape factor to characterize the sphericity of pellets. 

Proceedings o f  the 1st World Meeting on Pharmaceutics, Biopharmaceutics and 

Pharmaceutical Technology, Budapest, p.351-352.

PORTER, S.C. and GHEBRE-SELLASSIE, I. (1994) Key factors in the development 

of modified-release pellets. In: Multiparticulate Oral Drug Delivery, GHEBRE- 

SELLASSIE, I. (Ed.), New York: Marcel Dekker Inc. p.2I7-284.

REYNOLDS, A.D. (1970) A new technique for the production of spherical particles. 

Manufacturing Chemist and Aerosol News, 41(6), 40-43.

214



RIDGWAY, K. and RUPP, R. (1969) The effect of particle shape on powder 

properties. Journal o f  Pharmacy and Pharmacology 21(suppl.), 30S-39S.

ROSE, H.E. (1958) The Measurement O f Particle Size In Very Fine Powders, 

London: Constable & Co.

ROWE, R.C. (1978a) The measurement of the adhesion of film coatings to tablet 

surfaces: the effect of tablet porosity, surface roughness and film thickness. 

Journal o f  Pharmacy and Pharmacology, 30, 343-346.

ROWE, R.C. (1978b) The effect of some formulation and process variables on the 

surface roughness of film-coated tablets. Journal o f  Pharmacy and Pharmacology, 

30, 669-672.

ROWE, R.C. (1979) Surface roughness measurements on both uncoated and film- 

coated tablets. Journal o f  Pharmacy and Pharmacology, 31, 473-474.

ROWE, R.C. (1981) Effect of the particle size of an inert additive on the surface 

roughness of a film coated tablet. Journal o f  Pharmacy and Pharmacology, 33, 1 - 

4.

RUPP, R.B. (1970) The flow  and mixing o f  particles on a chute. Ph.D. thesis. 

University of London.

SANDBERG, A., RAGNARSSON, G., JONSSON, U.E., and SJOGREN, J. (1988) 

Design of a new multiple-unit controlled-release formulation of Metoprolol - 

Metoprolol CR. European Journal o f  Clinical Pharmacology, [Suppl.], S3-S7.

SCHNEIDERHÔHN, P. (1954) Eine vergleichende studie über methoden zur 

quantitativen bestimmung von abrundung und form an sandkomen. Heidelberger 

Beitrage zur Minéralogie und Pétrographie, 4, 172-191 - through PODCZECK, F. 

and NEWTON J.M. (1995).

SCHRODER, M. and KLEINEBUDDE, P. (1995) Structure of disintegrating pellets 

with regard to fractal geometry. Pharmaceutical Research, 12, 1694-1700.

SHIVELY, M.L. (1991) Analysis of mercury porosimetry for the evaluation of pore 

shape and intrusion-extrusion hysteresis. Journal o f  Pharmaceutical Sciences, 80, 

376-379.

STANLEY-WOOD, N.G. (1983) Particle characterization by size, shape and surface 

for individual particles. In: STANLEY-WOOD, N.G. (Ed.), Enlargement and 

Compaction o f  Particulate Solids, London: Butterworths. p i -42.

215



STRICKLAND, W.A., BUSSE, L.W. and HIGUCHI, T. (1956) The Physics of Tablet 

Compression XL Determination of porosity of tablet granulations. Journal o f  the 

American Pharmaceutical Association, 45, 84-88.

TAPIA, C., BUCKTON, G. and NEWTON, J.M. (1993) Factors influencing the 

mechanism of release from sustained release matrix pellets, produced by 

extrusion/spheronisation. International Journal o f  Pharmaceutics, 92, 211-218.

The Merck Index (1996) 12th edition, BUDAVARl, S. (Ed.), New Jersey: Merck & 

Co.

THIBERT, R., AKBARIEH, M. and TAWASHl, R. (1988) Application of fractal 

dimension to the study of the surface ruggedness of granular solids and excipients. 

Journal o f  Pharmaceutical Sciences, 77, 724-726.

TWITCHELL, A.M., HOGAN, J.E. and AULTON, M.E. (1995) Assessment of the 

thickness variation and surface roughness of aqueous film coated tablets using a 

light-section microscope. Drug Development and Industrial Pharmacy, 21, 1611- 

1619.

VAN SAVAGE, G. and RHODES, C.T. (1995) The sustained release coating of solid 

dosage forms: a historical review. Drug Development and Industrial Pharmacy, 

21,93-118.

WADELL, H. (1932) Volume, shape, and roundness of rock particles. Journal o f  

Geology, 40, 443-451.

WASAN, D.T., WNEK, W., DAVIES, R., JACKSON, M. and KAYE, B.H. (1976) 

Analysis and evaluation of permeability techniques for characterizing fine 

particles. Part 1. Diffusion and flow through porous media. Powder Technology, 

14, 209-228.

WASHINGTON, C. (1992) Particle Size Analysis in Pharmaceutics and Other 

Industries. Theory and Practice, Chichester: Ellis Horwood Ltd.

WHITEHOUSE, D.J. and ARCHARD, J.F. (1970) The properties of random surfaces 

of significance in their contact. Proceedings. Royal Society o f  London, A316, 97- 

121 .

WHITEMAN, M. (1986) Particle shape discrimination using slotted sieves. Ph.D. 

thesis, University of London.

216



WHITEMAN, M. and RIDGWAY, K. (1986) Particle shape discrimination using 

slotted sieves. Drug Development and Industrial Pharmacy, 12, 1995-2013.

YAMASHIRO, M., YUASA, Y., and KAWAKITA K. (1983) An experimental study 

on the relationships between compressibility, fluidity and cohesion of powder 

solids at small tapping numbers. Powder Technology, 34, 225-231.

YANG, S.T., VAN SAVAGE, G., WEISS, J., and GHEBRE-SELLASSIE I. (1992) 

The effect of spray mode and chamber geometry of fluid-bed coating equipment 

and other parameters on an aqueous-based ethylcellulose coating. International 

Journal o f  Pharmaceutics, 86, 247-257.

217


