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____________________Abstract____________________

The effect of lubricants and glidants on the flow properties of different diluents and its 

relation to capsule filling performance has been investigated. The flow properties of 

powders and blends were assessed using an annular shear cell and a jolting volumeter. The 

annular shear cell was also used to measure the powder-wall friction using two plates of 

different roughness. The capsules were filled with a dosing tube capsule filling machine. 

The evaluation of the capsule filling performance was based on the resultant mean fill 

weight of the capsules and their weight variation.

The effect of the lubricants and glidants on the flow properties of the diluents was found 

to be more dependent on the properties of the latter than the former. From the different 

types of the lubricants investigated, the fatty acid derivatives performed better, even at 

small concentrations, than the other types such as, microcrystalline cellulose and talc. The 

lubricant particle sizewas shown not to be important as long as there is sufficient lubricant 

present at the sliding interface. The angle of wall friction failed to predict the performance 

of powders in the process of capsule filling especially for blends with microcrystalline 

cellulose, Aerosil and talc.

Critical values of the powder flow parameters were identified below or above which the 

powder blend produced an acceptable capsule filling performance. These powder flow 

parameters included, the Jenike flow function ijf), Carr’s Compressibility Index (CCI), 

Kawakita’s constants a and 1/b. The bulk property measurements were related more to the 

coefficient of variation of the fill weight and were more predictable of the performance of 

the powder in the process of capsule filling than the shear cell test measurements. The two 

most important factors to ensure a reproducible capsule filling were identified as, 1) a 

uniform powder bed and 2) a smooth ejection of the powder plug from the dosator nozzle.
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General Introduction

I Capsule oral dosage form

1.1 Definition

The English word capsule comes from the Latin word “capsula” meaning a small box or a 

container. Gelatin capsules in pharmaceutical industry are either Hard or Soft. A hard 

capsule refers to the two-piece dosage form while the soft capsules refer the one-piece 

dosage form. The two parts of the hard capsule are the cap and the body. The word 

“capsule” might also refer to the empty gelatin shell.

1.2 Historical background*

1.2.1 The invention of capsules

The era of gelatin capsules started in 1834 when Dublanc and Mothes, from Paris, 

introduced a one piece capsule made of gelatin. The capsules were then filled with liquid 

or semisolid galenical medicaments. The invention came from the need to mask the 

unpleasant taste of some liquid medicaments such as the oleoresin of Copaiba which was 

used for venereal diseases.

In 1846 another Parisian pharmacist, J. C. Lehuby, introduced the two piece hard gelatin 

capsules. These were the forerunners to the hard gelatin capsules in use today. A common 

problem with these capsules was powder spillage during packaging and handling because 

the two parts could be vibrated apart easily. Solutions for this problem such as banding 

and dot sealing were also time consuming, costly and usually spoiled the appearance of the 

capsule. A better solution was the introduction of Self-locking capsules that did not need 

any post-filling processes. The main suppliers of self-locking capsules nowadays are 

Qualicaps division of Shonogi Capsugel division of Parke Davis and Co. Ltd. and R.P. 

Scherer Ltd. Table 1.1 lists the various types of self-locking capsules supplied by each

More detailed history can be found in (Ridgway and Callow, 1973, Hostetler, 1986, Jones, 1987a, 
Augsburger, 1990).
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company. There are eight sizes of 

these capsules ranging from size5 

(0.13ml) to sizeOGG (1.37ml), (Cole, 

1987).

Company Type

'Shonogi-Qualicaps 1)Lok-Cap
2)Posilok

Capsugel
1)Snap-Fit
2)Coni-Snap
3)Coni-Snap Supro

R.P. Scherer Ltd. 1)Star-Lock
2)Lox-It

Table 1.1: different types of self-locking 
capsules and the companies that provide them.

1.2.2 Machinery

The machinery used for filling capsules varies from simple hand-operated equipment to the 

more sophisticated fully automatic units.

The first capsule filling machines were completely hand-operated. Many companies 

developed different types of hand-operated equipment. Examples of the hand-operated 

equipment are the Feton and the Tevopharm hand-operated capsule fillers. All the basic 

stages including feeding the empty shells, powder filling, and the closure are performed 

manually. The principle of powder filling is driven by its own flow properties under 

gravitational forces. These machines had a small output which varied according to the skill 

of the operator. Some of the hand-operated machines such as, Dott Bonapace & C and 

Tevopharm Cap III or IV, incorporated a number of tamping pins, which tamp the powder 

inside the capsule body as it passes underneath the powder bed.

Semi-automatic filling machines had a higher output with some operations operated 

manually. These machines are driven by mechanical power but would need the presence 

of the operator to finish the filling cycle. The first machine of this kind was the Colton 

automatic rotary capsule filler introduced by Arthur Colton in 1913. The traditional plate 

method developed from the basic hand-operated filling operations was still used. In this 

technique the capsule is filled with powder depending merely on its flow under 

gravitational forces. However, to aid powder transfer into the empty capsule body tamping 

pins can be employed as well, in which case the fill weight can be adjusted by the number 

of tampings.
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Other methods that can aid the powder filling were introduced like the auger feed 

technique, exemplified by, Elanco No.8 and Capsugel Type 8 machines. The auger feed 

machine employs a rotating auger at the outlet of the powder hopper. An agitator is fitted 

to the powder hopper to aid powder flow and ensure uniform powder feeding to the auger. 

The dwell time of the capsule-holding rings under the auger controls the fill weight.

Although semiautomatic machines had a relatively higher output, the capsules market was 

in increasing demand. One of the reasons that encouraged the development of fiilly 

automatic capsule filling machines that handles the full process of capsule filling 

automatically. Companies in different parts of the world produce different types of 

automatic capsule filling machines. Table 1.2 lists some of these companies and the 

techniques adopted in capsule filling.

Company Country Filling technique Output cap/hr
Bonapace Milano, Italy Dosing tube (C) 34,000
Farmatic SNC Bologna, Italy Dosing tube NA
Harro Hofliger Germany Dosing disk (I) 4,800-15,000
Robert Bosch GmbH Waiblingen, Germany Dosing disk (I) 7,800-90,000
Macofar SAS Bologna, Italy Dosing tube (I) 6,000-80,000
m02 S.P.A. Bologna, Italy Dosing tube (C) 6,000-120,000
IMA, Zanasi Division Bologna, Italy Dosing tube (C, I) 60,000-120,000
Osaka Japan Vibratory (C) 165000

Table 1.2: List of the main companies that provide or sell automatic capsule filling 
machines. (C), continuous; (I), intermittent.

Osaka (Osaka, Japan) introduced the vibratory technique for powder filling. This powder 

filling principle employs vibration to move the powder from the powder hopper to a 

powder shoe and then from the powder shoe to the capsule bodies. The weight is 

controlled by controlling the vibrators that feed the powder to the capsule body. The 

vibrators can be externally controlled so that the fill weight can be adjusted while the 

machine is operating.

The most commonly used automatic capsule filling machines are the machines that employ 

compression filling and powder plug formation. These machines are of two types.
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1- Dosing disk machines. These machines were first introduced by Hofliger and Karg. 

This type of machines combines the tamping method with the compression filling and 

powder plug formation technique. The machine has several tamping pins, usually five, 

which successively packs the powder in a metering disk which lies under the powder bed. 

After the last tamp the metering disk moves away from the powder bed, and another pin 

ejects the powder plug into the capsule body. The weight of the capsule fill can be adjusted 

by the height of the tamping pins (Shah et al., 1986). The disk dimensions can come in 

different sizes in diameter and depth.

2) Dosing tube machines. These machines use a dosing tube that dips into a powder bed 

and compresses the powder into a plug. The powder plug is then carried out and ejected 

into an awaiting capsule body. In this method the fill weight is adjusted by setting the 

height of the dosing piston and/or the depth of the powder bed. Dosing tube machines can 

be either intermittent or continuous. In the intermittent machines the powder bed is usually 

fixed and does not rotate. The dosing tubes usually rotate round an axis between the 

powder bed and capsule shell conveyor. The capsules stop at the different stages test of 

capsule filling. In the continuous machines the powder trough is annular and rotates in 

synchronism with the dosing tubes rotating above it. The dosing tubes dip vertically into 

the powder bed and then are lifted to the capsule body trough to eject the powder plug. All 

the processes of capsule filling are performed without stopping at any stage.

Any capsule filling machine should perform five main operations, rectifving the capsule, 

separation of the cap from the body, filling the body and reuniting the two parts to be 

ejected as a full capsule dosage form.

Rectification is the proper orientation of the empty capsule shells so that they all point the 

body-end downward. When the empty shell is in the capsule die both parts of the capsule 

are separated from each other, usually by means of vacuum suction. The body moves away 

from the cap and the powder (drug) dose is filled into the body. The body and the cap are 

then vertically aligned together and by means of a pin the body is pushed towards the 

capsule cap for closure. At the final stage another pin pushes the capsule upward and the 

capsule is ejected as a full dosage form.
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1.3 Considerations in the design of capsule powder formulation

1.3.1 Capsule weight uniformity

When formulating a capsule filling powder some principal tests must be taken into 

consideration. These tests include, the test for weight uniformity, test for the content 

uniformity, the test for disintegration and the dissolution test. These tests are found in most 

of the pharmacopoeia although the methodology of testing might be different.

As a solid dosage form, capsules must undergo disintegration and dissolution before they 

are absorbed. Hence, both disintegration and dissolution tests are important for the 

formulation of the powder. Hard gelatin capsules were thought to have better 

bioavailability than tablets assuming spontaneous disintegration. This was found to be not 

true in some cases when the powder plug must undergo disintegration before dissolution 

(Wood, 1965, Samyn and Jung, 1970, Bolhuis et al., 1981). In a survey that included 32 

pharmacopoeia and codices, Jones and Tomblom (1975) found that disintegration test for 

capsules was the most frequently specified test.

The test for capsule weight uniformity is one of the basic tests in capsule manufacture, and 

it might be suggestive of the content uniformity, assuming content homogeneity. Although 

the content uniformity is an important aspect in the capsule dosage form the weight 

uniformity of the capsule is easier to detect during production. This could be the reason 

why it was the second most widely prescribed test for capsules, according to Jones and 

Tomblom (1975) survey.

Weight uniformity tests are basically the same in terms of specifying a limit for capsule 

weight deviation. The specifications for these limits differ and can be divided into two 

main groups,

1 ) Sinsle limit tests. These tests have only one specified limit beyond which the capsule 

is considered rejected. The rejection of the whole sample, which might lead to the rejection 

of the whole batch, depends on the number of permissible rejections.

2 ) Double limit tests. In these tests another limit is added which is larger than the first one. 

In most cases, no capsule should exceed this limit.
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Most pharmacopoeia express capsule weight limits as a certain mean weight percentage 

above and below the same mean. Sometimes the limits might change according to the 

capsule mean weight. Usually the heavier the capsules, the tighter are the limits, e.g., 

British Pharmacopoeia and European Pharmacopoeia.

A commonly used and accepted test is the European pharmacopoeia (Eur. Ph.) capsule 

weight uniformity test. This test is adopted by a large number of countries including, 

Austria, Belgium, Britain, Denmark, Eire, Finland, France, Germany, Greece, Iceland, 

Italy, Luxembourg, Netherlands, Norway, Spain, Sweden and Switzerland (Jones, 1987b). 

The Eur. Ph. test is of double limits; the inner limits and the outer limits which are double 

the inner limits. Both limits are set symmetrically around the mean weight of the specified 

sample. The test states that from a sample of twenty randomly selected capsules. For 

capsules of weight (>300mg) no more than two capsules should be out of the (±7.5% the 

mean weight) limit, and none are out of (±15% the mean weight) limit. For capsules 

(<300mg) the limits are (±10%) and (±20%) respectively.

1.3.2 Disintegration/dissolution profile

The bioavailability of the capsule oral dosage form from the GIT is as essential as any 

other oral dosage form. The process of capsule disintegration and dissolution affects to a 

great extent the bioavailability of the drug. Therefore, these two aspects are taken into 

consideration in designing a proper powder formulation for capsule filling. The effect of 

lubricants on the disintegration/dissolution profile is discussed in more detail in section 

VI.3.2.
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II Powder characteristics 

II I  Powder bulk density

Two densities relating to powders can be distinguished, the first is the powder particle 

density and the second is the powder density. The first term applies to the density of the 

particles that constitute the powder bulk and can be classified according to the definition 

of BS2955 (1958) to,

1- True density, this is the mass of the particle divided by the volume of the particle 

excluding open and closed pores.

2- Apparent particle density, which is the mass of the particle divided by the volume of the 

particle excluding open pores but including closed pores.

3- Effective particle density, the mass of the particle divided by the volume of the particle 

including open and closed pores.

The simplest relationship between the weight of the powder and its volume is represented 

by its bulk density. In general the powder bulk density is defined as the mass of the 

powder divided by the bulk volume it occupies. The bulk volume is the volume of the 

powder particles including open and closed pores plus the volume of air between them 

(interparticulate voids). According to BS2955 (1958), there are three definitions for the 

powder density,

1- Apparent powder density, the mass of the powder divided by the volume occupied by 

the powder under stated conditions.

2- Bulk density, the apparent powder density under stated freely-poured conditions.

3- Tap density. Apparent powder density of a powder bed formed in a container of stated 

dimensions when a stated amount of the powder is vibrated or tapped under stated 

conditions.

The bulk density of the powder depends on the degree of aeration i.e. the inter-particulate 

air volume. Svarovsky, 1987 divided the apparent bulk density into four main categories.
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1- Aerated bulk density which is considered to be the loosest form of bulk powder. It is 

described as the powder particles being separated from each other by a thin layer of air and 

there are no points of contact between the particles. Others might define aerated bulk 

density as the density of powder after it has been aerated, e.g., by means of fluidisation, and 

then settled down before taking the measurements.

2- Poured bulk density is the density of the powder after pouring it into a container, then 

allowing it to settle down before taking measurements. Different standards can be found 

that specify the container dimensions as well as the height from which the powder is 

poured. This definition is close to B.S 2955 (1958) definition of bulk density.

3- Tapped density is the density after tapping the powder sample or vibrating it according 

to standardised methods. According to ASTM (1967) the definition of tap density is, “The 

apparent density of a Powder obtained when the receptacle is tapped or vibrated during 

loading under specified conditions”. B.S 2955 (1958) defines the tap density as "the 

apparent powder density of a powder bed formed in a container of stated dimensions when 

a stated amount of the powder is vibrated or tapped under stated conditions".

4- Compacted bulk density is the powder density after compacting or tamping it by means 

of a rod according to a prescribed procedure.

According to these four definitions, the changes in densities that the powder experience 

during the filling process can be distinguished separately. In the capsule filling machine, 

when the powder is in the tube that feeds the powder from the powder hopper to the 

powder bed it will be in its aerated (fiuidised) state. Once the powder reaches the powder 

bed it consolidates again and according to definition the powder density will presumably 

be its poured bulk density. When the dosing tube dips into the powder bed the powder plug 

will assume a new density.

In general, from the minute of feeding the powder into the powder bed to the minute of 

powder plug formation the powder undergoes a series of densification processes. Newton 

and Razzo (1974) filled sizeO capsules by placing excess powder over the bodies held in
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a perspex block. The capsules were filled by tapping the device 40 taps/min from a 2.5cm 

height until the powder can not be filled further. The capsuleslthen would presumably lhave 

a powder fill with tapped bulk density. The fill weight uniformity was within ±5% of the 

mean fill weight. Newton and Bader (1981) later used the same principle of filling to 

predict the fill weight of capsules and found a good relation between the tapped bulk 

density and the fill weight of the resultant capsules when filled by tapping, which could 

simulate capsule filling by plate system. However, when the authors used a perspex block 

with pegs to fill the capsules under compression, they found that this relationship between 

the tapped bulk density and the capsule fill weight deviates from linearity with a greater 

scatter.

II.2 Powder flow characterisation

The term flow was, originally, used for fluids and liquids like water. It is also commonly 

used with air, electricity as well as powders. The word "flow", in general, means to run or 

move in a stream. When the term is used with powders it might create some confusion, 

since powders are usually thought of as solids; the fact that they have a melting point and 

other solid physical properties. However, as a system powders behave differently to rigid 

solids, in the way they deform and the way they respond to applied stress. Powders also are 

not categorised as liquids. Although they flow under shear, powders differ from liquids 

in the way they respond to external forces, in their behaviour during flow and their 

behaviour when they are static. The term “powder flow” often relates to inherent properties 

or characteristics of the powder, which renders the term a qualitative sense rather than 

being a fundamental property.

One might take into consideration that powders are formed of discrete powder particles 

separated by interparticulate voids. To study the powder flow properties it would be easier 

to consider the powder as continuum bearing in mind that it is an aerated system. Many 

factors can affect the powder flow (Neumann, 1967),

1- particle physical properties; particle size, shape, density,...etc.

2- surface properties of the particles, surface energy, porosity, rugosity, forces, electrostatic 

charges,...etc.
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3- chemical structure.

4- impurities and additives.

5- container shape and wall surface properties.

6- powder bulk density.

Several tests are available for powder flow characterisation. The applicability of these tests 

depend on the purpose the powder is being used for. Most of these powders depend on the 

experimental procedure of powder sample preparation and the powder state prior testing. 

Most of these tests are also sensitive to the characteristics of the powder itself, e.g., particle 

size (Pilpel, 1971). This, sometimes, might lead to controversial results even when testing 

the same powder (Ho et al, 1977, Hedge et al., 1985). Powder flow can be measured by 

indirect methods or direct methods. The most commonly mentioned tests of both are,

11.2,1 Indirect methods

These are usually methods that give a certain figure that indicates the quality of the powder 

flow. Hence, these measurements are considered as qualifying tests for the powder. These 

tests mainly include,

a) Bulk density measurements 

Various procedures for measuring the loose and tapped bulk density are found and 

described in different literature and standards, (BS1460, 1967, Kostelnik and Beddow, 

1970, Wakeman, 1975, Chowhan and Chow, 1980, Newton and Bader, 1987, ASTM 

D4164, 1994). Therefore, care should be taken when quoting a value of a bulk density 

measurement. Grey and Beddow ( 1968/69) underlined the desirability of standardising the 

method of tapping for the measurement of bulk properties.

The BS1460 (1967) specifies a method for the determination of apparent density of 

precipitated calcium carbonate after compaction. The tapping device is simply comprised 

of a 250 ml graduated cylinder, a dropping box with a rubber base of specified thickness 

and hardness. The procedure is to weigh a specific amount of the material and tap it 

manually in the graduated cylinder. The graduated cylinder is tapped manually in the 

dropping box by raising it to 25±lmm and then dropping it once every two seconds on the
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rubber base. The end point is at 50 taps.

The ASTM D4164 (1994) test for catalyst particles also uses a graduated cylinder for 

measuring the tapped density. However the tapping procedure differs from the one 

specified by the BS for calcium carbonate. The tapping is done automatically using a 

tapping device. The tapping device consists of a base-plate with a worm drive. The 

reduction ratio is 15:1 which allows the plate to ascend up to 3.2mm before it falls down. 

The speed of the cam shaft is 250rpm, which is also the speed of tapping. A counter of at 

least four digits is fitted to the device, by presetting the counter any number of taps 

between 1 and 9999 can be delivered to the sample. The end point at which the tap density 

is measured is 1000 taps.

Kostelnik and Beddow ( 1970) pointed out the disadvantage of lacking accuracy when using 

a graduated cylinder and take the powder volume reading for tap density measurement. 

This lack of accuracy comes from the difficulty of obtaining an accurate indication of the 

volume reading which also makes it difficult to determine the end point. They presented 

a new procedure for the measurement of tap density by using a tap density cup. This cup 

constitutes of two halves, the upper half, a 50cc cylinder, is mounted on a 50cc cup (the 

lower half). The powder is filled into the whole container and carefully scraped to 

determine the loose bulk density. After tapping the upper half is carefully removed and the 

powder is levelled carefully with the edge of the lower cup. The cup is then weighed and 

the tapped density will be the weight of the powder divided by 50cc.

For tapping the cup the authors used a Tyler Ro-Tap device which allows tapping several 

samples at the same time. They also suggest that this device provides the required high 

impact forces for tapping the samples. This reduced the time to reach the end point to ten 

minutes. The claimed accuracy of this procedure for most metallic powders excluding the 

ones with most irregular particles is 97-99%.

The tap density cup seems to be a good method for calculating Hausner ratio or Carr’s 

compressibility. However, for other measurements that require taking readings in between 

the start point and the end point such as, Kawakita constants (a and 1/b), angle of internal
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friction, this method could be of less importance, since it seems not possible to take any 

readings during the procedure of tapping. The bulk density tests usually measure the 

compressibility of the powder, i.e., the ability of the powder to be compressed as defined 

by the compression ratio under stated conditions (BS 2955, 1958). Compaction can be 

defined as the minimum pressure needed to produce a given green strength, while 

compressibility indicates the extent of powder densification under a given pressure 

(Chowhan and Chow, 1980). Therefore, these tests measure the tendency of the powder 

to pack or rearrange. The main measurements that can be obtained from bulk density 

measurements are,

1- Hausner ratio (HR): defined as the ratio of the tapped bulk density to the loose 

bulk density and equals

tapped bulk densitv
initial (loose) bulk density

Eq. 1.1

2- Carr’s compressibilitv (CCD. (Carr, 1965,1970): defined as the percentage ratio

of the bulk density change to the tapped bulk density and equals

(tapped bulk densitv - loose bulk densitv) X I00% Eq.1.2
tapped bulk density

Table 1.3 :

C arr’s com pressibility 
index, which offers a 
qualitative evaluation for 
powder flowability.

Carr’s Comp. Flowability index

(5 to 15) % free flowing granules (excellent flow)

(12 to 16) % free flowing powdered granules (good flow)

(18 to21) % powdered granules (fair to passable flow)

(23 to 28) % very fluid powders

(28 to 35) % fluid cohesive powders (poor flow)

(33 to 38) % fluid cohesive powders (very poor flow)

>40% cohesive powders (very, very poor flow)

3- Kawakita constants (a, 1/b) from the Kawakita equation (Kawakita and Ltidde, 

1970/71), which is in the form,

n/Cp = 1/ab + n/a where, Eq.1.3

n: number of taps

a, b: constants, characteristic of the powder and.
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Cp. degree of volume reduction and equals to 

(Vq - Vt)/Vg where, Eq. 1.4

Vq. initial volume of the powder 

Vt\ tapped powder volume.

Constant a is supposed to be an indication of the maximum volume reduction at infinite 

pressure or maximum tapping, according to the procedure used to pack the powder. 

Constant b or 1/b describes the inclination of the powder toward volume reduction, 

(Paronen and Ilka, 1995).

4- Rate of packing: (Neumann, 1967)

This can be estimated from plotting log {Vg/Vt) Vs Time (t). The rate of packing depends 

on both the particle size and the particle shape. Particles of spherical shape and narrow 

particle size range tend to reach the end point quickly. The more heterogenous the powder 

is the longer it will take to reach the end point.

5- Angle of internal flow (cp): (Varthalis and Pilpel, 1976)

This angle can be obtained by plotting,

n82/ ( l - e ) v s n  where,

e: porosity of the powder bed.

(p: tan‘ the slope of the line.

Newton and Bader (1987) found that the values of ^  was dependent on the particle size for 

acetyl salicylic acid and independent of the particle size for lactose. They also found good 

correlation between the values of (p and the tapped bulk density for a range of powder 

mixtures. In general, the more cohesive the powder, the higher the value of (p.

6- Consolidation ratio (Neumann, 1967, Chowhan and Chow, 1980).

This test is different from the previously described tests in that it measures the 

consolidation of the powder under pressure (load) rather than tapping. In the test the 

powder is filled into a measuring cylinder and then loads are applied in an increasing 

manner and the powder volume is recorded after applying each load. The test apparatus
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and procedure is described in more details in (Neumann, 1967, Chowhan and Chow, 1980). 

This consolidation ratio is obtained by plotting,

log (Vo/Vt)/Vt Vs log P where,

(Vo/Vt)/Vt: deformation.

P: applied pressure or load.

An equation can be written form the line of best fit,

log (Vq /Vt)/Vt = K log P+ C where,

K: constant and C: Consolidation ratio.

Neumann (1967) found that the slope (K) was very small and in the range of (0.1). 

Chowhan and Chow (1980) found small changes in the slope between different powders 

and regarded (K) of no value in studying the powder flow. However, they found that there 

was a significant correlation between the consolidation ratio and the capsule weight 

coefficient of variation. In both studies the authors found that the powder density at the 

end point was always less than tapping density of the same powder. This was attributed 

to the difference in stress distribution through the powder column under load, and to the 

better chance for rearrangement of particles during the process of tapping.

b) Critical orifice diameter

The critical orifice diameter is the diameter of the smallest hole through which the powder 

discharges. The apparatus is usually a shallow bed with holes of different diameters. This 

test does not measure the powder cohesion under different consolidation pressures. 

Therefore, there would be doubt in considering the results for designing the hopper, in 

which case the hopper design theory, section III, would be more practically applied.

Kurihara and Ichikawa (1978), related capsule filling coefficient of variation, filled in a 

vibratory OCF 120 automatic capsule filling machine, to the critical orifice diameter. The 

capsule filling in the vibratory machine is done by powder flowing into the capsule from 

the powder bed aided by vibration. With a Hofliger-Karg-GKF 1000 that employs a dosing 

disk this correlation did not exist. |The explanation was that the orifice diameter test 

measures the mobility of the powder under dynamic conditions through holes of certain 

diameter. In a dosing disk machine the powder is driven mechanically into the capsule dies 

by means of several tamps. In this case the minimum orifice diameter does not make a 

difference. This might indicate that for techniques that depend on the powder flowing into
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the capsule driven by its own flow properties (like in some semi-automatic and hand- 

operated machines) a good correlation might be found between the capsule filling 

performance and the critical orifice diameter. For the dosing disk machine the authors 

found a relation of the fill weight variation with the angle of repose.

c) Ansular characteristics

Angular characteristics are obtained by measuring the angles of (heaps) slopes that the 

powder forms according to different processes in different tests. Jones (1968) listed some 

of these angles and the methods used for their measurement, table 1.4. This angle of 

repose was used by many researchers for purposes of powder flow characterisation, (Craik 

and Miller, 1958, Train,

Angle method
1) Natural angle of slip Poured angle of repose
2) Angle of repose, a) static Drained, Crater, Cone

b) dynamic Fixed base. Fixed 
height

3) Angles of friction Tilting table. Rotating 
drum

1958, Brown, 1961, Gold 

et al., 1966b, Jones and 

Pilpel, 1966c). Generally, 

the lower the angle of 

repose of a powder is the 

more flowable it will be.

Powders with angles above 

50° will tend to aggregate

and those of angles less than 30°-40° will tend to flow easily.

Table 1.4: Different powder angles of repose and the 
methods used for their measurements.

Train (1958) tested four different methods for measuring the angle of repose, these were,

a) the fixed funnel and free standing cone; b) the fixed bed cone; c) the tilting box and d) 

the rotating cylinder. He found that the angles he measured were different in each 

technique. He concluded that, for a single powder the angle of repose lies within a range 

of angles. Provided that the test conditions remain constant, the upper boundary of this 

range is lined by the static angle of repose and the lower boundary is lined by the dynamic 

angle of repose.

For cohesive powders, complications like false angle of repose might rise. This angle is 

a result of a false peak that is produced by the weight of the material that would exert a 

shear force greater than the force required to hold the same material in position as 

represented by the triangle ABC in figure 1.1. False angle of repose with angles higher
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than 50"was reported for magnesia 

by Jones and Pilpel (1966c).

The accuracy of angle of repose 

measurement might be ±5“ for free 

to relatively free flowing powder 

and ± 10°-20“ for cohesive powders 

(Craik and Miller, 1958). The 

angle of repose was applied in 

studying the effect of glidants on 

the flow properties of the powder 

(Craik and Miller, 1958, Gold et

False peak

Figure 1.1: Angle of repose for a cohesive powder. 
0 1 , angle of repose. 0 2 , false angle of repose; from 
Jones and Pilpel, (1966c)

al., 1966b). Gold et al. (1966b) found that the angle of repose is not a reliable method for 

measuring the glidant effect.

Other powder angles of repose were also described by Carr (1965, 1970), these were the 

angle of spatula, angle of fall and angle of difference.

d) Shear cell determinations - (powder hopper design theory)

Unlike other tests, this test is less dependent on the powder state prior the testing and, 

therefore, is considered to be more fundamental. However, for powders that are of large 

particle size (> 100pm) and are relatively free flowing this test might have some problems 

(Pilpel, 1971). This is possibly because the powder particles crush under the normal and 

shear stresses. The shear cell is discussed in details in section III.

11.2.2 Direct methods

These tests are to some extent more quantitative than the indirect tests. The values 

measured by this test are simply expressed as (unit weight (g)/time (min)). The test is 

performed using the flowmeter (Hammerness and Thompson, 1958, Gold et al., 1966a,b, 

Jones and Pilpel, 1966a,b). The test measures the time taken by the powder to discharge 

from a powder hopper or a vertical tube (Takami, 1983). The powder flowmeter could be 

instrumented to measure the increase in powder mass discharged with time (Gold et al..
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1966a). A strain gauge balance might be placed under the hopper to measure the weight 

of powder increase with time. The hopper used might be of different outlet diameters with 

or without vibrators attached to it.

Gold et al. (1966b) tested the effect of different glidants on the different powders flow rate. 

They concluded that the instrumented flowmeter offers a more reliable test for the 

assessment of the different glidants than the angle of repose.
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III Hopper design theory

III.1 Basic concepts

To flow the powder must deform |en m ass, and, therefore, it should fail under certain 

applied forces or stresses. If we consider a plane of failure within the powder bulk, there 

will be mainly two externally applied forces taken into consideration. One is acting at right 

angles to the plane of failure and is called the normal force (c) and the other is parallel to 

the same plane and is called the shear force (x). Accordingly, a relationship could be 

drawn from a  vs x, figure 1.2.

LYL

Figure 1.2: A limiting yield loci of a coulomb solid; C: cohesiveness and (j) is the angle of
internal friction.

The straight line relationship is called the limiting yield loci (LYL) and represents a 

Coulomb (rigid-solid) material, (Jenike et al., 1960, Pilpel, 1971). It defines the stresses 

needed to cause failure within the powder bed. Stresses lying under that line will not cause 

plastic deformation or failure. Only those stresses that lie on LYL will cause failure 

and,therefore, powder will flow. Points of stress above LYL are not possible.
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This relationship is an oversimplification of the real practical situation. As mentioned 

earlier the powder is constituted of solid particles interposed by voids. Under a certain 

normal stress the powder consolidates and gains some strength. When shear is applied the 

powder contracts even more and the powder gains even more strength. The powder then 

is said to be “shear consolidated”. Therefore, two basic types of powder flow should be 

differentiated; the powder flow as a whole from one place to another and the other is the 

internal flow or the flow of single flowing elements within the powder bulk. The latter 

includes expansion and contraction of the single elements subjected to stress which results 

in changing the volume (density) of the powder.

Jenike and his co-workers (Jenike et al., 1960, Jenike, 1961,1964) broadened the Coulomb 

rigid-solid concept taking into account that the powder bulk assumes different 

consolidation states, i.e., changes its bulk density, when caused to flow. The modifications 

that Jenike introduced to the limiting yield loci can be summarised as follows, (Jenike et 

al., 1960, Pilpel, 1971),

1- The yield loci (YL) deviates from linearity especially at low values of a  or x.

2- YL does not extend indefinitely but terminates at point (E), the stress at which 

determines the consolidation stress. At this particular point the powder flows without a 

change in its volume and is said to be in a “critical state”.

3- The position of YL changes according to its consolidation state, i.e., as the powder 

density ! increases YL expands and vice versa.

a

Figure 1.3: Yield loci at different consolidation loads.
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4- Two points can be recognised for each YL, these are, the cohesiveness (C) at the y- 

intercept and the tensile strength at the x-intercept. Therefore, an infinite number of YL 

can be drawn for a single powder each representing the limiting stress conditions of a 

powder at a certain consolidation state, figure 1.3.

On any element of the powder, considering the plane of shear, there are mainly three 

principal compressive stresses acting on that particular plane (the tensile stress is not taken 

into consideration because it is very small). It is assumed that the largest and the smallest 

of these compressive stresses will decide whether the powder will fail or not (Walker, 

1966). The first one is called the maximum principal stress (a^ax) ^nd it acts at 0 angle 

from the plane of shear (failure), figure 1.4. The other is called the minor principal stress 

(Qn^n)and acts at right angles to

If we consider figure 1.4, where a 

shear plane is experiencing a 

normal stress (ct„) and shears at 

(Tn). These two points can be 

presented by a particular YL as 

(a„,x„), figure 1.5. Failure stresses 

for planes at different angles to the 

shear plane can be represented with 

respect to YL by drawing a 
semicircle tangential to the YL at Figure 1.4: The basic stresses acting on a single
point (a„,Tj with its centre at the (talker, 1966).

a-axis, figure 1.5. This semicircle is called Mohr semicircle. The semicircle intercepts a- 

axis, where (t=0), at two points (ct̂ ax ^min)- A line drawn from the centre of the 
semicircle to the point of tangency (a„,T„) forms an angle (20) with axis.

shear plane ^

'max

An indefinite number of Mohr semicircles can be drawn along a single YL each 

representing the failure stresses at different planes for different normal stresses at a 

particular consolidation state. Accordingly, failure will occur at any point on a Mohr 

semicircle that touches YL, e.g., semicircle A in figure 1.5. Mohr semicircles below YL 

will not cause plastic deformation or failure, e.g., semicircle B in figure 1.5. Semicircles 

above YL are not possible.
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Orrin Ohnax

Figure 1.5: Two Mohr semicircles; powder will fail at stresses represented by semicircle 
A and will not fail at stresses represented by semicircle B.

For a particular YL, Mohr semicircles along YL represent the static strength of that powder 

at that particular consolidation state, i.e., the stresses required to initiate powder flow. 

These semicircles prevail for a short period after the incipience of powder flow, (Jenike et 

al., 1960). After failure the semicircles shrink and fall down to touch another YL of a 

lesser consolidation state, i.e., the powder loosens. The semicircle that touches YL at the 

end point (E) is stable and the powder is said to be at a “critical state”. The points of 

intersection of these semicircles with G-axis are called the minor consolidating principal 

stress (G'nun) and the major consolidating principal stress figure 1.6. The latter is

used as an indicator of the degree of powder consolidation, (Jenike et al., 1960). A critical 

state can be defined as the state at which the powder flows without changing its volume. 

It is also the state at which any increase in the stress conditions will cause the powder to 

consolidate more and YL to expand, (Jenike et al., 1960, Walker, 1966).

A line can be drawn that encloses the critical state semicircles at the different consolidation 

states. This line is slightly curved and is called the effective yield loci (EYL). EYL can 

be approximated to a straight line passing through the origin with an angle (6), (Jenike et 

al., 1960, Jenike, 1961). Jenike (1961) redefines EYL as a straight line drawn at E and 

passing through the origin and he seems to be inconsistent in his definition of EYL as 

iWilliams and Birks (1967) also noted. The angle of internal friction is a measure of the 

difficulty in maintaining the flow of the powder under steady conditions (William and 

Birks, 1967). In most studies the EYL is represented as a straight line, (Walker, 1966, 

Pilpel, 1971).
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(SnaxCSnin fc

Figure 1.6: Semicircle A, stresses at critical state; semicircle B, stresses at the free surface 
(stable arch), and Cg are the centres of semicircle A and B respectively.

It can be noticed that EYLlies under YL. This can be explained by the fact that an extra 

work is being done to overcome the changes in the powder bed. Therefore, the total work 

of shear force can be divided into, a) work done to overcome the internal friction in the 

powder and b) work done to overcome the changes in the powder such as the volume. The 

latter can be divided into internal forces and external forces, (William and Birks, 1967). 

The authors also plot the YL as ((a+T) vs t) where, T is called “the ultimate tensile 

strength” and (a+T) is called the compound normal stress. By plotting EYL on the same 

axis a new angle can be defined as “the real angle of internal friction” (A).

From above, the difference between YL and EYL can be summarised as follows,

1-YL is an envelope of the Mohr semicircles which represent the shear failure stress limits 

of the powder at a certain consolidation state. EYL is the envelope of the critical state 

semicircles for all degrees of consolidation. Therefore,

2-YL represents the state of the powder when its static, i.e, the stresses needed to 

commence powder flow, while EYL represents the powder when it is flowing, i.e., in 

continuous (steady) flow.

III.2 Hopper design theories

Pioneered by Jenike and his co-workers (Jenike etal., 1960, Jenike, 1961,1964), the design 

of hoppers and silos took a step forward towards a better understanding of powder feeding, 

discharge and storing. A science which was later employed in different fields where there 

is a need for powder processing.
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Two states are taken into 

c o n s i d e r a t i o n  when 

designing a hopper. The 

first is the dynamic state; 

when the powder is 

flowing (moving) in the 

container, during feeding 

or discharge. The second 

is the static state; when the 

powder is being stored and 

where possible arching can 

form.

E Y L

W Y L

Ca C b a
Figure 1.7: Mohr semicircles representing failure at the 
centre of the hopper and at the walls.

For the dynamic state, EYL is used to study the stress distribution within the powder 

hopper or silo. For static conditions, YL at a particular horizontal segment is taken into 

consideration, e.g., to study an arch strength and its span, (Jenike et al, 1960, Jenike, 

1961,1964, Walker, 1966, 1967).

Walker (1966) proposed an approximate theory for the calculation of stress distribution 

inside powder bunkers. He used EYL and the wall yield loci WYL in the calculation of the 

stresses required for mass flow in hoppers. He assumes that in any horizontal segment the 

vertical stress is constant. At any horizontal segments the vertical stresses at the centre will 

be greater than that at the wall. The powder will not shear within itself at that point. With 

respect to the wall the powder might attain enough stresses to shear against the wall, since 

WYL lies under EYL, figure 1.7.

/  / _tL / 7  7 ^
/

^ m in —0

Consider figure 1.8, an element 

in a free surface (arch). The 

minor principal stress is vertical 

to the free surface and is equal 

to zero. There is a maximum 

tangential stress that the arch

can support. This stress equals
the maximum principal stress at figure  1.8: An element at an arch under the two

principal stresses, and/..
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that point. The stresses at the arch can be represented by drawing a Mohr semicircle 

touching YL and passing through the origin (x=0 and a=0). At the other intersection of the 

semicircle with a-axis the value can be found. This value is called unconfined yield 

stress %), figure 1.6. For each consolidation state there is a unique/^. If the degree of 

powder consolidation is measured by then a relation can be found between and 

/„  which is /, = f(CT’„ J

This relation is shown in 

figure 1.9. The line 

drawn is slightly curved. 

A straight line is drawn 

tangential to the curve at 

the origin. The reciprocal 

of the line’s slope gives 

the flow function of the 

powder (Jf), where,

ff=l/slope

y
*max

Figure 1.9: The reciprocal of the straight line slope gives ff. 

f f =  (dC t^ax /4 /c)C ^’max=0

which is equal to 1/slope of the straight line. Jenike (1961) introduced a rough guide to the 

flowability of solids by classifying them in accordance with the value offf, table 1.5.

Range Classification

ff>  10 free flowing

4 < # <  10 easy flowing

1.6 < # < 4 cohesive

# < 1.6 very cohesive and non-flowing
Table 1.5: Jenike classification for powder flow.

III.3 Apparatus for shear testing

There are two shear testing cells that are frequently mentioned in literature, I) Cylindrical 

box (Jenike) shear cell, (Jenike et al., 1960, Jenike, 1961,1964,\Williams and Birks, 1965, 

Pilpel, 1971). II) The annular (ring) shear cell, (Walker, 1966, 1967, Carr and Walker, 

1967/1968, Pilpel, 1971, York, 1975).
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1) Cylindrical box (Jenike) Shear cell: This cell was first designed and built in 1953 

(Jenike et al., 1960). The cell, basically, is a metallic cylindrical box of two horizontal 

sections, the lower base and the upper shearing ring. The powder is filled into the 

container in layers and scraped level with the top of the moulding ring and a twisting lid 

is placed on top of the container, figure 1.10,A. The lid is twisted forwards and backwards 

through a defined angle. The powder then is preconsolidated and ready to be shear 

consolidated. A vertical stress is applied on the top of the lid. At the shearing ring, shear 

force is applied by a motor driven shaft at a constant speed of -(0.91-0.125) cm/hr. The 

base section bears against a strain gauge connected to a stress recorder. The sample is 

sheared few times until a constant reading is recorded. The powder is now being 

consolidated and ready to be tested.

The moulding ring is removed and the powder is carefully scraped level with the top of the 

shearing ring. A shearing lid is placed on top of the shearing ring, figure 1.10,B. The 

shearing lid carries a loading pin and a bracket through which the shear force is applied by 

the same motor. A vertical stress smaller than the consolidating stress is then applied on 

top of the shearing lid. The motor is switched on and the sample is sheared. The applied 

vertical stress is plotted against the recording from the calibrated strain gauge. This is one 

point on YL for that particular consolidation state. The process is repeated few times until 

enough points are obtained to draw a single YL. The sample can be replaced and a new 

vertical stress can be applied to draw a second YL.

Twisting lid

Shear force

♦ V

Maiding ring 

Shearling 

Base Section

Shearing lid 

Bradœt—  \

Shear

Stress
reorder

y
Loading
pin

f
Siearring

Base Section

Stress
reorder

B

Figure 1.10: Jenike shear cell, in the consolidation setting (A) and the powder testing 
setting (B).
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William and Birks (1965, 1967) used displacement transducers fitted to Jenike shear cell 

and prepared the sample in a different way. Initially they compacted the powder under a 

certain load and then shear the sample under smaller loads. The end point here is identified 

as the point where there is no change in the volume upon shearing, as monitored by the 

transducers.

2) Annular shear cell: This cell is a modification of the earlier Jenike shear cell. 

The cell was first mentioned by Walker (1966), described briefly in (Walker, 1967) and in 

details in (Carr and Walker, 1967/68, Pilpel, 1971, York, 1975).

The cell is made up of an annular trough on top of which an annular shoe lid is placed. The 

bottom end of the shoe lid consists of the shearing ring, the recessed face of which has 18 

equally divided vanes (flights) at 20" intervals, figure 1.11,12. The depth of these vanes 

determines the depth of the shear plane within the powder bed. On top of the shear lid, a 

radial torque arm is attached. So when the whole cell is rotated, at a speed of ~ 1.5 rev/hr), 

the arm impinges against a load transducer. The powder held in the vanes is then caused 

to shear against the rest of the powder in the annular trough. The shear force is recorded 

from the transducer which is connected to a stress recorder. Figure 1.11 shows a schematic 

diagram of the components upon which the basic principle of this technique depends.

Int. Diameter

Ext. Diameter

Vanes

Rotation axis
Figure 1.11: The basic structure of an annular shear cell; (A), the powder trough that
holds the powder sample; (B), the annular shoe that fits on the powder trough.

There are several advantages for the annular shear cell over the older Jenike cell, some of 

which have been listed by Pilpel(1971),

1) The amount of powder required is less in the annular shear cell, which is important in 

the case of expensive powders.

54



General introduction - Chapter One

2) The time of testing is claimed to be fifth of that required in Jenike shear cell, probably 

because of the easier sample preparation.

3) There is no restriction in the strain. This is helpful in consolidating the sample.

4) The variation in shear strain across the sample is less than that in Jenike cell since its 

value at any point is directly proportional to the distance of that point from the centre of 

the plane of shear.

Figure 1.12: The powder shear ring.
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IV Wall friction

Friction can happen between any two contacting surfaces. Two main forces of friction act 

between two stationary contacting surfaces. These are the loading force (N), which is 

normal to the surfaces’ interface. The other force is tangential to the interface and acts in 

an opposite direction to that of the expected motion and is referred to as the static frictional 

force (Fg). The ratio Fg/N is called the coefficient of static friction (|uig). When both bodies 

are in relative motion, the forces acting between them are referred to as “kinetic” forces of 

friction. Thus, the ratio F^/N would be the coefficient of kinetic friction (Pk)-

Amonton, a French engineer, in 1699 defined two basic laws of friction, 1) Frictional 

resistance is proportional to the normal load applied, and 2) Frictional resistance is 

independent of the contact area. The general theory of friction, therefore, is,

F= p* N ...Eq. 2.1

Coulomb, another French engineer, in 1781 put a clear distinction between both the kinetic 

and static friction. He stated that the kinetic friction is usually lower than the static friction 

and is independent of the sliding speed. The latter statement might be regarded as a third 

law of friction, (Bowden and Tabor, 1964).

There are several other factors that can influence the nature of sliding between two objects. 

These include the surface texture of the two materials, their mechanical strength and the 

forces acting between the two surfaces. Others might include, temperature at the interface, 

impurities like dust or adsorbed layers like oxides on metallic surfaces.

IV.l Friction load

It is prominent that the load exerted on the friction interface affects the frictional resistance. 

However, this effect is controlled by other factors related to the nature of the contacting 

surfaces, e.g., hardness, attractive forces and mechanical strength. The normal load on the 

sample can have an effect on the contact surface area and the nature of forces acting 

between the two surfaces. This is explained in more details in section IV.2.
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IV.2 Contact surface area

The second law of the friction theory could be perplexing. However, it is clarified by the 

fact that the apparent area between the two surfaces does not represent the true contact area 

(A), which could be much smaller. This is because the two sliding surfaces meet at the tips 

of their microscopic asperities (Bowden and Tabor, 1964, 1986), figure 1.13. These

Figure 1.13: The points of junction between two surfaces.

meeting points are referred to as points of junction or simply as junctions. The true contact 

surface area would be then, the sum of the areas at these junctions. The friction force will 

be that force needed to break these junctions (Bowden and Tabor, 1964, 1986). The 

junctions can be a factor of both the normal force and the mechanical properties of one 

(usually the more malleable) or both surfaces. In which case,

A=N/Ys ...Eq.2.2

Ys is the material’s yield stress.

Since F= A.S ...Eq.2.3

S is the total shear stress required for breaking the junctions between the two 
surfaces.

then, F=N .(S/Y s) ...Eq.2.4

Thus, equation 2.1 can be written as,

11= S/Ys ...Eq.2.5

The normal load between two solid surfaces concentrates at the meeting asperities (Nj) at 

the interface, i.e., the junctions. At very small loads the junctions will deform elastically 

and the true surface area will be proportional to and Nj will be proportional to 

(Bowden and Tabor, 1964). Increasing the normal load will cause the pressures at the 

junctions to reach a value, i.e., the yield stress, were the asperities deforms plastically.
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Changes might also occur to one or both surfaces during the process of sliding. These 

changes depend on the load exerted on the surfaces and their mechanical properties.

IV.3 Wall surface roughness

Surface roughness is the term used to describe the microscopic contours (rugosity) of the 

wall surface. Average wall roughness (R J is frequently used as a measurement of the wall 

roughness. Several methods are found to measure the surface roughness such as, the stylus 

method, optical interference, electron microscope and oblique sectioning (Bowden and 

Tabor, 1964), see chapter four-section II. 1.1.

Rough surface

Smooth surface

Figure 1.14: Friction of a rough and smooth surfaces on another surface.

It might seem that a rough surface will always have higher frictional forces than a relatively 

smoother surface. This, however, might not always be the case since considering the 

theory of true contact area at the interface, a smooth surface might have higher frictional 

forces than a wall of higher roughness, figure 1.14 is an example of that. In this example 

the true area of contact between the sliding surfaces is more in the case of the smooth 

surface than the rough surface. However, certain considerations should be taken as well 

such as the elasticity of both surfaces. If there is a significant difference between the 

elastic properties of both contacting surfaces then the one with harder surface properties 

will dig inside the surface of the other. This increases the contact area between the two 

surfaces and accordingly the friction coefficient also increases.
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IV.4 Patterns of friction

Friction between two sliding surfaces can be classified into six main different trends 

(Bikerman, 1976),

1) If we consider two sliding surfaces separated by a layer of a liquid (lubricant), the 

friction pattern will depend on the viscosity and rheological behaviour of the liquid that 

fills the interfacial space regardless of the surface contours of either surfaces. The 

mechanism of lubrication in this case will be of the hydrodynamic type.

2) If the two surfaces come closer the liquid layer that separates both surfaces becomes 

thinner. The surface contours will then have an effect on the flow of the liquid. This state 

could be a transitional state from hydrodynamic to boundary type lubrication.

3) If the fluid is of low viscosity or the gap decreases then the hills, most probably the 

highest, of both surfaces will slide (climb) over each other. Provided that the normal force 

is of moderate value, no deformation of any of the hills will occur. This stage is referred 

to as the dry friction stage.

4) If both surfaces come even closer to each other then sliding will occur by elastic 

deformation of the contacting asperities. This will happen even at low normal loads. The 

friction will be dependent on the true contact area and the mechanical strength of the 

sliding surfaces.

5) In this stage the asperities will have to deform plastically in order for the sliding process 

to take place. The friction will not only be dependent on the normal force but it will also 

differ with every new passage that the hills of one surface take over the other surface.

6) In this case one of the surfaces hills will act as knives that cut through the other surface, 

like a knife that cuts through a piece of cheese. Some debris of the latter surface would 

adhere to the cutting knives of the other surface. The friction in this case is no longer at 

the surface but goes deeper into the material.

Even more complicated situation might take place if the friction heat causes physical or 

chemical changes of one or either surfaces.
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IV.5 Powder wall friction

Early studies on friction in pharmaceutics involved the use of instrumented tablet presses 

(Holzer, 1993). These machines were designed to measure the upper and lower axial 

forces and the radial forces exerted on the die wall during tableting process, table 1.6.

Axial forces Radial forces
Upper Lower

Maximum radial stress 
(DWJUpper maximum force (U„,) Lower maximum force

(LJ

Upper residual force (Û )
Lower residual force (L̂ ) Residual radial stress 

(DW,)Ejection force (Ej)
Table 1.6: The different forces that can be measured by an instrumented tablet machine. 

Using these measurements the powder wall friction can be calculated from,

1- The ratio (R-value) of the peak punch forces = (U„,/Ljn).

2- Difference in maximum punch forces (Fj)= (U^-L^).

3- Ejection force (Ej).

Evaluation of friction using instrumented tablet machines is somewhat tainted with the 

involvement of different forces at the same time. Holzer and Sjogren, (1978, 1981a, 

1981b) pointed out some of the disadvantages of using such measurements in the prediction 

of the powder compact wall friction. Being affected by the loading pressure and the tablet 

dimensions; errors are possible when using such measurements, e.g., R-value, even with 

comparative studies. The use of and Ej for the measurement of the friction coefficients 

after correction for the contact surface area between the tablet mass and the die wall, i.e., 

F /A  and Ej/A, is suggested to be more reproducible. The two coefficients of friction 

(static and dynamic) can be calculated from plotting,

Fj vs DW^ and Ej vs DW^

The slopes of lines gives the static (p.̂ ) and the kinetic (p%) coefficients of friction 

respectively.

The problem with controlling the normal forces of friction (W^ and Ŵ ) during the 

tableting process restricts the measurement of the effect of different normal loads on the
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friction properties of the compact. Kikuta and Kitamori (1983) developed an apparatus to 

measure the friction of the tablet under different normal loads. By either recompressing 

the compact to reach certain radial pressure or by allowing the compact to relax after 

compression and measuring the ejection forces at different pressures or relaxing intervals, 

they were able to relate the friction force to the radial (normal) force and calculate the 

kinetic coefficient of friction.

The friction of powders on solid surfaces, in general, follows that for metallic surfaces. 

However, because powder surfaces are constituted of discrete powder particles the friction 

pattern will be determined by the properties of both the bulk powder and the powder 

particles. From the above section it can be predicted that the pattern of friction between 

bulk powders and metallic wall surfaces would follow regime (6). At the resting stage the 

metal wall surface hills will slightly dig in the powder bed. The minute the sliding starts 

these hills will start ploughing in the powder bed.

Strijbos (1977) described the process of powder sliding over a metallic surface to take 

place in two different patterns,

1) Pure powder-wall friction (true friction).
2) Powder-powder friction (sticking layer friction).

These can be explained with regard to two ratios,

1) Dp/Rw and 2) Hp/H^
where. Dp: powder particle diameter

R^: the wall surface roughness
Hp and H^: the hardness of the powder and the wall respectively.

In the case of Dp/R^>l and Hp/H^>l the powder particles will slide against the powder 

wall and the measured forces will be that of powder-wall friction. However, when 

Dp/Rw<l or Hp/H^<l, then the powder will tend either to accumulate in the wall grooves 

or deform at the interface respectively. In both cases there will be an increase in the 

number of junction points at the interface, which will lead to forming a thin adhesive layer 

of the powder over the wall surface, figure 1.15. In this case the powder will be shearing 

against this layer instead of the wall surface. Thus the forces measured are those of powder 

shearing over powder. Usually this type of friction is higher than the first type. The 

powder particles also might plastically deform or fracture during the sliding process, which 

results in increasing the junctions at the interface, i.e., the true contact area.
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It is, therefore, important to detect the interaction between the individual powder particles 

and the wall surface. The disadvantage of the method that Strijbos (1976 and 1977) used 

and the instrumented tableting machines is that they test the wall friction of a powder 

compact with the wall surface. In this case the powder particles are deformed and, hence 

does not truly represent the friction of the powder particles on the wall surface. 

Furthermore, the deformation of the powder particles on the wall surface affects the true 

area of contact and, hence, the coefficient of friction would be dependent on the normal 

force used.

Dp/Rw>l Dp/Rw<l

Figure 1.15: The pattern of powder wall-friction of powder with particle size 
relevant to the surface wall grooves.

Jenike (1961) suggested the use of the shear cell for measuring the angle of wall friction 

(O). The bottom plate in this case is removed and the upper ring is placed on a plate or a 

surface of certain roughness. The procedure for the powder preparation is simpler than that 

for powder shear testing and less dependent on the consolidation state of the powder since 

it measures the shear at the surface only. The shear force recordings are plotted against the 

normal forces that are applied. Unlike powder yield locus (YL), there is usually one locus 

that can be drawn between a certain powder-wall system, figure 1.16. The wall yield locus 

is usually linear with an approximate equation.

Where,
slope.

N = F . tan O + D

O: is the angle of wall friction and is equal to tan * the wall yield locus
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D: is the adhesion component and in some cases approximates to zero. 
The angle of wall friction is a term equivalent to the coefficient of friction in describing the 
degree of powder-wall friction.

Jolliffe ( 1980) and Jolliffe and Newton ( 1982a) used a Jenike shear cell to measure the wall 

friction against wall surfaces of different textures. The values were used to extrapolate the 

angle of wall friction for a dosing tube wall surface used in an mG2 simulator. Tan (1987) 

and Tan and Newton (1990c) used an annular shear cell for the same purpose. The shoe- 

ring that holds the powder in the annular cell was replaced with ring plates of different 

surface roughness. The annular shear cell was also used to test the effect of some 

lubricants on the wall friction of powders by Baichwal and Augsburger, (1985).

I
I

Shear (friction) force

Figure 1.16: Wall yield locus, 0  is the angle of wall friction and ID is the adhesion 
component.

The shear cell has the advantage of applying low normal stress on the powder sample that 

usually will not cause deformation of the powder particles. Furthermore, the normal stress 

can be regulated, which is an advantage over using the instrumented tableting machine for 

te measurement of the coefficient of friction. The annular shear cell also has extra 

advantages over the classical cylindrical Jenike box, some of which have been mentioned 

in section III.3.

63



General introduction - Chapter One

V Capsule filling

V .l Effect of powder flow

The critical stage which determines the capsule weight uniformity is the filling stage. In 

this stage both the properties of the powder formulation and the filling process variables 

affect the capsule weight and its uniformity. The technique of filling the powder into the 

capsule differs from one manufacturer to another. During the 1970’s different methods for 

capsule filling were developed for a large scale of fully automatic capsule filling machines. 

Powder flow was related to capsule filling by several researchers, (Irwin et al., 1970, Reier 

et al., 1968, Jolliffe and Newton, 1980, 1982a,b, Tan and Newton, 1990a-f). Reier et al. 

(1968) on a semi-automatic machine also found that the uniformity of the capsules weight 

could be affected by the speed of the machine.

In a Hofliger-Karg-GKF 1000 dosing disk machine, Kurihara and Ichikawa (1978) found 

a relation between the angle of repose and the coefficient of variation of capsules' fill 

weight. They suggest an optimum angle of repose at which the variation of fill weight is 

minimum. This optimum angle depends on the size and speed of the rotational disk. With 

a vibratory machine this relation did not hold. Instead, the authors found a good 

correlation between the coefficient of variation and the minimum orifice diameter.

Chowhan and Chow (1980) suggested that there is a straight relationship between the 

consolidation ratio and the fill weight coefficient of variation for capsules filled by a dosing 

tube machine (Zanasi). Later, Chowhan and Yang (1981) suggested that there is a straight 

relationship between the consolidation ratio and the tensile strength of the powder bed, 

prepared under different loads. Therefore, a straight relationship also exists between the 

coefficient of variation and the tensile strength of the powder bed.

The process of filling the capsule with an automatic machine that employs the dosator 

nozzle technique requires accurate dosing of the powder plug within the dosing tube. This 

depends on both the powder bed properties and the ability to retain the powder plug in the 

dosing tube. Optimum powder flow is required, since free flowing powders will tend to 

produce a uniformly packed (consolidated) bed. At the same time difficulties in retaining 

the powder plug could be a problem with such powders; mainly due to poor arching of the 

powder at the nozzle tip.
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Tan and Newton (1990a) found a good correlation between each of different powder flow 

measurements including, Jenike flow function, angle of repose, Kawakita's constants (a and 

1/b), Carr's compressibility and Hausner's ratio. A good correlation was also found 

between each of these flow parameters and the coefficient of fill weight variation of size3 

capsules filled in an mG2 simulator. The coefficient of variation correlated best with both 

Hausner's ratio and Carr's Compressibility. The angle of internal flow and the angle of 

internal friction did not relate to the other flow measurements nor to the fill weight 

coefficient of variation. Tan and Newton (1990f) related the powder plug density to the 

powder bed density, which is material and particle size dependent.

V.2 Effect of wall texture

Accurate retention of the powder plug is dependent on the interaction between the powder 

and the inner surface of the dosing tube, represented by the angle of wall friction (0). An 

optimum angle is required so that it can support the powder arch at the nozzle tip, but at 

the same time allow the stress to be transferred from the piston down to the nozzle tip at 

the other end, i.e., it is the angle at which the required compressive stress is minimum, 

(Jolliffe et al., 1980, Tan and Newton, 1990c). For powders that have little affinity to bind 

to the wall, the value of 0  was found to be of little or no importance (Tan and Newton, 

1990d). For powders with small particle size or high affinity to the wall, the value of 0  

might make a difference. Powder coating on the inner wall of the dosing tube might result 

with the latter powders (Jolliffe and Newton, 1983a, Tan and Newton, 1990e,f). Applying 

compression increases powder coating in most occasions (Tan and Newton, 1990e,f). This 

causes more deviations in the fill weight, mainly due to ejection problems and possible 

piston januning. Thus a low value of wall friction is required for a smooth ejection of the 

powder plug.

The powder-wall interaction is a factor of the wall texture, particle size and the affinity of 

the powder to adhere and stick to the wall. The angle of wall friction can be measured 

using the annular shear cell described in (Carr and Walker, 1967-68). Only the annular 

shoe is replaced with an annular stainless steel plate.

V.3 Compression settings

V.3.1 Effect o f compression on capsule filling

The amount of applied compression stress affects the capsule fill weight and its uniformity 

(Jolliffe and Newton, 1982b, Tan and Newton, 1990b,e and f).
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To establish a stable arch at the nozzle tip a compression stroke could be applied to the 

powder plug, Jolliffe et al. (1980) applied the hopper design theory to calculate the stresses 

that develop in the dosing tube vicinity. By calculating the stress required to establish a 

stable arch at the nozzle tip, the stresses that should be applied by the piston at the other 

end can be calculated. The applied stress can be calculated by the following equation 

based on (Walker, 1966),

Oz, 0 req = O z, req ~ ryg/2BDf (1 - e 
g  _2BDz/r

where, o  ̂o req- Ihe stress that should be applied by the piston to produce a stable
arch.

r: the span or the radius of the dosing tube opening, 

y: powder bulk density.

B: a factor calculated from O and 8.

Dfi distribution factor calculated from 0  and 8. 

z: the depth of the powder bed.

o'z,req: the stress required at the nozzle tip to produce a stable arch and.

o 'z . r e q  =

sin20

According to this equations, forming a stable arch at the nozzle tip will depend on the 

powder properties and the tube's span and inner wall surface roughness. These can be 

listed as follows,

1) The angle of wall friction (O). As the value of O increases the values of O z. req 

decreases to an optimum value after which it starts to increase again. The reason for this 

increase is because after a certain value of 0  the transmission of stress along the tube 

reduces, thus, increasing the values Oz,req. This, however, depends on the cohesiveness of 

the material and the powder strength that develops within the tube vicinity. Low values 

of 8 usually mean that the powder is more free flowing and the transmission of stress is less 

and, therefore, higher values of Oz,req will be required. The above equations also show that 

poor flowing powders with high 8 values tend to have a higher value of optimum 0 . Thus, 

they are less sensitive to changes in the values of 0 . The same can be said regarding the 

values of jf. It should be noted that the values of j f  increase with increasing the 

consolidating stress for most cohesive powders. Hence, at low angles of wall friction 

where the stresses developed in the vicinity are high, the powder might fail because of the 

new stress-strength relation that developed accordingly. Generally, the higher the values 

of 0 , the lower are the stresses required to develop an arch at the free surface.
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2) Powder flow represented hy {jf). A straight relationship as shown from the 

calculations, betweenj^and both Oz,oreq and o 'z ,r e q . Higher values ofjg^means higher values

o f  Oz, 0 req a u d  O  z, req.

3) Angle of internal friction (6). According to the equation above, a'z,req/ does

1 not depend on the value of 8. This reflects that the powder fails as a continuum and 

that failure tends to occur at the walls rather than within the bed itself. That is because the 

failure at the wall, at the same horizontal segment, is weaker at the walls, especially for a 

smooth surface, see section III.2. This is also dependent on the powder-wall friction 

characteristics. The values of D are dependent on the values of ô and the values of 0  and 

approaches unity for most powders until the values of 0  are close to those of Ô when it 

starts to decrease.

Jolliffe and Newton (1982a) applied this theory using a pneumatically driven dosing 

system and their findings agreed with the theoretical approach. Tan and Newton (1990b) 

suggested that the calculated stresses needed at the nozzle tip for sizeS capsules are too 

low to be measured by a shear cell. Hence, reproducible capsule filling could occur 

without the need for piston compression. Tan and Newton (1990e,f) found that most 

powders, especially coarse powders, filled best at zero compression setting. Applying 

compression resulted in lower fill weights and higher fill weight variation. This confirmed 

earlier findings by Takagi et al. (1969) in which they related compression ratio (CR) with 

the fill weight coefficient of variation for capsules filled in a dosing tube machine (Cesare 

Pedini 31-A), where,

CR = Hb-Hp X 100%
Hb

Hb: the set height of the powder bed.

Hp: the height of the powder plug after applying the compression.

The authors found that increasing CR increases the coefficient of variation. However, with 

lactose there was an optimum CR after which the coefficient of variation started to 

decrease again. They noted that the sticking of lactose to the dosing tube wall decreased 

after reaching the optimum CR. Com (maize) starch was less affected by CR than the 

relatively more free flowing powder calcium phosphate. The main problem that rises with 

high compression forces seems to be related to the difficulties caused by ejection.

Jolliffe and Newton (1982b) found that for free flowing powders compression setting that 

can be applied to the powder plug should be low, or large deviations would occur in 

capsule fill weight. Also the range of compression settings that can be applied to the
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powder plug for the free flowing powders is narrow. This creates a problem since free 

flowing powders are the ones most likely to need compression to establish a stable arch at 

the nozzle tip. On the other hand, powders of poor flow properties can accommodate 

higher compression settings. Also the range of compression settings that can be used is 

wide in comparison to that for free flowing powders. Thus fine powders are less sensitive 

to changes in the compression settings. In general, increasing the compression results in 

more variations of the fill weight. Patel and Podczeck (1996) suggested that from a group 

of different microcrystalline cellulose grades Avicel PH 102 would not be useful if the drug, 

to be added, requires filling above the maximum bulk density because it had a relatively 

small value of Kawakita constant a.

The main reason for the difference in compression settings is due to the fact that free 

flowing powders are usually of higher bulk densities i.e., have less interparticulate space 

(voids). At the first moment of applying compression the powder will strain to a certain 

limit filling the voids. More compression will cause the particles to deform and compact. 

Poor flowing powders are usually more loosely packed than free flowing powders. Thus, 
under compression the powder will be able to strain more than the free flowing powders 

before compaction starts.

Britten et al. (1996) used a Macofar 13-2 capsule filling machine simulator to study the 

effect of precompression and compression on the properties of the powder plug and the 

filling performance of capsules in a dosing tube. They used a range of lubricated and 

unlubricated Starch1500 and lactose powders. They concluded that compression does not 

have an effect on the weight of the powder plug and does not cause more retention. 

However, minimum pressure should still be applied to avoid long dissolution and 

disintegration times. They also found a linear relationship between the applied 

compression pressure and the ejection forces. The same simulator was later used also by 

Tattawasart and Armstrong (1997) to study the effect of lubricant concentration, dosator 

pressure and piston height on the properties of lactose plugs. The authors concluded that 

uniformity of the powder plug is independent of these three factors.

V3.2 Instrumentation of capsule filling machines

Cole and May (1972,1975) were the first to instrument a Zanasi LZ/64 automatic capsule 

filling machine to investigate the compression patterns in the capsule filling machine. The 

strain gauges that they used were adopted from the strain gauges used for the tableting 

machines. They recorded three forces, a) compression force, b) retention force, c) ejection 

force. They also recorded a fall in the force trace below zero level with some compounds
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PC

Figure 1.17: The stresses recorded in a dosing tube
during the process of capsule filling. PC, 
precompression; L, lag time; C, compression; R, 
retention; E, ejection and D, drag force; from 
(Augsberger, 1988).

such as starch 1500. This was later 

defined by Small and Augsburger 

(1977, 1978) as drag force. By 

modifying the piston on the same 

model capsule filling machine 

Small and Augsburger (1977) were 

able to record another force just 

before the compression force and 

termed it precompression force.

This force is recorded at the 

moment the powder touches the 

piston end when the dosator is 

descending. Precompression is 

followed by a short lag time which 

is the time needed for the knob to 

travel before it touches the piston

upper end and compress the plug, figure 1.17. By mounting a displacement transducer to 

the same piston Mehta and Augsburger (1980) recorded both the force and displacement 

of the piston at the same time. They recorded some anomalies in the force-displacement 

traces most of which were attributed to the spring loaded compression knob.

Jolliffe and Newton (1980. 1982a) used a pneumatically driven size3 mG2 dosator nozzle 

to investigate the retention of powder within the dosing tube. The apparatus could measure 

compression and ejection stresses and the retention was measured by the number of tapping 

strokes required to cause all the powder to drop out of the nozzle. These stresses were 

correlated to wall friction and powder coating using three grades of DMV lactose. Later, 

Jolliffe and Newton ( 1982b, 1983a,b) extended their work using an mG2 simulator to study 

the effect of particle size, compression settings and wall friction on the weight uniformity 

of capsules. The simulator could measure, (Jolliffe et al., 1982),

1) The compression and ejection forces exerted by the piston on the powder within the 

dosator nozzle.

2) The movement of the piston relative to the nozzle in compression and ejection.

3) The vertical movement of the whole dosator nozzle during the filling cycle.

Tan and Newton ( 1990a,b,d-f) used the same simulator for further studies on capsule filling 

using particle size fractions of different fillers. They were able to relate the coefficient of 

variation capsule fill weight to some powder flow parameters.
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VI Lubricants 

V I.l Definition

Lubricants in pharmaceutical industry can be defined as anti-adherent agents that are used 

to prevent the sticking of the powder to metallic parts that it comes into contact with during 

processing. According to BS 2955 (1958) a lubricant is "a material added in solid or liquid 

form to a powder to assist movement of the particles during compaction". Thus, lubricants 

can also be used to enhance flow properties of the powder. They are usually added in small 

quantities to improve the processing of the powder formulation by acting either,

1) As anti-sticking agent (anti-adherents) preventing the powder formula from sticking or 

adhering to the metallic surface of the processing machine, or

2) As glidants improving the flow of the powder, (Miinzel and Kâgi, 1954).

VI.2 Classification

Pharmaceutical lubricants can be classified in different ways,

A- According to their effect on the powder, antiadherents, antisticking, or anti caking, 

glidants,...etc., (Miinzil and Kâgi, 1954, Strickland, 1959).

B- According to their chemical nature (Strickland et al., 1960, Bowden and Tabor, 1964,

1986), e.g., hydrocarbons such as paraffin, fatty acids such as stearic acid and fatty acid 

salts such as magnesium stearate.

C- Hydrophobicity: hydrophilic or hydrophobic. Most of the lubricants used in the 

pharmaceutical industry are of the hydrophobic type; e.g., magnesium stearate, stearic acid 

and glyceryl monostearate. Other hydrophilic ones include sodium lauryl sulfate.

D- Mechanism of action: Boundary and hydrodynamic (Strickland et al., 1960, Bowden 

and Tabor, 1964, 1986). This was discussed in more details in section IV.4.

E- Physical state: lubricants can be either solids like, grease and powder fatty acids, or 

liquids such as, liquid paraffin and lubricating oils.

VI.3 The effect of lubricants on powder properties

VL3.1 Effect o f lubricants on powder flow

The other effect that lubricants might exert on the powder formulation is improving the 

powder flow properties, i.e., glidant effect. Although most of the lubricants possess poor
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powder flow properties they tend to improve the powder properties of the host powder. It 

is suggested that glidants acts as an internal lubricant aiding the slippage of the powder 

particles over each other (Augsburger and Shangraw, 1966, Hoeg and Rippie, 1994). This 

slippage is a result of the lubricant film around the host particles which is formed during 

I the process of mixing. The film provides a smooth surface for the particles to glide over 

I  each other. Fine glidant particles also help to fill the void spaces between the powder 

particles in addition to reducing the particulate cohesive forces and reducing the surface 

rugosity. Thus, it increases the apparent bulk density of the powder and, in most cases, 

improves its flowability (Gold et al., 1966b, Jones and Pilpel, 1966b).

Anti-caking agents or glidants can act in different mechanisms (Peleg and Mannheim, 

1973, Augsburger, 1990),

1. As solid barriers between the powder particles, reducing the attractive forces.

2. By reducing the friction between the powder particles.

3. Neutralizing electrostatic charges.

4. Taking up the moisture from the powder (moisture scavengers).

5. By serving as ball bearings between the powder particles.

The improvement in the powder flowability with the addition of lubricant was found not 

to be continuous with the increasing concentration of the lubricant. There is an optimum 

concentration of the lubricant after which it decreases the powder flowability (Augsburger 

and Shangraw, 1966, Gold et al., 1966b, Danish and Parrott, 1971). The decrease in 

powder flow is mainly attributed to the increase in the bulk volume, i.e., decrease in the 

bulk density, of the blend. Shah and Moldozeniec (1977) showed that bulk density of 

different powders can be increased with the addition of lubricants and glidants.

Based on the angle of repose and porosity measurements, Ikekawa and Kaneniwa (1969) 

tested the effect of different lubricants and glidants on the flow properties of potato starch. 

They classified the lubricants and glidants into three types,

Tvpe A: Decreases the angle of repose remarkably by the addition of small proportions less 

than 10% w/w.

Tvpe B: The angle of repose decreases at higher concentrations 40%w/w.

Tvpe C: The angle of repose is comparatively large at any added proportion.

They suggested that for type A there is a strong interaction between the additives and 

potato starch and, therefore, resulting in a decrease of the surface area of the mixture. For
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the other types the surface area should be roughly the same as the mean value of the surface 

area of starch and the addition because there are no strong interactions between the two 

materials. Hedge\et al. (1985) found that the values of the angle of repose for different 

particle size fractions of sodium chloride increased upon the addition of magnesium 

stearate.

VI.3.2 Problems associated with lubricants

Lubricants like magnesium stearate are known to exert some undesired effects in the 

powder formulation. Most lubricants are known to decrease the strength of powder 

compacted forms such as, tablets (Wolff et al., 1947, De Boer et al., 1978) and, powder 
plugs (Mehta and Augsberger, 1981).

Hydrophobic lubricants such as, magnesium stearate, also exert another problem which is 

retarding the disintegration and/or dissolution of the powder (Strickland et al., 1956, Kwan 

et al., 1957, Levy and Gumtow, 1963, Samyn and Jung, 1970, Bolhuis et al., 1981, Shah 

and Augsburger, 1986, Rowe, 1988a).

Strickland et al. (1956) found an increase in the disintegration time of the lactose tablets 

that contained hydrophobic lubricants such as magnesium stearate, stearyl alcohol and 

stearic acid. Kwan et al. (1957) used talc, mineral oil, stearic acid and calcium stearate as 

lubricants with starch-lactose (50/50) tablets and found an increase in the disintegration 

time of these tablets. A study by Levy and Gumtow (1963) showed that hydrophobic 

lubricants affect the dissolution time, demonstrated by using non-disintegrating disks 

(pellets). This is known to happen as a result of the formation of a lubricant film around 

the surface of the host powder particles (Strickland et al., 1956, Bolhuis et al., 1975, Rowe, 

1988a). Samyn and Jung (1970) also found that magnesium stearate decreases the 

wettability of the capsule powder plug and increases the disintegration time accordingly. 

They also noted that when using a simulated gastric fluid as a dissolution media the 

disintegration/dissolution profile improved, part of which was due to the decomposition 

of magnesium stearate in acidic medium.

The effect of lubricant on the dissolution time of the capsule largely depends on the diluent 

(filler), the added lubricant and the degree of interaction between them, (Samyn and Jung, 

1970, Newton and Razzo, 1977, Anno and Rees, 1985, 1986). The degree of interaction 

is significantly affected by the diluent type in terms of hydrophilicity and water solubility.
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Stewart et al. (1979) found that soluble and hydrophilic diluents tend to counteract the 

effect of the hydrophobic lubricant while insoluble diluents like Avicel tend to be less 

predictable.

Mehta and Augsburger (1981) studied the effect of magnesium stearate on powder slug 

strength in relation to the dissolution time. They compared the effect of magnesium 

stearate on both anhydrous lactose and microcrystalline cellulose. The strength of Avicel 

powder slugs (plugs) was more affected than lactose plugs. This was the main reason for 

decreasing the dissolution time of Avicel powder plugs with the addition of magnesium 

stearate. However, at higher lubricant concentrations the dissolution started to go up again. 

The conclusion was that the effect of the hydrophobic lubricant on the disintegration and 

dissolution of the capsule plug is a factor of its hydrophobic film coating countered by its 

softening effect on the plug strength.

The sequence of mixing the different excipients also have an effect on the 

disintegration/dissolution profile of the drug. Anno and Rees (1985) found that the 

sequence of mixing phenytoin drug with lactose as diluent and magnesium stearate as a 

lubricant. The best sequence was by adding the lubricant to the diluent first and then 

adding the drug. The authors used SEM and X-ray analysis to detect the distribution of 

magnesium stearate on the coarse particles of the diluent and the drug. Desai et al. (1993) 

also demonstrated that the effect of hydrophobic lubricants on the disintegration/dissolution 

of capsules was more pronounced with the less soluble drugs.

In general, increasing the lubricant concentration increases the possibility of film formation 

(Ragnarsson et al., 1979). This is not accompanied with any increase in the anti-adherent 

effect of the lubricant, though it might still have a great effect on the host powder flow 

properties.

VI.4 Lubricant film formation

The powder particles surface coverage by the lubricant has been investigated indirectly 

either by detecting the disintegration/ dissolution properties, (Boluis et al., 1975, Lerk and 

Bolhuis, 1977, Nicklasson and Brodin, 1982, Johansson, 1985, Johansson and Nicklasson, 

1986,1987, Johansson et al., 1986) or by measuring the crushing strength of the powder 

compacts (tablets), (Lerk et al., 1977, Shah and Moldozeniec, 1977). Direct methods that
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has been used to detect lubricant film included conventional microscope, (Wolff et ah, 

1947, Strickland et al., 1956), Energy Dispersive X-ray analysis (EDX), (Pintye-Hddi et 

al., 1981, Lerk et al., 1977, Hussain et al., 1988), or Secondary Ion Mass Spectrometry 

(SIMS), (Roblot-Treupel and Puisieux, 1986, Davies et al, 1987, 1990, Hussein et al., 

1990).

Early studies on the distribution of lubricants in the powder formula were investigated by 

Wolff et al. (1947). In the study the authors used Amaranth to dye the lubricant (boric 

acid) to differentiate it from the diluent in compressed tablets under microscopic 

examination. Strickland et al. (1956) used 5% potassium permanganate, a water soluble 

dye, to spray sulphathiazole tablets lubricated with graphite, and sodium bicarbonate 

tablets lubricated with magnesium stearate. Both studies showed that the lubricant resides 

between the powder granules and lodges inside the granules' cavities. Tawashi (1963) 

assumed that the lubricant covers the powder particles with a particulate layer, and 

calculated the amount of Aerosil needed to build a continuos monoparticulate layer. List 

and Müller (1972) tested the hypothesis with magnesium stearate, Aerosil and talc. The 

authors concluded in their summary that the lubricant covers the surface of the powder 

particles according to Langmuir scale. They suggested that the lubricants act by filling the 

unevenness and smoothening the irregularities of the powder particles and by operating as 

a mechanical barrier between particles. They also concluded that the amount of lubricant 

that gave the bulk the best flowability was the same amount to cover the granular material. 

Thus, they support Tawashi's theory about the particulate lubricant or glidant film 

formation around the powder particles.

Studies on the effect of magnesium stearate on the dissolution characteristics of the powder 

or the solid dosage form assumed that the lubricant forms a monomolecular layer around 

the powder particles following Langmuir adsorption (Bolhuis et al., 1975, Lerk et al., 1977, 

Lerk and Bolhuis, 1977). Others, later, supported this hypothesis, (Ragnarsson et al., 1979, 

Nicklasson and Brodin, 1982, Rowe, 1983, Johansson, 1985, Johansson and Nicklasson, 

1986,1987). These studies were based on conclusions from the effect of the hydrophobic 

lubricant, usually magnesium stearate, on the dissolution from non-disintegrating disks or 

from disintegration of tablets. Some of these studies included the effect of the lubricant 

like magnesium stearate on the strength of the formed compacts.

Pintye-Hodi etal. (1981) tested the applicability of EDX on measuring magnesium stearate 

film on the surface of micronised trimetozine. EDX lower limit was lO'^^g of magnesium
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stearate, i.e., 10%w/w for that particular study. Remains of magnesium stearate crystals 

could still be found even after 60 minutes of mixing. The authors supported the non- 

uniform distribution of magnesium stearate on the powder particles. Hussain et al. (1988) 

used were able to measure lower concentrations of magnesium stearate (0.1,0.5 and 2 %) 

with sodium chloride. The film started as a monomolecular layer following Langmuir type 

of adsorption. This layer was followed by a build up of particulate layering.

Roblot-Treupel and Puisieux (1986) used Scanning Electron Microscopy (SEM) and EDX 

along with microanalysis using Link microanalyser equipped with Si (Li) detector and 

argon plasma emission spectrometer. They investigated the distribution of 2% magnesium 

stearate on inert granules (800 -1000 pm). They concluded that the monomolecular layer 

and the particulate layer co-exist and that magnesium stearate does not spread on the 

surface. Instead the lubricant tends to lodge in the cavities in the inert granules. At high 

concentration the lubricant start to form of a peripheral layer of varying uniformity.

Hussain et al. (1990) used Static and Imaging secondary Ion Mass Spectrometry (SSIMS) 

and (ISIMS) to study the distribution of magnesium stearate on sodium chloride granules. 

The lubricant concentrated on the overtly defective parts of the powder particles. The film 

is formed instantly with highest rates of formation at the first few minutes (~2min.).

The lubricant film is patchy and not continuos as has been shown by using Energy 

Dispersive X-ray analysis (EDX) (Lerk and Bolhuis, 1977, Pintye-Hodi et al., 1981, 

Hussain et al., 1988). This was also supported by findings from SIMS (Roblot-Treupel and 

Puisieux, 1986, Hussein et al., 1990).

The effect of the lubricant is dependent on three main factors, (Bolhuis et al., 1975,1981, 

Lerk et al., 1977, Shah and Moldozeniec, 1977, Johansson and Nicklasson, 1986, 1987, 

Bolhuis and Holzer, 1995), the properties and concentration of the lubricant, the host 

powder properties and the intensity of mixing. Different host powders seem to have 

different lubricant sensitivity in terms of film formation around the host particles (Mehta 

and Augsberger, 1981). This was mainly attributed to the flow properties of the host 

powder. The difference in diluent sensitivity to the lubricant is attributed to the difference 

in the ability of the lubricant to form a film around the host particles. Bos et al. (1991) 

summarised the mechanisms by which differences in film formation could occur, they were 

mainly attributed to bulk density of the powder,

1- Flowability mechanism: A powder with low bulk density will have poor flow 

properties resulting in poor film formation.
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2- Disruption mechanism: Low powder bulk density can result in a larger 

contribution to particle rearrangement during mixing which could disrupt an already 

formed lubricant film.

3- Pack(cast)-away mechanism: Low bulk density of the powder could be from the 

high intra-granular porosity which could serve as a sink for lubricant particles. Hence, 

there will be less possibility for the formation of lubricant film.

4- Fragmentation mechanism: This mechanism suggests that the powders that are 

plastically deformed have more lubricant sensitivity than powders that undergo 

fragmentation. This is a result of the lubricant free surfaces that are formed due to the 

fragmentation of powder particles. This mechanism is more closely related to tableting. 

However, this was also found to be the case with capsule plugs (Mehta and Augsburger, 

1981).

In general, powders of low bulk density and poor flow properties seem to have less 

lubricant sensitivity (Vromans et al., 1988, Bos et al., 1991). The film formation is also 

dependent on the degree of interaction between the lubricant particles and the surface of 

the host particles, see chapter three-section I.

Some suggestions to minimise the effect of the lubricant film on the powder formulation 

include the incorporation of a surface active agent with high HLB such as sodium lauryl 

sulphate (Wang and Chowhan, 1990, Ong et al., 1993). The surface active agent is claimed 

to interact with magnesium stearate in the solid form and weaken the film by detaching the 

magnesium stearate covering particles from the surface of the powder. Another solution 

is to use super-disintegrants, such as sodium starch glycolate (Bolhuis et a l , 1981, Proost 

et a l, 1983, Desai et a l, 1993). This kind of disintegrants have a better swelling capability 

than the traditionally used disintegrants, such as potato starch. It is presumed that, upon 

swelling, this kind of disintegrants would disrupt an already formed lubricant film and, 

therefore, would allow more of the dissolution medium to penetrate into the solid dosage 

form.

VI.5 Mixing

Mixing lubricants of fine particle size like magnesium stearate, seems to be of the ordered 

type, (Hersey, 1975, Bolhuis and Lerk, 1981, Anno and Rees, 1985, 1986). When the 

lubricant is mixed with powder it distributes into two main divisions, as a free form 

between the host particles or as a film adsorbed on the surface of the host particles 

(Johansson and Nicklasson, 1987). According to these authors, anti-adherent properties
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of the lubricant depends on the free lubricant form while the lubricant film affects the 

powder characteristics. The steps (mechanisms) in which the lubricant film forms can be 

summarised as follows (Shah and Moldozeniec, 1977),

1- The lubricant particles adsorb on the surface host powder particles at the first 

instant of mixing (surface contact adhesion).

2- During mixing the lubricant particles are entrapped in the powder or granulate 

particles’ grooves by mechanical interlocking.

3- More mixing will cause the particles of the lubricant to delaminate and form a 

thin sheath around the powder particles. This will eventually result in more surface 

coverage of the lubricant.

Intense mixing as well as increasing mixing time results in the lubricant transfer from the 

free form to the film form (Murthy and Samyn, 1977, Shah and Moldozeniec, 1977, 

Bolhuis and Holzer, 1995). This will add to the undesired effects of lubricants and, hence, 

mixing time should be optimised. It has been shown that minimum mixing times (~1 min) 

is enough to achieve optimum lubrication, (Ragnarsson et al., 1979, Nicklasson and Brodin, 

1982, Johansson and Nicklasson, 1986, 1987). Butcher and Jones (1972) studied the 

packing of sand mixed with different batches of magnesium stearate. They suggested that 

the initial state of packing of magnesium stearate would be important in the mixing stage 

of the powder preparation, which might have also affected the packing of the sand mixture 

as well.

With ternary mixtures, the sequence of mixing the lubricant plays an important role in 

determining the degree of interaction between the individual particles as reported by Anno 

and Rees (1985, 1986). The authors suggest that the lubricant might “strip” the drug 

particles from the coarser diluent particles, which might cause deleterious effect on the 

disintegration/dissolution profile. This stripping effect could be another problem that 

would be associated with lubricants, such as magnesium stearate, that mixes in an ordered 

manner as has been noticed by Lai and Hersey (1979) and Staniforth and Ahmed (1986,

1987).

VI.6 Lubricant effect on capsule filling

Lubricants exert two main effects on the powder performance in capsule filling,

1- Lubricants decrease the powder-wall interaction and result in smaller values of 0 . This 

affects the stress distribution within the dosing tube vicinity. According to Walker (1966) 

this transfers more stress to the point of arching (bridging) at the nozzle tip and also results
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in a better transfer of the compression stress from the piston to the powder plug at the other 

end. This might support the powder arch and aid in the powder plug retention. However, 

the same arch would collapse under the higher stresses developed. Furthermore, the author 

stated that in a parallel pipe or tube the stresses developed would cause the powder to 

discharge en bloc.

2- Lubricants affect the powder flow properties and as discussed earlier this can affect the 

capsule powder filling. Lubricants might improve the flow properties of the powder and 

result in more proper consolidation of the powder bed. This to an extent after which proper 

retention will be impaired by poor arching at the nozzle tip. Lubricants also might decrease 

the powder flow after reaching an optimum concentration.

Caldwell and Westlake (1973) used the Zanasi capsule filling machine used by Irwin et al. 

(1970). They tested the effect of three lubricants, magnesium stearate, magnesium lauryl 

sulphate and sodium lauryl sulphate, on the weight uniformity of capsule fill weights and 

found that the weight variation increases as the lubricant content increases.

VI.7 Lubricant optimization

In any powder formulation lubricants are primarily incorporated to reduce the friction and 

the stickiness of the powder compact. The optimisation of the lubricant, especially the 

hydrophobic ones, is based on getting a good lubrication without having the undesired 

effects of the lubricant on the dissolution of the dosage form, (Ragnarsson et al., 1979, 

Johansson et al., 1986). In tableting, the effect of the lubricant on the tablet strength is also 

taken into consideration.

The effect of lubricants extends from reducing the powder-wall friction to changing the 

powder flow properties. Both these effects are expected to affect the capsule filling in 

terms of fill weight and weigh uniformity of capsules, since they have been related to 

powder flow and the angle of wall friction, see section V.
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VII Objective

The objective of this study was to investigate the effect of additives (lubricants and 

glidants) on the filling performance using an automatic capsule filling machine that 

employs a dosing tube. Model powders such as lactose, starch and microcrystalline 

cellulose were used. These are commonly used excipients that play an important role in 

determining the physical characteristics of the powder formula especially in low dose 

medicaments.

Powder characterization was made through bulk density measurements and shear cell 

testing. Powder-wall interaction was also determined by measuring the angle of wall 

friction. The various measurements were linked to the weight uniformity of capsules filled 

in different compression settings.

Two main aspects might be taken into consideration with regard to the optimisation of the 

lubricant concentration,

1 -  Flow properties of the powder. Optimum flow properties are required for the reasons 

discussed before in sections IV.3.1 and V.l.

2- Lubricant should be also optimised with regard to its effect on the powder-wall friction. 

In this study, the optimisation was based|on a weight uniformity basis.
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Materials and Methods

I Introduction

Several excipients have been developed for solid dosage formulation in the pharmaceutical 

industry. The commonly used excipients in capsules include, diluents (fillers), lubricants, 

glidants and disintegrants or wetting agents. The choice of excipients is restricted to those 

available to the regulatory authorities and there are lots of considerations to be taken before 

choosing the appropriate excipient. The reasons upon which the choice is made differ for 

each kind of excipient, e.g., for diluents, solubility, cost, compactibilty and compatibility 

are some of the considerations, (Shangraw and Demarest Jr, 1993).

II Materials*

I I I  Diluents

The importance of diluents increases with potent drugs, since it could constitute most of 

the capsule content. Diluents usually are supposed to increase the bulk of the material and 

ease its filling in capsules and possess good plug forming properties. They should also be 

inert and have a good disintegration/dissolution profile. The diluents used in this study 

include,

1. Maize starch

Also known as com starch; is one of various starch types that can be obtained naturally 

such as, rice starch, potato starch and tapioca (cassava) starch. It consists of two 

polysaccharides, amylose and amylopectin that are based on a glucose monomer. The 

empirical formula for starch is (C6Hio05)n, where n= 300-1000. Starch, in general, is 

widely used as a diluent and disintegrant in capsule and tablet formulation and as a binder 

for tablets. Other uses include, topical applications as a dusting powder or emollients. 

Maize starch can also be used in enemas and as a lubricant for surgical gloves (sterilisable

‘Information regarding the materials used are taken from Handbook of Pharmaceutical excipients and 
(Bolhuis and Chowhan, 1995)
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maize starch).

The particles of maize starch are characterized by spherical or ovoid shape with one central 

hilum on the surface, figures 2.3,4. The mean particle size using Malvern was (20.4pm). 

General properties of maize starch and other excipients are listed in table 2.1.

2. StarchlSOO

Also known as pregelatinised maize starch; is a modified starch that has been chemically 

and mechanically processed to rupture all or part of the starch granules. This process 

renders the starch flowable and directly compressible. Starch1500 is used in tablet and 

capsule formulations as a diluent, disintegrant and as a binder in tablets. The particles have 

a larger particle size than maize starch. The deformed particle shape is more angular and 

has no hilum on the surface, figures 2.5,6. Starchl500 is thought to have lubrication 

properties of its own due to its low coefficient of friction and the low residual radial forces 

in the tablet die (Rees and Rue, 1977, Armstrong et al., 1982, Bolhuis and Chowhan, 

1995).

3. Lactose monohydrate

Lactose is a natural disaccharide produced from cow’s milk. The chemical structure 

consists of equal units of galactose and glucose. It occurs as anhydrous and monohydrate 

forms. The anhydrous form exists in two isomeric forms (a and p) and can be either 

crystalline or amorphous. Different grades and types can be found for lactose nowadays 

including, anhydrous a- lactose, oc- lactose monohydrate and anhydrous p-lactose. Lactose 

monohydrate is widely used as a capsule and tablet diluent. Lactose is usually the top 

choice for most companies owing to its solubility and compatibility (Shangraw and 

Demarest Jr, 1993 and Jones, 1995), although Mallard reaction is conunon with primaray 

and secondary amine compounds. One of the problems with using lactose in the 

formulation is lactose intolerance. This can happen even after the ingestion of small 

amounts of lactose (3-5)g*\

Two grades of a- lactose monohydrate were used in this study, the fine grade (230mesh) 

and the coarse grade (SOmesh). The particle shape of both grades was the same; cuboidal 

and angular, figures, 2.11-14.

‘Handbook of Pharmaceutical Excipients.
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4. Microcrystalline cellulose

Microcrystalline cellulose was first marketed in 1964 by the FMC corporation under the 

name Avicel PH. Other brands are also available on the pharmaceutical market nowadays. 

It is formed from controlled hydrolysis and depolymerization of cellulose, removing a large 

portion of the amorphous part and yielding aggregates of the more crystalline portions of 

the cellulose fibres. It is used as a suspending agent, tablet and capsule diluent and as a 

disintegrant for tablets. It also has some lubricant properties (Bolhuis and Chowhan, 

1995). Microcrystalline cellulose is also a common excipient in pellets that are made by 

extrusion spheronisation (Raines et al., 1990). Microcrystalline cellulose is hygroscopic 

and sometimes used as an adsorbent. The moisture content range is (1.5-5.0)%. It is 

thought to have a lubrication properties of its own attributed to the very low residual die 

wall pressure, as an effect of stress relief by viscoelastic relaxation within the die (Rees and 

Rue, 1977, Armstrong et al., 1982, Bolhuis and Chowhan, 1995), added to the low 

coefficient of powder-wall friction (Lamberson and Raynor, 1976).

Three grades of microcrystalline cellulose were used in this study, figures 2.7-9, which are, 

in order of increasing particle size, Avicel PHlOl, PH 102 and PH200. Avicel PH 102 has 

a moderate flow properties mainly attributed to the fact that it is a mixture of agglomerates 

and primary particles. Avicel PH200 was introduced later by FMC as a grade with better 

flow properties attributed to spherical aggregates and larger overall particle size (200pm), 

(Bolhuis and Chowhan, 1995). The low bulk density of microcrystalline cellulose that 

impacts a high covering power and the broad particle size distribution gives it a high 

dilution power. This was defined as the ability of a certain amount of excipient to form a 

tablet with a specified quantity of a drug, (Bolhuis and Chowhan, 1995).

5. Mannitol

A naturally occurring hexahydric alcohol related to mannose and extracted from the dried 

sap of manna. Commercially produced by the catalytic or electrolytic reduction of 

monosaccharides such as, mannose and glucose. Mannitol is a common excipient for 

powder formulations of capsules and tablets. It has a negative heat and, hence, can be used 

for moisture sensitive products such as antacids formulations, lozenges and vitamin 

preparations and is suggested to be a good choice for chewable tablets, (Sangekar, 1972). 

Under SEM mannitol particles have an orthorhombic shape, figure 2.10. The volume mean
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diameter of the particle based on an equivalent sphere was (30pm).

II.2 Lubricants

1. Magnesium stearate

Octadecanoic acid, magnesium salt; consists mainly of magnesium stearate, magnesium 

palmitate, magnesium oleate and contains (6.8-8.0)% MgO. According to Jones (1995) 

magnesium stearate is the most commonly used lubricant and excipient in Europe and 

USA. Despite the fact that magnesium stearate can retard capsule/tablet dissolution due 

to its very hydrophobic nature, as well as other common problems, see chapter one-section

VI.3.2. However, magnesium stearate is well known for its good lubricating efficacy, even 

in very small concentrations. The particles of magnesium stearate are usually very fine and 

differ in their shape according to the manufacturing process such as the PH environment, 

(Miller and York, 1985a). The volume mean diameter based on an equivalent sphere for 

particles of magnesium stearate used here was (8.9pm). The particles had an irregular 

shape and existed as agglomerates, figures 2.15,16.

2. Glyceryl monostearate

A fatty acid ester which is an octadecanoic acid monoester with 1,2,3-propane-triol. It is 

described as a white to cream coloured, wax-like solid in the form of beads, flakes or 

powder. There are several uses for glyceryl monostearate including, emollient, emulsifying 

agent, solubilising agent, stabilising agent and as tablet and capsule lubricant. Under SEM 

the particles of coarse glyceryl monostearate had a spherical shape, figures 2.17-18, and 

the particles of the fine grade seemed to have lost this shape upon grinding, figure 2.19. 

The surface of the particles appears to be scaly, figure 2.20. Glyceryl monostearate is 

practically insoluble in water but can be dispersed in water with the aid of an anionic or 

cationic surface active agents. Tween80 and water were used in this study to disperse 

particles of glyceryl monostearate for particle size measurement. Because of its 

hydrophobicity, glyceryl monostearate might be expected to retard the disintegration 

and/or dissolution of the solid dosage form.
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3. Sodium stearyl fumarate

Another fatty acid ester; 2-Butenedioic, monooctadecyl ester, sodium salt. It is used as 

tablet and capsule lubricant and bas been suggested to be a good substitute for magnesium 

stearate, especially because it is less hydrophobic (Holzer and Sjogren, 1979, 1981a, 

Lapeyre et ah, 1988). Under SEM, sodium stearyl fumarate seems to be composed of 

agglomerates and bad the same scaly structure as magnesium stearate and glyceryl 

monostearate, figure 2.21-22.

II.3 Glidants

1. Talc

A naturally occurring bydropolysilicate mineral found in many parts of the world. It comes 

in different ranges of purity, the less pure it is the less desirable it is for cosmetic 

production (Grexa and Parmentier, 1979). Talc is a hydrous magnesium silicate and 

approximates to the formula (Mg6(Si205)4(0H)J, (Grexa and Parmentier, 1979 and 

Dawoodbbai and Rhodes, 1990). It is used as anticaking agent, glidant, tablet and capsule 

diluent or lubricant. The particles of talc has a laminar structure formed of talc layers, 

figures, 2.23,24. These layers are basically constituted of a brucite (MgO) sheet 

sandwiched between two silica sheets (Grexa and Parmentier, 1979, Dawoodbbai and 

Rhodes, 1990). These layers are electrically neutral and held together by weak Van Der 

Waals forces, which might be the reason for talc acting as a lubricant. This is based on the 

assumption that the loosely bound layers slide over each other like a stack of cards. A 

mechanism that was described by (Bollmann and Spreadborough, 1960, Train and Hersey, 

1960).

Talc is practically insoluble in water and has low water wettability, absorption and 

adsorption capacity, so it is usually incorporated with starch, kaolin, precipitated calcium 

carbonate or magnesium carbonate to increase absorbency for cosmetic purposes, 

(Dawoodbbai and Rhodes, 1990).
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Powder M anufacturer Batch number / / CCI Minimum bulk 
density (g/ml)

Maximum bulk 
density (g/ml)

Maize starch National Starch and Chemical GmbH, 
Netherlands AGH-301/0160 3 31.5% 0.485 0.719

Starch 1500 Colorcon Inc., Orpington, UK 601041 4.1 22.7% 0.615 0.795

Fine lactose (230mesh) Meggle, Wasserburg, Germany 022-001324 2.1 37.5% 0.43 0.688

Coarse lactose (SOmesh) Meggle, Wasserburg, Germany 022-000405 20.S 13.7% 0.703 0.815

Avicel PH 101 FMC Int., Little Island-Cork, Ireland 6613 3.8 26.7% 0.279 0.381

Avicel PH 102 FMC Int., Little Island-Cork, Ireland 7749C 5.5 21.5% 0.328 0.418

Avicel PH200 FMC Int., Little Island-Cork, Ireland M748C 6.9 19.7% 0.373 0.462

Mannitol Roquette, France NRE6CK2 2.9 32.2% 0.495 0.729

Magnesium stearate Cyanamid of Great Britain Ltd., USA 04-A-3030-B-
320 4 16.7% 0.145 0.12

Coarse glyceryl 
monostearate Hills, Witten, Germany 13490 5.1 13.3% 0.585 0.507

Fine glyceryl 
monostearate**

Avocado Research Chemicals Ltd., 
Lancashire-UK C2075B 3 24.8% 0.325 432

Sodium stearyl fumarate Astra Pharmaceutical production. 212-01 7.3 35.6% 0.227 0.353

Talc Thornton and Ross-Huddersfield, UK 50LR 3.2 38.5% 0.453 0.737

Aerosil 200 Degussa, Belgium COS120 NA 27.5%* 0.029 0.040

ï
5*5

I
3
I
I

ÎTable 2.1: A list of all materials used and some of their properties.

* The values of the loose and tapped bulk densities from which the value of CCI was calculated were taken from the Handbook of pharmaceutical excipients.
** This excipient was prepared and supplied by Ms A. Begum, School of Pharmacy/University of London.
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2. Colloidal silicon dioxide

A submicroscopic fumed silica with a particle size (15nm). Colloidal silicon dioxide is 

usually prepared by the vapour hydrolysis of chlorosilanes at 1800°C using a hydrogen- 

oxygen flame, figures 2.25,26. Commonly known as Aerosil and is widely used as a 

glidant in powder formulation. Some precautions might be reconunended when dealing 

with Aerosil since it is very dusty and might cause silicosis if inhaled*.

I ll  Apparatus and procedure

111.1 Particle size measurement

A Malvern (Mastersizer S, Worcestershire, UK) was used to analyse the particle size of the 

materials. Table 2.2 lists the materials and dispersing systems used for each material.

111.2 Mixing

A Y-cone mixer with capacity of 2.5L was used to prepare the blends. The Y-container 

was attached to an Erweka AR400 (Erweka Apparatebau GMBH, Heusenstam-Germany) 

motor. The mixing speed was 40 rpm. Each blend was mixed for a total of 5 minutes.

111.3 Shear tests

An annular shear cell (Technigraphic Bristol Ltd., Bristol, UK) based on the design of Carr 

and Walker (1967/68) was used for measuring the shear properties of the powders, figure 

2.1. The shear cell was attached to a dynamometer (Pioden Controls Ltd., Canterbury- 

Kent, UK), which is connected to a pen recorder (Servogorl20, Brown Boveri, Austria). 

The cell consists of two parts, the powder bed tray, and the shoe lid that rests on top of the 

powder, figure 2.2. The tray has an outer diameter of 12.7cm and| 7.62cm for the inside 

diameter. The lower part of the powder bed is held at the bottom of the tray by means of 

five protrusions. The powder tray rotates at a low speed (2.5rph) in order to minimise the 

difference in strain between the outer and the inner diameter. The powder was layed in the 

powder tray in thin layers. Each powder layer was levelled and lightly pressed using the

*Croner’s Substances Hazardous to Health
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a plastic ring.

Powder Dispersant
Particle size* 

(pm)
Under
10%

Under
90%

Maize starch Propan-l-ol 20.36 8.4 35.8

Starch 1500 Propan-l-ol 56.0 14 111.8

Fine lactose Propan-l-ol 2S.0 5.6 58.4

Coarse lactose Propan-l-ol 159.0 72.7 258.1

AvicelPHlOl Toluene 74.0 13 157.6

AvicelPH102 Toluene 117.2 23.4 224.2

AvicelPH200 Toluene 210.6 60.1 371.4

Mannitol Propan-l-ol 52.7 10.8 106.54

Magnesium stearate
Water 4-1% alcohol 
+ TweenSO

7.8 1.5 13.8

Coarse glyceryl 
monostearate

Water + TweenSO 176.7 11.3 344.9

Fine glyceryl 
monostearate

Water + TweenSO 33.6 9 66.1

Sodium stearyl 
fumarate

Water + TweenSO 14.6 5.2 26.7

Talc
1) Propan-l-ol
2) water + TweenSO

31.0 7.1 63.4

Aerosil Water 40.8 20.3 65.6
Table 2.2: A list of materials, the dispersants used for particle size measurement, the 
volume mean diameter based on an equivalent sphere and the particle size range 
represented by the percentage of particles under 10% and under 90%.

After the preparation of the powder sample the shoe lid was lowered on top of the powder 

and a certain consolidation load is applied. The powder is sheared until a constant level 

of shear force is observed. This should be followed by at least another three constant or 

nearly constant shear force recordings. The powder is then considered to be consolidated. 

The lowest normal load is then applied and the shear force is recorded. This point is the 

first point for that particular yield locus. The consolidation load is applied again and the

Volume mean diameter based on an equivalent sphere.
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Figure 2.1: The annular shear cell (Technigraphic Bristol Ltd., Bristol, UK).

Figure 2.2: The shoe lid part of the annular shear cell.
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powder sample is sheared to return to the consolidation state. This is followed by another 

shear force recording and so on.

Six yield loci were recorded for each blend. Each yield locus was plotted from at least six 

points of shear force values. The yield loci were linearised to ease the calculation of 

and fc, (Tan, 1987). All lines had a value of higher than 0.9.

111.4 Wall friction

To measure the wall friction the shear cell was modified by replacing the shear ring part 

of the shoe lid with one of two flat metal rings of different roughness, chapter four-section

II.2. The same two rings used by Tan (1987) were used to measure the powder wall 

roughness. One of these plate was already polished by a procedure described by Tan 

(1987) and is referred to as smooth plate and the other unpolished plate is referred to as 

rough plate. The internal and external diameters were 7.65cm and 12.65cm for the smooth 

plate and 7.47cm and 12.78cm for the rough plate. The powder bed was prepared as for 

the shear cell testing. The plate was allowed to shear (condition) for at least 15min prior 

taking any measurement. The plate was then sheared at least three times or until a constant 

or nearly constant shear force reading was obtained. The lowest normal load was then 

placed and the powder was sheared followed by the next higher load and so on up to the 

consolidation (conditioning) load. Each wall yield locus consisted of seven points and 

three samples were tested with each plate. The plates were cleaned with soap and rinsed 

with hot water and acetone, then left to dry in the air. This method of cleaning was used 

by Miller and York (1985a).

111.5 Wall surface roughness

The surface roughness of the plates, used to measure powder -wall friction, was analysed 

using a non-contact laser profilometer (UBM Microfocus Measuring System, UBM 

MePtechnik, Ettlingen, Germany), (Podczeck, 1999). The light spot diameter is 1pm and 

the sensor aperture angle is 53°. The measuring point density was 1000 points/mm in the 

X-  and y -  direction. The area of measurement was 1x1  mm. Six areas on each plate were 

scanned and evaluated for their different surface roughness parameters.
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111.6 Scanning Electron Microscopy (SEM)

Images of the of the diluents, lubricant, glidants and selected blends were taken by the 

scanning electron microscopy (Philips SEM XL20, Eindhoven, Netherlands). The scans 

are listed in figures (2.3-48). These scans include the individual powders and examples of 

lubricant or glidant blends with different diluents, which were referred to in different 

chapters.

111.7 Powder density measurements 

HI, 7.1 Bulk density measurements

The powder bulk density was measured using a graduated cylinder attached to a jolting 

volumeter (Erweka, JVl, Germany) that delivers 250 taps/min from a height (0.33cm) 

conforming to DIN 53194, ASTM B 527-70 and ISO 787. Details of the method used are 

discussed in chapter three-section 11.1.

1II.7.2 Porosity measurements

The powder apparent particle density (TD) was measured using an air comparison 

pycnometer (Beckman Model 930, Irvine CA, U. S. A.). Table 2.3 lists the apparent 

particle density and the porosity of the powder in the loose density and tapped density 

states, where the porosity is equal to,

Va/Vy X 100%

where, V :̂ Total volume of the bulk powder and is equal to,

TD X yp  
BD

Vp: The volume of the powder particles alone.

BD: Powder bulk density (loose or tapped)

Va: pore (air) volume and is equal to,

Vt-Vp
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Diluents

Figure 2.3: Maize starch, 600X.

w

Figure 2.4: Maize starch, 2400X.
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€

Acc.V Spot Magn 
8.00 kV 3.0 500x

Det WD I-----------------
BE 28.6 Starch 1500

50 pm 
ref 668

Figure 2.5: Starch 1500, 600X.

Figure 2.6: Starch 1500, 1200X.
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Figure 2.7: Avicel PH 101, 60X.

A

-Acc.V Spot Magn 
'  .00kV4.0 77k

Figure 2.8: Avicel PH 102, 120X.

Del WO 
SE 17.6 482.1

200 pm 
Avicel PH 102
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V Spot Magn 
18 00 KV 6.0 77k

Del WD 
SE 169 ref: 670.1

200 pm 
AVICEL PH 2007"

Figure 2.9: Avicel PH200, 120X.

ACC.V Spot Magn 
10.0 KV 4.0 38Gx

Det WD
SE 8.3 499.1 Manitou

Figure 2.10: Mannitol, 600X.
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Figure 2.11: Fine lactose, 600X.

m

Figure 2.12: Fine lactose, 2400X.
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10.0 kV 4
Figure 2.13: Coarse lactose, 120X.

Figure 2.14: Coarse lactose, 1200X.
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Lubricants and Glidants

Figure 2.15: magnesium stearate, 600X.

Figure 2.16: Magnesium stearate, 12000X.
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m

A

Figure 2.17: Glyceryl monostearate (coarse grade), 120X.

Figure 2.18: Glyceryl monostearate (coarse grade), 600X.
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Figure 2.19: Glyceryl monostearate (fine grade), 600X.

iÆ

I5*

Figure 2.20: Glyceryl monostearate (coarse grade), 2400X.
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J N

Det WD 
SE 17.0

£C .V  SpotMagn 
.00kV4.0 773k s i o ^ i m i U L i  PIC]

Figure 2.21: Sodium stearyl fumarate, 1200X.

\
£C.V Spot Hagn 
OOkVSO 3092X

Del WD I---------------- 1 6 pm
SE 17.0 Sod. St. fumarate rat 655

Figure 2.22: Sodium stearyl fumarate, 4775X.
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%

Figure 2.23: Talc, 1200X.

Figure 2.24: Talc, 5975X. (From starchl500 + 5% talc blend)
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Figure 2.25: Aerosil, 300X.

Figure 2.26: Aerosil, 2400X.
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M ixtures

1

Figure 2.27: Maize starch + 2.5% magnesium stearate, 2400X.

Det WD I----------------1 200 pm
SE 16.7 603.6 MAIZE STARCH ♦ GMS 3X

ccV SpotMagn 
00kV6.0 7%

Figure 2.28: Maize starch + 3.0% coarse glyceryl monostearate, 120X.
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.•'V
' v : r  .“ ■'-(i*'*■•.

.■'■I
CC.V Spot Magn Del WD
00kV6.0 309K SE 15.7

Figure 2.29: Maize starch + 3.0% coarse glyceryl monostearate, 475X.

Figure 2.30: Maize starch + 1.4% Aerosil, 1200X.
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ïlAcc.V Spot Magn Det WD I--------------------------1 5 pm
^8 00 kV 2.0 5000X BE 10.0 Maize Starch + Aerosil 1.4% (660)

Figure 2.31: Maize starch + 1.4% Aerosil, X6000.

t  J
Acc.V Spot Magn Det WD I-------------------- 1 1 pm
8.00 kV 2.0 20000X SE 10.0 Maize Starch + Aerosil 1.4% (660)

Figure 2.32: Maize starch + 1.4% Aerosil, X24000.
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Figure 2.33: Maize starch + 1.0% sodium stearyl fumarate, 2400X.

Figure 2.34: Maize starch + 1.0% sodium stearyl fumarate, 2400X.
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Figure 2.35: Starch 1500 + 1.4% Aerosil, 4800X.

Figure 2.36: Starch 1500 + 1.4% Aerosil, 9600X.
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Figure 2.37: Maize starch + 5.0 talc, 600X.

Figure 2.38: Maize starch + 5.0% talc, 3580X.
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\

n

Figure 2.39: Avicel PH 101 + 2.5% magnesium stearate, 600X.

Figure 2.40: Avicel PH 101 + 2.5% magnesium stearate, 2400X.
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w,--t .

É

Figure 2.41: Avicel PH 102 + 2.5% magnesium stearate, 600X.

Figure 2.42: Avicel PH102 + 1.4% Aerosil, 3600X.
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ST,

Figure 2.43: Fine lactose + 1.4% Aerosil, 1200X.

Figure 2.44: Fine lactose + 15% microcrystalline cellulose, 4800X.
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600 pm 
3 Fine Lactose *  GMS 3%

Figure 2.45: Fine lactose + 3.0% coarse glyceryl monostearate, 75X.

Figure 2.46: Coarse lactose + 1.0% sodium stearyl fumarate, 1200X.
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/

V  /  SV .
■ l-T

2 2
-sTi'

V Spot Magn 
kV4.0 1546X

Det WD I------------------1 to  pm
SE 16.7 Coarse Lact *1%SSF ref.655

Figure 2.47: Coarse lactose + 1.0% sodium stearyl fumarate, 2400X.

■à

Figure 2.48: Coarse lactose + 1.4% Aerosil, 2400X.
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Powder
Apparent 

particle Density 
(g/ml)

Loose porosity 
(%)

Tapped porosity 
(%)

Maize starch 1.50 67.6 51.9

Starch 1500 1.49 58.8 46.8

Fine lactose 1.57 72.6 56.2

Coarse lactose 1.58 55.5 48.4

Avicel PHI01 1.56 82.2 75.6

Avicel PH102 1.56 79.0 73.3

Avicel PH200 1.56 76.1 70.4

Mannitol 1.50 70.0 51.4

Magnesium stearate 1.12 87.1 89.3

Coarse glyceryl monostearate 0.97 39.7 47.4

Fine glyceryl monostearate 1.04 68.7 58.4

Sodium stearyl fumarate 1.15 80.3 69.4

Talc 2.87 84.2 74.3

Aerosil 2.83 99.0* 98.6
Table 2.3: The apparent particle density and the loose and tapped porosity of the 
excipients.

III.8 Capsule filling

A dosing tube capsule filling machine (Zanasi AZ5, IMA-Bologna, Italy), figure 2.49, was 

used to fill sizeO capsules (Capsugel, Belgium). The machine has two dosators that rotate 

alternatively between the powder bed and the capsule shell conveyor. Only one dosing 

tube was used in the study to eliminate variations caused by the difference of settings 

between the two dosators.

ni.8.1 Capsule feeding

The empty capsule shells are fed in bulk into the capsule hopper, figure 2.50A. A vertical 

duct tube, figure 2.50G, serves as a passage for the capsules to the orienting (rectifying) 

unit, which introduces them into the capsule cover bush. In the cover bush and by means 

of vacuum the capsule body is separated from the capsule cover and held into a bottom 

bush.

* The values of loose and tapped porosities were calculated from the bulk densities obtained from “The 
handbook of pharmaceutical excipients”.
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Capsule filling machine

Figure 2.49: Front view of Zanasi AZ5-dosing tube capsule filling machine 
(IMA-Bologna, Italy).
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Figure 2.50: Front view of the filling compartment of Zanasi AZ5 capsule 
filling machine, A) capsule feeding fuirnel, B) powder drum, C) ejection 
knob, D) compression knob, E) powder feeding tube, F) powder compartment 
and G) The capsule feeding duct.

Figure 2.51 : Top view of the powder funnel showing the stirring needle 
in the smaller right section.
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Figure 2.52: Side view of the powder compartment. A) weight controlling rod, 
B) powder tray, C) powder funnel, D) the rotating star.
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ni.8.2 Powder feeding

The powder is fed into the powder drum which is a pan-like tray, figure 2.50B. A paddle 

that rotates inside the drum insures that the powder falls through a tube, figure 2.50E, that 

feeds it into the powder compartment, figure 2.50F. The powder compartment consists of 

a powder funnel that mounts on a powder tray, figures 2.52, 2.53A. In the powder tray a 

rotating star divides the powder bed into 8 sections. The star is originally constituted of 

two joined star pieces, figure 2.53B, that can move vertically relative to each other by 

means of a weight control rod, figure 2.52A, attached to the middle of the star. By rotating 

the rod clockwise the two star pieces separate slightly causing the powder bed level to rise 

and vice versa. The powder bed is levelled by a blade attached to the funnel. When the 

star moves it scrapes against the blade causing the powder to level. The fill weight can be 

controlled by adjusting the powder bed height. High powder bed levels give higher fill 

weights and vice versa. Only one section of the star is used in each dosator dipping. After 

the dosator dipping in the powder bed a needle that is attached to the powder funnel, 

figures 2.51,54, dips slightly into the powder bed and breaks any possible bridging of the 

powder.

About 400 to 500g of each blend was filled directly into the powder funnel because of the 

small quantities used and to avoid possible over mixing with the rotating blade of the 

powder drum.

IIL8.3 Dosator adjustment

The dosator is made from a spring loaded piston that runs through the dosing tube, figure 

2.56 B,C. Another way of controlling the weight of the powder plug is by adjusting the 

height of the dosing piston in the dosing tube. This is done by means of two rings that can 

be screwed up and down, figure 2.56D. Higher piston settings will allow more powder to 

be filled inside the tube vicinity, thus, giving a higher capsule fill weight and vice versa.

111.8.4 Filling process

The machine was operated at a speed of 2,000 capsules/hr. The powder bed height was 

kept constant at 29mm. The capsules were filled under four different filling settings, table

2.4 and figure 2.57. The compression knob is spring loaded and the displacement of the 

piston upon compression may vary according to the properties of the powder compacted. 

Therefore, the displacement of the piston during compression was determined from the
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Figure 2.53: A) The powder bed tray ana B) the rotating star that fits inside 
the powder tray.

Figure 2.54: Bottom view of the powder funnel showing the stirring needle 
on the left.
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Figure 2.55: The calibration on the dosing 
piston, from which the displacement readings 
were taken.

Figure 2.56: View of the A) Dostaor, B) Dosing tube, C) 
Piston, D) Displacement adjustment rings.
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calibration found on the piston, figure 2.55. At least, five different readings were taken to 

calculate the compression ratio (CR), (Takagi et al., 1969). The value of CR is calculated 

as.

The powder bed height - The displacement (piston reading) X I00%
Powder bed height

For Fill II setting the powder bed height was replaced by the piston setting value for both 

Fill I and Fill II, which is equal to 1.8cm. This value is not the true CR value but could be 

used for comparison between powders and different blends.

Name Compression setting

Fill I The piston was set at 18mm height and no further compression was applied 
by the compression knob.

Fill II The same piston settings at Fill I but compression was applied by setting the 
compression knob at size5 on the machine.

Fill III
The piston was lifted to a height greater than 29mm by adjusting the rings 
on the dosator so that the dosing tube dips without any precompression 
phase. Compression was applied by setting the compression knob at size4.

Fill IV The same piston settings of Fill III but the compression knob was set at 
size5.

Table 2.4:1rhe fill settings used to fill the powders in the capsules using the Zanasi capsule
filling machine.

For each batch, the powder bed was allowed to rotate freely before fitting the dosator for 

at least 2min to level the powder bed. The dosing tube is conditioned by allowing it to dip 

in the powder at least fifty times before filling any capsule. This is to remove variations 

from differences in powder coating, (Jolliffe and Newton, 1980).

Forty capsules at least were collected from which twenty capsules were chosen randomly. 

These were weighed individually to calculate the mean fill weight and weight variation of 

the filled capsules using a Sartorius balance (Sartorius GMBH, Gottingen, Germany) with 

accuracy of ±0.1 mg. To calculate the capsule fill weight, the empty capsule weight was 

subtracted from the full weight of the capsule. The empty shell weight was determined by 

averaging the weights of 100 empty capsule shells and was 0.0932g ± .0018g. After each 

blend filling process the dosator was carefully disassembled and weighed for comparison
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purposes. This weight is occasionally presented to indicate any powder sticking to the 

dosator.

Fill I Fill II
Compression

+
Precompression

No
precompression

Precompression

Fill III

Compression

Fill IV

Compression

Powder bed
Figure 2.57: A diagram illustrating the fill and compression settings used to fill the 
capsules.

III.9 Confocal microscopy

A single laser (488nm) Confocal Laser Scanning Microscope (Wild Leitz CLSM) (Leica, 

Heidelberg, Germany) was used to view the two shear plates. The detector was used in 

reflection mode.
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I Shear properties of powders

The effect of glidants and lubricants on the flow properties of the powder has been 

investigated over a long period of time. Different techniques were employed in evaluating 

the flow properties of the powders containing lubricants or glidants such as, flowmeter, 

(Hammemess and Thompson, 1958, Danish and Parrott, 1971, Gold et al., 1966b, 

Dahlinder et al., 1982), shear cell determinations, (York, 1975), angle of repose (Craik and 

Miller, 1958, Gold et al., 1966b, Dahlinder et al., 1982) and/or bulk density measurements 

(Varthalis and Pilpel, 1977, Dahlinder et al., 1982). Most of these studies suggested that 

there is an optimum glidant concentration after which the flow of the powder starts to 

decrease. The reason for the decrease in powder flow after the optimum concentration is 

usually attributed to the lower bulk densities of the glidant or lubricant particles.

Five types of forces that could act between particles were listed by Pilpel (1964), these are, 

1) the force of friction, 2) surface tension forces from adsorbed gases and/or moisture, 3) 

mechanical forces from particles interlocking, 4) electrostatic forces from friction between 

particles and 5) cohesive or van der Waals’ forces which act between neighbouring 

molecules. The importance of each force depends on the size, shape surface properties and 

other characteristics of the powder’s particles, e.g., cohesive or van der Waals’ forces 

predominate in a relatively smaller particle size of the same material, while mechanical 

interlocking depends on the shape and surface structure of the powders.

The effect of the glidant on a particular powder depends on the particle size of the host 

powder (Craik and Miller, 1958). The degree of interaction between the excipient and the 

diluent also depends on the chemical and physical nature of both (Varthalis and Pilpel, 

1977). Thus, the degree of interaction would affect the flow properties of the powder.

Augsburger and Shangraw (1966) found that six types of silicon dioxide (Aerosil) were 

successful in increasing the flow properties of microcrystalline cellulose. However, for 

blends of both microcrystalline cellulose and spray dried lactose together, the six types of
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Aerosil decreased the flow properties. The authors used the tablet weight and the weight 

variation of the tablets as an indicator of the flow properties of the powder blends. 

Varthalis and Pilpel (1977) suggested that the extent to which the glidant will adhere and 

coat the surface of the host particle depends on the hydrophilicity of both components. 

Hydrophilic glidants tend to adhere to hydrophilic particles and vice versa. The authors 

reported some anomalies in the behaviour of Aerosil with blends of (paracetamol + lactose) 

and (oxytetracycline + lactose). Aerosil performed better as a glidant with the more 

hydrophilic paracetamol than with oxytetracycline which has a hydrophobic surface. Rowe 

(1988a,b, 1989) estimated the trends of the interaction between solid materials on the 

grounds of a theoretical approach based on the solubility parameter of each excipient and 

the ratio of adhesive interactions to the cohesive interactions in the mixture. He also 

claimed to be able to predict the solid-solid interactions between particles from calculating 

the solubility parameters. The concept of using the solubility parameter was also noted by 

Hiestand (1966).

1.1 The effect of excipients* on the shear properties of powders

The shearing properties of any powder blend depend on the bulk properties of the powder 

bed and the interaction of the single components (particles) within that particular powder 

system. As a whole mass the density and packing state of the powder will have a 

significant effect on the shearing properties of the powder bed. However, at the shear plane 

the single components, i.e., the powder particles, also affects the shearing process, (Irono 

and Pilpel, 1982a). Upon the addition of excipients to the powders, changes in values of 

j f  and Ô were observed. These changes did not appear to follow a regular pattern for a 

single excipient. However, each diluent seemed to behave in a particular manner upon the 

addition of the other excipients. Therefore, each diluent is discussed individually.

1.1.1 Maize starch

Apart from the blends of maize starch with Aerosil, all blends with other excipients had 

values of that are not significantly different from pure maize starch, figures 3.2-8. The 

values of j f  ranged from (2.3) to (8.9). On the scale of Jenike rough guide of the

*Lubricants and glidants are referred to as excipients in this chapter.
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flowability of solids, table 1.5, this range falls between cohesive to easy flowing powders.

Maize starch particles have a smooth surface relative to the other powders used in this 

study. Furthermore, its particles’ shape is the closest to that of a spheroid shape and the 

surface structure is rather smooth than irregular, figures 2.3,4. The value of 5 for maize 

starch was small relative to its small particle size (-33°).

Pow der particles

Lubricant particles

Plane o f  shear

Figure 3.1: The lubricant particles in; A) before the application of load and B) after the
application of load.

There is less chance for the excipient’s fine particles to attach firmly to the surface or lodge 

within the grooves of maize starch particles because of its smooth surface and round shape. 

However, excipients with high adherence properties and very fine particles will adhere to 

the surface and succeed in forming a sheath around the particles. Magnesium stearate is 

known to possess such high adherence properties (Lerk and Bolhuis, 1977, Bolhuis and 

Lerk, 1981). Hence, this excipient can form a thin sheath of excipient particles around the 

particles of maize starch, figure 2.27. This aids the slippage of the particles against each 

other and improves the powder flow. The tendency of the powder to arch will be reduced 

and, thus, the value ofj^increases slightly. After a certain concentration the fine particles 

of the excipient increase the points of contact between the host’s particles. This was noted 

by Irono and Pilpel ( 1982a,b) using lactose coated with different concentrations of paraffin. 

At the shearing plane there are two contacting surfaces. Like wall-wall friction, chapter 

one-section IV. 1, forces needed to shear the powder will be equal to the total forces needed
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♦ Maize starch ■ StarchlSOO A Mannitol
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Figure 3.2: The effect of magnesium stearate on the flow function (closed symbols) and 
the angle of internal friction (open symbols), for maize starch, Starch 1500 and mannitol.
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Figure 3.3: The effect of coarse glyceryl monostearate on the flow function (closed 
symbols) and the angle of internal friction (open symbols), for maize starch. Starch 1500 
and mannitol.
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♦ Maize starch ■ StarchlSOO a Mannitol
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Figure 3.4: The effect of fine glyceryl monostearate on the flow function (closed symbols) 
and the angle of internal friction (open symbols), for maize starch, Starch 1500 and 
mannitol.

♦ Maize starch ■ StarchlSOO  ̂Mannitol

25 

20 -  

15 

10 -  

5 

0
0.0 0.2 0.4 0.6 0.8

Sodium stearyl himarate concentration (% w/w)

-  50 
45 
40 
35 
30
25 (C
20 
15

f  5 
0 

1.0

Figure 3.S: The effect of sodium stearyl fumarate on the flow function (closed symbols) 
and the angle of internal friction (open symbols), for maize starch. Starch 1500 and 
mannitol.
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Figure 3.6: The effect of microcrystalline cellulose on the flow function (closed symbols) 
and the angle of internal friction (open symbols), for maize starch, Starch 1500 and 
mannitol.
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Figure 3.7: The effect of talc on the flow function (closed symbols) and the angle of 
internal friction (open symbols), for maize starch, StarchlSOO and mannitol.
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to break the points of junction at the shear plane. In the case of powder shearing these are 

the points of contact between the powder particles at the shear plane. Magnesium stearate 

particles are deformable and hence will tend to have a large true area of contact at the plane 

of shear, especially after the application of a certain normal stress, figure 3.1. Thus, after 

reaching a maximum, the value ofj^starts to decrease with further addition of magnesium 

stearate. This suggestion also explains the behaviour of maize starch blends with Aerosil, 

figure 3.8. This latter excipient showed a superior effect over the other excipients, with 

regard to its effect on the values of for maize starch.

When blends of maize starch with Aerosil were scanned using SEM, large particles of 

Aerosil appeared to be residing between maize starch particles, figure 2.30. This might 

have indicated that Aerosil failed to form a film on the surface of the host particles. 

However, scans of higher magnifications (6000 and 24000) showed the surface of maize 

starch particles to be coated with tiny specks, figures 2.31,32. These are presumably small 

fragments of Aerosil, figures 2.25,26. The fragments are submicron in size and are much 

smaller than those of both magnesium stearate and sodium stearyl fumarate, figures 

2.27,33,34. Carr (1970) suggested that Aerosil acts as a conditioner and prevents massing 

by coating the surface of the host particles, thus, gives the particles a harder surface which 

is less reactive and, thus, improves the flow of the powder.

Glyceryl monostearate and sodium stearyl fumarate might be expected to behave in a 

similar manner to that of magnesium stearate, since they fall in the same chemical group 

(fatty acids and fatty acid esters) and have the same flaky appearance, figures 2.20,22. 

However, glyceryl monostearate particles are relatively large, figures 2.28,29, and this 

makes it difficult for the particles to adhere to the host particles or to form a lubricant 

sheath according to the concept of ordered mixing (Hersey 1975, Yip and Hersey, 1976, 

1977, Yeung and Hersey, 1979a,b. Kulvanich and Stewart, 1987). Therefore, the effect of 

both grades on the values ofj^were insignificant. The values ofj^ranged from 2.8 to 5.5. 

The effect on the values of 6 was also insignificant and the values remained around (34.1°± 

2 .7 ° ) .

Sodium stearyl fumarate particles are relatively small. However, the excipient’s individual 

particles appear to be larger than those of magnesium stearate upon de-agglomeration in
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the mixing process, figures 2.33,34. Hence, the surface coverage of the particulate film on 

the diluent’s particles by sodium stearyl fumarate would be smaller than that for 

magnesium stearate. Furthermore, the concentrations used of sodium stearyl fumarate were 

smaller than those used for magnesium stearate. The values of both and Ô were not 

significantly affected, figure 3.5. Other excipients such as, talc and microcrystalline 

cellulose, did not seem to attach to the particles of maize starch successfully, figures 2.37- 

38. Therefore, there was no significant effect on the values o f f o r  these blends, figures 

3.6-7.

In general, maize starch seems to be only slightly affected by the addition of the different 

excipients. The values of j^w ere mostly affected by excipients that are able to cover the 

particle surface with a particulate layer, especially magnesium stearate and Aerosil. The 

latter showed a greater ability to increase the values of j f  for this diluent. With both 

excipients there was an optimum concentration at which the values of reach a maximum 

and after which values decrease.

♦ Maize starch ■ StarchlSOO A Mannitol
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Figure 3.8: The effect of Aerosil on the flow function (closed symbols) and the angle of 
internal friction (open symbols), for maize starch. Starch 1500 and mannitol.

The angle of internal friction (Ô) of all blends of maize starch did not change systematically
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from the original ô value for maize starch (-32°) and ranged between (30°- 41°). There 

was no clear relation between the value of and the values of Ô. This latter parameter 

could be related to the friction of the particles which is dependent on the shape and the 

surface properties of the powder particles.

1.1,2 StarchlSOO

StarchlSOO consists of a mixture of both maize starch particles and deformed particles of 

maize starch caused by the process of manufacturing, figures 2.6. Although the mean 

particle size of StarchlSOO is larger than those for maize starch (-S6), table 2.2, t h e v a l u e  

was only slightly higher (-4.1). This could be because of the relatively rougher surface of 

the deformed particles and the more possibility of friction and mechanical interlocking 

between the particles. The values of Ô for StarchlSOO was also high (-43.6°). The surface 

structure gives more chance for the excipient to attach to the StarchlSOO particles.

The fine excipients smoothens the surface of the particles and decreases the friction and 

mechanical interlocking between StarchlSOO particles. Magnesium stearate was the only 

excipient able to reduce the StarchlSOO values of ô to (-32°), figure 3.2. The values of j f  

also increased up to (9.6) with magnesium stearate at (O.S%w/w) and decreased again with 

higher concentrations. The values of Ô stayed around (32.1°±0.6°).

In most cases, StarchlSOO followed a pattern similar to that of maize starch, especially for 

blends with Aerosil and magnesium stearate. However, StarchlSOO seems to be more 

affected than maize starch by the addition of excipients that are poor- or non-film forming 

such as, talc, microcrystalline cellulose and glyceryl monostearate, figures 3.3,4,6,7.

StarchlSOO has a high bulk density and less voids in the powder bed than maize starch and 

most other diluents, table 2.3. This gives a better chance for solid particles like 

microcrystalline cellulose and talc to disturb the powder structure and affect the powder 

flow. Microcrystalline cellulose particles serve as a weaker breaking points at the plane 

of shear, i.e., the breaking points of starch-starch are replaced by a weaker cellulose-starch 

points. This is different than in the case of other film forming excipients. Microcrystalline 

cellulose competes with StarchlSOO particles at the plane of shear. The effect of 

microcrystalline cellulose on the values of f f  is not as large as the effect of other film-
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forming excipients and value start to decrease after 10%w/w. Marshal and Sixsmith 

(1976) found that microcrystalline cellulose PHlOl increased the values ofj^of spray dried 

lactose up to concentrations of 4%. After that the blends became more dependent on the 

flow properties of the microcrystalline cellulose itself and so values decreased again.

Of the excipients added to StarchlSOO, Aerosil produced the greatest effect, figure 3.8. 

The values ofjÇ^reached a maximum o f-15.6 at 0.8% w/w Aerosil. Adding more Aerosil 

to StarchlSOO decreased the value of jf. The 6 values, however, did not change 

significantly with this excipient and remained around (41.4°±0.6°).

1.1.3 Mannitol

The mannitol mean particle size was (~S2pm). The particles’ shape and surface 

appearance is close to those of fine and coarse lactose, figure 2.10. Mannitol seems to be 

very slightly affected by the addition of excipients and follows a pattern similar to that of 

fine lactose. However, Aerosil had a marked effect on the values of mannitol, which 

seemed to be continuously increasing, figure 3.8.

With microcrystalline cellulose values did not increase as in the case of fine lactose. 

This could be because mannitol particles are larger than fine lactose particles and did not 

interact as much with this excipient.

1.1.4 Fine lactose

This diluent has a very small particle size relative to the other diluents (-28pm). The 

particles have a rough surface under SEM, figure 2.11,12. Thej^value for this diluent was 

(-2.1) associated with a 5 value (-37.4).

Because of its small particle size, fine lactose particles are most likely to predominate in 

the shearing plane, (Pilpel, 1971). Thus, the addition of excipients should have no 

significant effect on the values of jf, figures 3.9-lS. The large surface area of this diluent 

would also make it difficult for the film-forming excipients, such as magnesium stearate, 

sodium stearyl fumarate and Aerosil, to cover but a small percentage of the available 

powder surface area. Thus, their effect on the values of j^is also minimised. It would also 

be expected that the effect of the film-forming excipients will be more pronounced than the
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♦ Fine lactose ■ Coarse lactose
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Figure 3.9: The effect of magnesium stearate on the flow function (closed symbols) and
the angle of internal friction (open symbols), for fine and coarse lactose.
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Figure 3.10: The effect of coarse glyceryl monostearate on the flow function (closed 
symbols) and the angle of internal friction (open symbols), for fine and coarse lactose.
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♦ Fine lactose ■ Coarse Lactose
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Figure 3.11: The effect of fine glyceryl monostearate on the flow function (closed
symbols) and the angle of internal friction (open symbols), for fine and coarse lactose.
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Figure 3.12: The effect of fine sodium stearyl fumarate on the flow function (closed
symbols) and the angle of internal friction (open symbols), for fine and coarse lactose.
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effect of other excipients that are not able to form a particulate film. However, unlike other 

diluents, fine lactose was most affected by the addition of microcrystalline cellulose, figure 

3.13. The values o f r e a c h e d  a maximum of (-7.7) at 12.5%w/w microcrystalline

♦ Fine Lactose ■ Coarse Lactose
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Figure 3.13: The effect of microcrystalline cellulose on the flow function (closed symbols)
and the angle of internal friction (open symbols), for fine and coarse lactose.

cellulose concentration. Microcrystalline cellulose also decreased the values of ô to 

(-27.0"±1.0"). It could be that the small particles of fine lactose adhere to the bigger 

particles of microcrystalline cellulose or lodge in the grooves of the particles. Scans with 

SEM showed some tendency of very fine particles of lactose to adhere to the surface of the 

bigger particles of microcrystalline cellulose, figure 2.44.

The values o fj^ o f fine lactose were slightly affected by the addition of talc and Aerosil, 

reaching a maximum values of (4.7 and 4.6) respectively, figures 3.14,15. However, the 

values of ô also increased with these two excipients being about (46.7°±2.8“ and 

45.r±3.2°) respectively. The other excipients including, magnesium stearate, both grades 

of glyceryl monostearate and sodium stearyl fumarate, had no significant effect on the 

values o f f f o v  the values of ô. It could be that this particular diluent does not interact with 

these very hydrophobic excipients, (Rowe, 1988a,b, 1989).
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1.1.5 Coarse lactose

In contrast to fine lactose particles, this grade of lactose has a very large particle size 

(~ 160pm). The shape and surface roughness do not differ greatly from that of the fine 

grade, figures 2.13,14. This powder is the most free flowing with regard to the other 

diluents used and, hence, has the highest value of j^(~21) and the lowest value of CCI 

(-14%). However the value of Ô (38.8°) was the same as that for fine lactose, which is also 

close to the values obtained by Jolliffe (1980) and Kocova and Pilpel (1971/72).
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Figure 3.14: The effect of talc on the flow function (closed symbols) and the angle of 
internal friction (open symbols), for fine and coarse lactose.

It is most likely that this powder will have a small exposed surface area per unit mass. 

Therefore, it would be the most sensitive to film formation around its particles. In most 

cases, except for magnesium stearate, a sharp decrease in the values of j^w as noted after 

which it remained constant, figures 3.9-15. This could be due to the increase of contact 

surface area between the powder particles after the addition of the different excipients. In 

the case of magnesium stearate a sharp decrease happened between concentrations 0.5% 

and 1.0%, figure 3.9. The decrease in values for all blends could mean that either the 

coarse lactose has already the maximum value of j^that cannot be further increased, or the 

concentration of excipient at which j f  value is maximum is very low. Even Aerosil
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decreased the values of for coarse lactose, figure 3.15.

♦ Fine lactose ■ Coarse lactose
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Figure 3.15: The effect of Aerosil on the flow function (closed symbols) and the angle of
internal friction (open symbols), for fine and coarse lactose.

Coarse glyceryl monostearate had no effect on the values of j f,  while the fine grade 

decreased the values of significantly, figures 3.10,11. This highlights the fact that the 

particle size of the lubricant and its distribution in the powder bulk affects the values of 

Furthermore, it also emphasises that there is low interaction between lactose material and 

glyceryl monostearate, which could be related to the hydrophobic nature of glyceryl 

monostearate. In the case of magnesium stearate and sodium stearyl fumarate this effect 

is overcome by the small particle size, which offers a larger interactive surface area. 

However, the values of ô remained nearly constant upon the addition of the fatty acid 

derivative excipients (37.9“±1.3°), figures 3.9-12. This might support the assumption that 

lactose does not interact with these excipients. With the other excipients the Ô values 

increased slightly.

1.1.6 Microcrystalline cellulose

Three grades of microcrystalline cellulose were used in this study. Avicel PHlOl had the 

smallest particle size (-74pm), Avicel PH 102 ( - 1 17pm) and Avicel PH200 had the largest
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particle size (-211 pm). All microcrystalline cellulose particles are characterized by 

irregular elongated particles with a rough surface full of grooves, figures 2.7-9,39-42. 

They are also characterized by the presence of a high percentage of fine particles, 

especially Avicel PHlOl (11% under 14.5pm). The presence of grooves on the surface of 

the particles gives a high chance for the entrapment of the excipient particles within the 

grooves in the surface. Magnesium stearate and Aerosil are good examples of this effect, 

figures 2.39-42. The values ofj^for Avicel PHlOl, PH 102 and PH200 were 3.8, 5.5 and

6.9 respectively. The values of Ô for the three grades were nearly the same (37.7°±1.3°).
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Figure 3.16: The effect of magnesium stearate on the flow function (closed symbols) and 
the angle of internal friction (open symbols) of Avicel PHlOl, PH 102 and PH200.

This group of diluents had marked changes in the values of j f  upon the addition of 

excipients, especially grade PH 102. Magnesium stearate had the most pronounced effect 

on this grade and the value o f r e a c h e d  a maximum of (-19.5) at 1.5%w/w concentration, 

figure 3.16. This was followed by the effect of Aerosil were the value of reached -13.8 

for this particular grade, figure 3.21. The other two grades, PHlOl and PH200, were less 

affected by magnesium stearate, figure 3.16.
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Figure 3.17: The effect of coarse glyceryl monostearate on the flow function (closed 
symbols) and the angle of internal friction (open symbols), for Avicel PHlOl, PH 102 and 
PH200.
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Figure 3.18: The effect of fine glyceryl monostearate on the flow function (closed 
symbols) and the angle of internal friction (open symbols), for Avicel PHlOl, PH 102 and 
PH200.
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Figure 3.19: The effect of sodium stearyl fumarate on the flow function (closed symbols) 
and the angle of internal friction (open symbols), for Avicel PHlOl, PH 102 and PH200.

♦ PHlOl ■ PH102 A PH200

Talc concentration {% w/w)

Figure 3.20: The effect of talc on the flow function (closed symbols) and the angle of
internal friction (open symbols), for Avicel PHlOl, PH 102 and PH200.
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Avicel PH200, in general, had the least change in the values of j^upon the addition of 

excipients in most cases. This grade also had the highestj^value and the lowest CCI value 

within this group. This grade was affected by the addition of the coarse glyceryl 

monostearate, figure 3.17.

♦ Fmol ■ Pm02 A PH200

25 , 

20 

15 

10 

5 I

0

ir

+
+ - -4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Aerosil concentration (% w/w)

1.6

T 50
I  45
-  40 6
T
-  30

4  25 (c
f  20
4  15 

10 
5

4  0 
1.8

Figure 3.21: The effect of Aerosil on the values of the flow function (closed symbols) and 
the angle of internal friction (open symbols) of Avicel PHlOl, PH 102 and PH200.

Although the particles of sodium stearyl fumarate are larger than magnesium stearate, their 

effect on the values of grades PHlOl and PH200 was more marked. Values of 

increased up to a maximum and decreased again after 0.4%w/w sodium stearyl fumarate 

for both grades, figure 3.19.

In general, the three grades of microcrystalline cellulose were very sensitive to the addition 

of excipients. In most cases there was an optimum concentration at which the value of 

reaches a maximum. The decrease in values after the optimum concentration values is 

not as sharp as in the case of other diluents such as, StarchlSOO and coarse lactose. With 

regard toj^values, the most sensitive grade of Avicel was PH 102 which was most sensitive 

to magnesium stearate followed by Aerosil. The least sensitive grade was PH200 with
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regard to the values of both and Ô.

1.2 Evaluation of binary mixtures with a shear cell

Some work on the effect of glidants and/or lubricants on the powder flow has been referred 

to earlier in this chapter. Testing of powders in a shear cell is dependent on the powder 

bulk properties and the interaction of solid particles in that particular solid. Hiestand 

(1966) and Irono and Pilpel (1982a,b) underlined the importance of true area of contact 

between solids. On the other hand, Ikekawa and Kaneniwa (1969) found that the lubricants 

or glidants can affect the surface area of the powder particles in a different manner 

according to their type, chapter one-section VI.3.1. Therefore, the effect of lubricants or 

glidants on the powder shear strength would differ according to the type and concentration 

of the lubricant and the degree of interaction between the admixed solid particles. The 

latter will, to a great extent, depend on the degree of attractive forces between the solid 

particles, in which van der Waals’ forces play an important role (Hiestand, 1966).

The shear test, in general, gives an estimate about the performance of the powder bulk and 

it seems to be of a good value in differentiating between single powders, especially those 

with different particle size. For binary mixtures, however, this test did not prove to be as 

valuable. This method was not able to measure the small differences between binary 

mixtures of different concentrations. Furthermore, the interaction of the excipient with 

powder particles at the shear plane could cause anomalies. So care should be taken when 

referring to the results obtained from this test.

The values of j f  for most powder blends did not differ significantly. Microcrystalline 

cellulose, especially Avicel PH 102, showed a great change in the values of upon the 

addition of the different excipients. The greatest change in values of jÿ*was with blends of 

coarse lactose. This could be related to the relatively smaller surface area of the powder 

particles, which would make the powder more affected by the addition of excipients. In 

the blends were the excipient had a significant effect, there was an optimum concentration 

at which the values of were maximum, i.e., more flowing.
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Kocova and Pilpel (197 l/72)found that the values of A are related to the particle size in the 

equation, tan A = K + Ç exp (- ̂ p ^ )  where,

K, and ij; : constants and

Dp : Particle diameter (p,m)

However, there was no systemic changes in the values of ô upon the addition of the 

different excipients. Furthermore, powders of different particle size range did not seem to 

have a significant difference in their Ô values. This could mean that the values of Ô are an 

inherent property of the powder material used and that the values of A can be more 

reproducible in the analysis of the powder properties such as particle size.

According to Jolliffe et al. (1980) and Tan and Newton (1990b), the coefficient of variation 

of capsule fill weights is a function of the values. Tan and Newton (1990a) related the 

values of j f  io the capsule weight variation. Those studies, however, were performed using 

particle size fractions of single components, i.e., without the addition of either a lubricant 

or a glidant. As was shown before there were some anomalies in the behaviour of blends 

from the flow function point of view. This will be expected to affect the relation between 

j5^and the coefficient of variation of capsule fill weights.

1.3 The effect of ff  value on the process of capsule filling

Jolliffe et al. (1980) applied the hopper design theory to calculate the stresses that develop 

in the dosing tube vicinity. They assumed that the dosing tube can be considered to be a 

hopper and therefore, to retain the plug within the tube the powder should develop a stable 

arch at the tip of the tube. To calculate the stresses within the tube Jolliffe used the 

equation proposed by Walker (1966), which is in the following form, see chapter one, 

section IV.3.1,

^g/2BDfflOz, 0 req =  o 'z .r e g  -  r y g / 2B D f  f l  -  C
2BDz/r

where.
g'z.req = j f iy g  

sin20

According to the above equation o'z, req is proportional to the value of j f  and inversely 

proportional to O value, i.e., higher values ofj^will require more applied stress. Generally, 

powders that are free flowing have high values ofjQ^and are less compressible. This could
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be problematic in practice, since these powders might create problems upon the application 

of high compression, (Jolliffe and Newton 1982b, Tan and Newton, 1990e,f).

To calculate the highest o'z,req that would be needed from the powders and blends that has 

been described above, coarse lactose would make the best candidate since it has the highest 

values of j f  (-20.8) and y values, which is approximated to the tapped bulk density 

(~0.81g/ml). If the radius of the nozzle tip (r) is 0.0032m and g is approximated to 

9.8m/sec^ then the calculated value of ô z.req for coarse lactose would be 1448 N/m^. If the 

constant (BD) is taken as (0.022), (Walker, 1966), and z is taken as the capsule powder 

plug height for sizeO capsules (-1.8cm), then the load required at the other end of the plug 

would be 6350 N/m^(Pa). That means that the load that should be applied to the powder 

plug is equal to (6350 X 3.2 x 10'^), which is equal to 0,204 N. This load is far below what 

the instrumented capsule filling machines and simulators has been reported to measure, 

(Mehta and Augsburger, 1980, 1981, Britten et al., 1996). In fact, the precompression 

forces measured were above this load, which could mean that the precompression by itself 

provides enough stress to retain the powder plug. Tan and Newton (1990b) using an mG2 

simulator reported that size3 capsules filled without compression gave the least weight 

variation. An interesting note by Walker (1966) was that the forces that would develop in 

a perfectly parallel-walled pipe would never become apparent because the powder will be 

extruded from the pipe en bloc without requiring to fail within itself at low angles of wall 

friction. That restricts the above equation to some extent.

Furthermore, if a coherent plug forms within the dosing tube then the stresses within the 

dosing tube will differ from those in a hopper and will possibly resemble those in a tablet 

die after compression. Britten et al. (1996), using an instrumented Macofar MT 13-2 

capsule filling machine simulator, noted that the residual radial pressure plus the wall 

Ifriction are responsible for holding the plug within the dosing tube. This same pressure also 

affects the ejection force for the plug, which itself might affect the weight uniformity of the 

capsule fill weight.
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II Bulk properties of powders

II. 1 The effect of excipients on the bulk properties of powders

There are different ways of assessing the bulk properties of the powder. One of the easiest 

ways to determine the powder bulk density is to weigh a specific amount of powder in a 

graduated cylinder and take the volume reading to calculate the density. However, the bulk 

density of the powder is dependent on the way the powder sample has been prepared and 

this will affect any subsequent measurement. Therefore, a standard procedure should be 

taken for the preparation of the powder sample.

Two methods for the preparation of the powder sample were compared. In the first method 

the powder was poured through a funnel of a known opening ( 14mm±lmm). The tip of the 

funnel was placed right at the tip of the cylinder. A specified weight of the powder (~50g) 

was poured into the funnel and left to fall into the cylinder. For some cohesive powders 

a gentle tapping with a rod was applied to the funnel to aid the disposition of the powder. 

The apparent loose bulk density in this case is termed poured bulk density. Three samples 

for each powder were prepared.

The powder, in the second method, was weighed directly into the cylinder. The cylinder 

was placed between the palms of the two hands and flipped vertically several times to 

aerate the powder. The powder was allowed to settle down for ~2 min before taking the 

reading. The process is repeated for at least three times and the recordings are averaged. 

This bulk density is termed aerated bulk density. This was performed for three samples of 

each powder.

Four powders were chosen to compare between the two methods, these were, maize starch. 

Starch 1500, fine lactose and talc. Table 3.1 lists the different parameters measured and 

calculated from each method of preparation. The table shows that the values of pmin in 

method 1, the poured bulk density, is higher than pmin in method II, the aerated bulk 

density. However, the values of the tapped bulk density (pmax) in method I was smaller 

than that in method II. Consequently the values of CCI for the first method are smaller
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than those in the second one. It appears that aeration separates the particles in the second 

method resulting in smaller starting bulk density. However in the poured bulk density it 

seems that the powder arranges itself in a way that minimises further reduction in the 

volume. The reason why the tapped bulk densities are less than those obtained after 

aeration of the powder, although the starting bulk density in the latter is smaller. 

Therefore, it was decided that the second method is more appropriate to measure the bulk 

properties of the powder, since it seems to provide more information about the 

rearrangement of the powder sample. The values of the bulk density measurements are 

listed in tables 3.2-9.

Powder CCI pmax pmin a 1/b HR

Method I
Maize starch 24% 0.69 0.S3 0.26 lOS 1.31
StarchlSOO 16% 0.78 0.6S 0.16 ss 1.18
Fine lactose 33% 0.6S 0.44 0.36 96 1.49
Talc 32% 0.S8 0.39 0.36 124 1.48

Method II
Maize starch 31% 0.72 0.48 0.36 107 1.48
StarchlSOO 23% 0.79 0.61 0.22 41 1.29
Fine lactose 37% 0.69 0.43 0.43 139 1.60
Talc 39% 0.74 0.4S 0.42 88 1.63
Table 3.1: A comparison between the effect of method I (poured bulk density) and methoc 
II (aerated bulk density) on the bulk properties measurements, Carr's Compressibility Index 
(CCI), Tapped bulk density (pmax), loose bulk density (pmin), Kawakita constants a and 
1/b and Hausner's Ratio (HR).

II .l.l Maize starch

Maize starch loose bulk density was (0.48g/ml) and had a value of CCI (31.5%). Upon the 

addition of excipients the range of both loose and tapped bulk was from 0.44 to 0.54g/ml 

and from 0.63 to 0.73g/ml for loose and tapped densities respectively, table 3.2.

In general, the values of CCI did not change significantly. However, with talc the values 

of CCI dropped to 25.6% and then started to increase gradually again, figure 3.22. Upon 

the addition of Aerosil the values of CCI dropped but kept falling with increasing the 

concentration of Aerosil up to the levels of 1.8%w/w, figure 3.23.
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Powder Cone. CCI pmax pmin a 1/b HR

Maize
starch 0.0% 31.5% 0.72 g/ml 0.49 g/ml 0.36 107.3 1.48

1 ^  

II
0.5% 30.9% 0.71 g/ml 0.49 g/ml 0.34 80.2 1.45
1.0% 33.7% 0.73 g/ml 0.48 g/ml 0.37 72.5 1.51
1.5% 35.9% 0.73 g/ml 0.47 g/ml 0.39 74.4 1.56
2.0% 36.4% 0.73 g/ml 0.46 g/ml 0.40 84.6 1.57
2.5% 35.8% 0.72 g/ml 0.46 g/ml 0.40 85.0 1.56

HI
e

1.0% 30.3% 0.72 g/ml 0.50 g/ml 0.34 100.8 1.43
1.5% 34.4% 0.73 g/ml 0.48 g/ml 0.37 67.9 1.53
2.0% 35.2% 0.73 g/ml 0.48 g/ml 0.39 76.0 1.54
2.5% 32.8% 0.72 g/ml 0.49 g/ml 0.36 73.6 1.49
3.0% 33.1% 0.75 g/ml 0.50 g/ml 0.34 102.4 1.49

e

1.0% 35.2% 0.76 g/ml 0.49 g/ml 0.40 106.3 1.54
1.5% 36.1% 0.76 g/ml 0.48 g/ml 0.41 104.3 1.57
2.0% 35.5% 0.75 g/ml 0.49 g/ml 0.41 123.4 1.55
2.5% 37.0% 0.76 g/ml 0.48 g/ml 0.42 113.5 1.59
3.0% 37.6% 0.77 g/ml 0.48 g/ml 0.42 113.8 1.60

III
0.2% 33.0% 0.75 g/ml 0.50 g/ml 0.38 115.9 1.49
0.4% 34.8% 0.76 g/ml 0,50 g/ml 0.40 126.1 1.53
0.6% 34.1% 0.76 g/ml 0.50 g/ml 0.40 140.0 1.52
0.8% 35.6% 0.78 g/ml 0.50 g/ml 0.41 138.0 1.55
1.0% 35.0% 0.77 g/ml 0.50 g/ml 0.41 143.2 1.54

l §

II
r

5.0% 33.2% 0.72 g/ml 0.48 g/ml 0.37 95.8 1.50
7.5% 31.3% 0.72 g/ml 0.49 g/ml 0.35 101.6 1.46
10.0% 34.1% 0.70 g/ml 0.46 g/ml 0.38 91.0 1.52
12.5% 31.4% 0.70 g/ml 0.48 g/ml 0.35 86.4 1.46
15.0% 34.0% 0.69 g/ml 0.46 g/ml 0.38 87.9 1.52

;
2.0% 25.7% 0.63 g/ml 0.47 g/ml 0.28 94.6 1.35
4.0% 27.4% 0.65 g/ml 0.47 g/ml 0.31 104.8 1.38
6.0% 27.9% 0.64 g/ml 0.46 g/ml 0.32 130.2 1.39
8.0% 28.5% 0.63 g/ml 0.45 g/ml 0.32 109.8 1.40
10.0% 31.2% 0.64 g/ml 0.44 g/ml 0.34 85.1 1.45

1
0.2% 30.2% 0.74 g/ml 0.51 g/ml 0.33 93.0 1.43
0.6% 27.6% 0.73 g/ml 0.53 g/ml 0.30 87.9 1.38
1.0% 24.8% 0.72 g/ml 0.54 g/ml 0.26 62.6 1.33
1.4% 23.5% 0.70 g/ml 0.53 g/ml 0.25 59.6 1.31
1.8% 23.1% 0.66 g/ml 0.51 g/ml 0.24 55.6 1.30

Table 3.2;
starch.

The effect of the different excipients on the powder bu k properties of maize
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Figure 3.22: The effect of talc on the loose and tapped bulk densities and the values of CCI 
of maize starch.
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Figure 3.23: The effect of Aerosil on the loose and tapped bulk densities and the values 
of CCI of maize starch.
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II. 1.2 StarchlSOO

This diluent had a high loose bulk density of 0.61g/ml and a high tapped bulk density 

0.79g/ml. The range of loose and tapped bulk densities for all blends ranged from 0.53g/ml 

to 0.74g/ml and from 0.69g/ml to 0.93g/ml respectively, table 3.3. The biggest change in 

the bulk density was noticed with magnesium stearate blends, figure 3.24. Though, the 

values of CCI did not change considerably due to the synchronous increase in both the 

loose and tapped densities.

II.1.3 Mannitol

The bulk densities of mannitol were similar to those of maize starch being 0.50g/ml and 

0.73g/ml for the loose and tapped densities respectively. The value of CCI was also close 

to that of maize starch 32.2%. Apart from blends with Aerosil this diluent bulk properties 

were not significantly affected by the addition of the excipients. The values loose and 

tapped bulk densities ranged from 0.45g/ml to 0.50g/ml and from 0.67g/ml to 0.73g/ml 

respectively, table 3.4. The addition of Aerosil decreased the tapped bulk density and 

consequently decreased the values of CCI up to 21.7%, figure 3.25.
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Figure 3.24: The effect of magnesium stearate on the loose and tapped bulk densities and 
the values of CCI of Starch1500.
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! Figure 3.26: The effect of talc on the loose and tapped bulk densities and the values of CGI 
of fine lactose.
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Figure 3.25: The effect of Aerosil on the loose and tapped bulk density and the values of 
CCI of mannitol.
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Powder Cone. CCI pmax pmin a 1/b HR

Starch
1500 0.0 22.7% 0.80 g/ml 0.62 g/ml 0.22 40.9 1.29

}i
0.5% 21.9% 0.93 g/ml 0.73 g/ml 0.21 22.9 1.28
1.0% 19.5% 0.91 g/ml 0.74 g/ml 0.20 23.9 1.24
1.5% 20.3% 0.90 g/ml 0.72 g/ml 0.21 23.0 1.26
2.0% 20.9% 0.87 g/ml 0.69 g/ml 0.21 22.3 1.27
2.5% 21.1% 0.87 g/ml 0.68 g/ml 0.20 25.7 1.27

Its
S

1.0% 21.4% 0.80 g/ml 0.63 g/ml 0.22 64.0 1.27
1.5% 22.3% 0.81 g/ml 0.63 g/ml 0.22 48.9 1.29
2.0% 23.6% 0.80 g/ml 0.61 g/ml 0.24 54.6 1.31
25% 23.9% 0.82 g/ml 0.62 g/ml 0.24 43.1 1.31
3.0% 20.9% 0.79 g/ml 0.62 g/ml 0.21 23.9 1.26

^ 1 1
s

1.0% 26.6% 0.80 g/ml 0.59 g/ml 0.27 31.5 1.36
1.5% 26.6% 0.80 g/ml 0.59 g/ml 0.27 31.1 1.36
2.0% 26.3% 0.81 g/ml 0.59 g/ml 0.27 32.6 1.36
2.5% 26.8% 0.81 g/ml 0.59 g/ml 0.28 29.4 1.37
3.0% 26.5% 0.80 g/ml 0.59 g/ml 0.27 31.4 1.36

00

0.2% 24.5% 0.80 g/ml 0.61 g/ml 0.25 36.2 1.32
0.4% 24.9% 0.79 g/ml 0.59 g/ml 0.26 32.4 1.33
0.6% 25.8% 0.80 g/ml 0.59 g/ml 0.26 31.3 1.35
0.8% 26.5% 0.80 g/ml 0.59 g/ml 0.27 32.9 1.36
1.0% 26.0% 0.80 g/ml 0.59 g/ml 0.27 32.1 1.35

1 ?

1 1

5.0% 23.8% 0.75 g/ml 0.57 g/ml 0.24 35.2 1.31
7.5% 24.3% 0.72 g/ml 0.55 g/ml 0.25 34.8 1.32
10.0% 23.6% 0.71 g/ml 0.55 g/ml 0.24 22.1 1.31
12.5% 24.5% 0.71 g/ml 0.54 g/ml 0.25 35.0 1.33
15.0% 23.7% 0.69 g/ml 0.53 g/ml 0.24 32.5 1.31

;

2.0% 24.4% 0.79 g/ml 0.60 g/ml 0.25 36.0 1.32
4.0% 24.7% 0.79 g/ml 0.59 g/ml 0.25 37.2 1.33
6.0% 23.5% 0.77 g/ml 0.59 g/ml 0.24 29.8 1.31
8.0% 24.7% 0.78 g/ml 0.59 g/ml 0.25 32.1 1.33
10.0% 24.5% 0.78 g/ml 0.59 g/ml 0.25 31.0 1.33

1

0.2% 18.8% 0.82 g/ml 0.67 g/ml 0.19 29.3 1.23
0.6% 19.2% 0.80 g/ml 0.65 g/ml 0.20 21.1 1.24
1.0% 21.3% 0.77 g/ml 0.61 g/ml 0.22 30.3 1.27
1.4% 21.2% 0.73 g/ml 0.58 g/ml 0.22 33.0 1.27
L8% 20.4% 0.69 g/ml 0.55 g/ml 0.21 40.9 1.26

Table 3.3: The effect of the different excipients on the powder bulk properties of 
StarchlSOO.
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Powder Cone. CCI pmax pmin a 1/b HR

Mannitol 0.0% 32.2% 0.73 g/ml 0.50 g/ml 0.35 86.4 1.47

.2 2  II
&5% 32.0% 0.72 g/ml 0.49 g/ml 0.34 59.5 1.47
1.0% 31.0% 0.71 g/ml 0.49 g/ml 0.33 56.4 1.45
1.5% 30.4% 0.70 g/ml 0.49 g/ml 0.33 60.3 1.44
2.0% 29.9% 0.69 g/ml 0.48 g/ml 0.32 56.7 1.43
2.5% 29.3% 0.67 g/ml 0.48 g/ml 0.31 54.6 1.41

III
Ë

1.0% 31.2% 0.73 g/ml 0.50 g/ml 0.34 73.2 1.45
1.5% 32.3% 0.72 g/ml 0.49 g/ml 0.34 59.9 1.48
2.0% 32.0% 0.72 g/ml 0.49 g/ml 0.34 61.7 1.47
2.5% 32.5% 0.73 g/ml 0.49 g/ml 0.35 63.0 1.48
3.0% 30.4% 0.72 g/ml 0.50 g/ml 0.32 66.1 1.44

-j
=11

S

1.0% 33.2% 0.71 g/ml 0.48 g/ml 0.36 82.5 1.50
1.5% 31.0% 0.71 g/ml 0.49 g/ml 0.34 93.7 1.45
2.0% 31.0% 0.70 g/ml 0.49 g/ml 0.34 85.9 1.45
2.5% 31.0% 0.70 g/ml 0.49 g/ml 0.34 80.4 1.45
3.0% 29.6% 0.70 g/ml 0.49 g/ml 0.32 77.8 1.42

f î i“ <3

0.2% 29.5% 0.71 g/ml 0.50 g/ml 0.32 67.2 1.42
0.4% 29.5% 0.70 g/ml 0.50 g/ml 0.31 61.0 1.42
0.6% 30.9% 0.68 g/ml 0.47 g/ml 0.33 64.4 1.45
0.8% 29.3% 0.70 g/ml 0.50 g/ml 0.31 60.8 1.41
1.0% 29.6% 0.70 g/ml 0.50 g/ml 0.32 67.0 1.42

If
5.0% 31.4% 0.70 g/ml 0.48 g/ml 0.34 67.0 1.46
7.5% 30.4% 0.70 g/ml 0.50 g/ml 0.32 64.1 1.44
10.0% 31.2% 0.69 g/ml 0.47 g/ml 0.33 63.3 1.45
12.5% 31.6% 0.68 g/ml 0.47 g/ml 0.34 59.5 1.46
15.0% 32.4% 0.67 g/ml 0.45 g/ml 0.35 61.6 1.48

g
2.0% 31.8% 0.73 g/ml 0.50 g/ml 0.35 88.3 1.47
4.0% 31.3% 0.73 g/ml 0.50 g/ml 0.34 96.3 1.46
6.0% 31.6% 0.72 g/ml 0.50 g/ml 0.35 87.4 1.46
8.0% 31.4% 0.72 g/ml 0.50 g/ml 0.34 90.4 1.46
10.0% 31.4% 0.72 g/ml 0.49 g/ml 0.34 85.5 1.46

1
0.2% 28.1% 0.70 g/ml 0.50 g/ml 0.30 77.6 1.39
0.6% 23.3% 0.59 g/ml 0.47 g/ml 0.25 51.3 1.30
1.0% 23.2% 0.64 g/ml 0.49 g/ml 0.25 57.3 1.30
1.4% 22.6% 0.61 g/ml 0.47 g/ml 0.24 52.4 1.29
L8% 21.7% 0.59 g/ml 0.46 g/ml 0.23 58.8 1.28

Table 3.4: The effect of the different excipients on the powder bulk properties of mannitol.
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II.1.4 Fine lactose

This diluent had low bulk densities being 0.43g/ml and 0.69g/ml for loose and tapped bulk 

densities respectively and the value of CCI was 37.4%. The effect of all excipients apart 

from talc and Aerosil on the values of CCI was minimal and ranged from 32.1 % to 39.2%, 

table 3.5. Talc only slightly decreased the values of CCI, figure 3.26. Aerosil also 

decreased the values of CCI to a greater extent, figure 3.27. The effect of Aerosil was 

mainly in decreasing the tapped bulk density. In general, the effect of both excipients on 

fine lactose was less than their effect on maize starch.
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45% 
40% 
35% 
30% t  

g  25% 
^  20% 

15% 
10% 

5% 
0%

1.00 
0.90 
0.80 
0.70 L
0.60 "ei)
0.50 L  
0.40 I  
0.30 Q 
0.20 
0.10 
0.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Figure 3.27: The effect of Aerosil on the loose and tapped bulk densities and the values 
of CCI of fine lactose.

11.1,5 Coarse lactose

This diluent had the highest bulk densities being 0.70g/ml and 0.81 g/ml for loose and 

tapped densities respectively and the smallest value of CCI being 13.7%. Coarse lactose 

was most affected by the addition of microcrystalline cellulose and the values of CCI 

increased up to 19.8%. The effect of other excipients on coarse lactose was minimal and 

the values of CCI ranged from 10.4% to 17.5%. There was a general tendency with the 

CCI values to increase with the addition of talc and Aerosil and to decrease with the 

addition of fine glyceryl monostearate, table 3.6.
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Powder Cone. CCI pmax pmin a 1/b HR

Fine
lactose 0.0% 37.5% 0.69 g/ml 0.43 g/ml 0.43 139.2 1.60

.2 ^  

II
0.5% 34.6% 0.67 g/ml 0.44 g/ml 0.41 177.0 1.53
1.0% 33.5% 0.64 g/ml 0.43 g/ml 0.40 184.5 1.50
1.5% 36.1% 0.65 g/ml 0.42 g/ml 0.42 157.1 1.56
2.0% 36.2% 0.63 g/ml 0.40 g/ml 0.41 135.9 1.57
2.5% 33.2% 0.61 g/ml 0.41 g/ml 0.38 144.1 1.50

111
Ë

1.0% 36.7% 0.67 g/ml 0.42 g/ml 0.45 191.7 1.58
1.5% 37.3% 0.66 g/ml 0.41 g/ml 0.46 205.5 1.60
2.0% 37.6% 0.67 g/ml 0.42 g/ml 0.45 180.1 1.60
2.5% 37.5% 0.68 g/ml 0.42 g/ml 0.44 164.8 1.60
3.0% 35.6% 0.65 g/ml 0.42 g/ml 0.41 149.8 1.55

Ë

1.0% 35.6% 0.66 g/ml 0.43 g/ml 0.39 104.5 1.55
1.5% 35.5% 0.66 g/ml 0.43 g/ml 0.39 101.0 1.55
2.0% 35.3% 0.66 g/ml 0.43 g/ml 0.39 97.6 1.55
2.5% 33.1% 0.65 g/ml 0.44 g/ml 0.37 99.8 1.50
3.0% 32.1% 0.66 g/ml 0.45 g/ml 0.36 106.7 1.47

H i
«  “ a

0.2% 36.9% 0.66 g/ml 0.42 g/ml 0.41 91.4 1.59
0.4% 37.7% 0.66 g/ml 0.41 g/ml 0.41 85.6 1.61
0.6% 36.3% 0.66 g/ml 0.42 g/ml 0.39 77.6 1.57
0.8% 38.0% 0.65 g/ml 0.41 g/ml 0.42 86.2 1.61
1.0% 38.7% 0.66 g/ml 0.40 g/ml 0.42 72.7 1.63

l§
II
§

5.0% 35.3% 0.66 g/ml 0.43 g/ml 0.42 169.2 1.55
7.5% 34.9% 0.65 g/ml 0.43 g/ml 0.42 177.8 1.54
10.0% 36.7% 0.66 g/ml 0,42 g/ml 0.43 153.2 1.58
12.5% 37.3% 0.65 g/ml 0.41 g/ml 0.43 132.2 1.60
15.0% 39.2% 0.65 g/ml 0.40 g/ml 0.44 124.6 1.65

g
2.0% 33.7% 0.67 g/ml 0.44 g/ml 0.38 128.2 1.51
4.0% 33.9% 0.66 g/ml 0.44 g/ml 0.39 140.4 1.51
6.0% 32.1% 0.67 g/ml 0.46 g/ml 0.36 134.1 1.47
8.0% 30.5% 0.68 g/ml 0.47 g/ml 0.35 140.0 1.44
10.0% 31.1% 0.68 g/ml 0.47 g/ml 0.35 133.5 1.45

1
0.2% 35.5% 0.67 g/ml 0.43 g/ml 0.39 138.8 1.55
0.6% 33.7% 0.63 g/ml 0.42 g/ml 0.37 122.2 1.51
1.0% 32.5% 0.60 g/ml 0.40 g/ml 0.36 116.3 1.48
1.4% 31.7% 0.57 g/ml 0.39 g/ml 0.35 111.2 1.46
L8% 29.9% 0.55 g/ml 0.38 g/ml 0.33 114.3 1.43

Table 3.5:
lactose.

The effect of the difi erent excipients on the powder bulk properties of fine
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Powder Cone. CCI pmax pmin a 1/b HR

Coarse
lactose 0.0% 13.7% 0.82 g/ml 0.70 g/ml 0.14 84.0 1.16

II

0.5% 12.0% 0.81 g/ml 0.71 g/ml 0.12 50.7 1.14
1.0% 12.4% 0.82 g/ml 0.72 g/ml 0.13 46.3 1.14
1.5% 13.5% 0.81 g/ml 0.70 g/ml 0.14 48.4 1.16
2.0% 12.8% 0.81 g/ml 0.71 g/ml 0.13 53.0 1.15
2.5% 13.8% 0.80 g/ml 0.69 g/ml 0.14 44.5 1.16

I I I
B

1.0% 15.3% 0.83 g/ml 0.70 g/ml 0.16 52.1 1.18
1.5% 14.1% 0.82 g/ml 0.70 g/ml 0.15 43.8 1.16
2.0% 13.6% 0.82 g/ml 0.71 g/ml 0.14 43.2 1.16
2.5% 13.6% 0.82 g/ml 0.71 g/ml 0.14 34.1 1.16
3.0% 14.4% 0.82 g/ml 0.70 g/ml 0.15 32.3 1.17

m
B

1.0% 12.0% 0.84 g/ml 0.74 g/ml 0.12 44.4 1.14
1.5% 10.5% 0.83 g/ml 0.74 g/ml 0.12 44.4 1.12
2.0% 10.4% 0.82 g/ml 0.73 g/ml 0.11 58.9 1.12
Z5% 10.8% 0.81 g/ml 0.72 g/ml 0.11 45.5 1.12
3.0% 11.0% 0.80 g/ml 0.71 g/ml 0.11 46.1 1.12

^ 1 1  «  “  a

0.2% 14.1% 0.83 g/ml 0.72 g/ml 0.15 48.6 1.16
0.4% 13.5% 0.83 g/ml 0.72 g/ml 0.14 38.3 1.16
0.6% 13.6% 0.84 g/ml 0.72 g/ml 0.13 36.5 1.16
0.8% 12.4% 0.84 g/ml 0.74 g/ml 0.13 43.8 1.14
1.0% 12.8% 0.84 g/ml 0.73 g/ml 0.13 39.5 1.15

i§
H

5.0% 16.4% 0.81 g/ml 0.68 g/ml 0.17 63.3 1.20
7.5% 17.3% 0.81 g/ml 0.67 g/ml 0.18 60.1 1.21
10.0% 18.2% 0.79 g/ml 0.65 g/ml 0.19 48.8 1.22
12.5% 18.2% 0.78 g/ml 0.64 g/ml 0.19 56.7 1.22
15.0% 19.8% 0.77 g/ml 0.62 g/ml 0.20 48.5 1.25

o
g

2.0% 16.1% 0.87 g/ml 0.73 g/ml 0.16 32.6 1.19
4.0% 16.7% 0.87 g/ml 0.73 g/ml 0.17 30.9 1.20
6.0% 16.7% 0.88 g/ml 0.73 g/ml 0.17 26.4 1.20
8.0% 17.5% 0.88 g/ml 0.73 g/ml 0.18 29.4 1.21
10.0% 15.6% 0.86 g/ml 0.73 g/ml 0.16 27.8 1.18

1

0.2% 13.8% 0.89 g/ml 0.76 g/ml 0.14 26.7 1.16
0.6% 13.5% 0.84 g/ml 0.72 g/ml 0.14 23.0 1.16
1.0% 14.9% 0.82 g/ml 0.69 g/ml 0.15 23.6 1.17
1.4% 16.4% 0.79 g/ml 0.66 g/ml 0.17 31.1 1.20
L8% 17.0% 0.75 g/ml 0.63 g/ml 0.17 31.6 1.20

Table 3.6:
lactose.

The effect of the different excipients on the powder bu k properties of coarse
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11.1.6 Microcrystalline cellulose

Although the three grades of microcrystalline cellulose showed the biggest differences in 

f f  values upon the addition of the different excipients as discussed before, there were 

minimum changes in the bulk properties of these diluents and their various blends with the 

different excipients as listed in tables 3.7-9. There was a difference between the three 

grades in values of the loose and tapped bulk densities, Avicel PHlOl densities were

0.28g/ml and 0.38g/ml, Avicel PH 102 were 0.33g/ml and 0.42g/ml and Avicel PH200 were

0.37g/ml and 0.46g/ml.

Although there is a significant difference in the mean particle size between Avicel PH 102 

and Avicel PH200 there was a small difference in their bulk properties. This could be due 

to the fact that Avicel PH 102 is a mixture of agglomerates and fine particles at the same 

time which gives the powder higher bulk densities (Ek et al., 1994). The values of CCI 

were 26.7%, 21.5% and 19.7% for Avicel PHlOl, PH 102 and PH200 respectively. The 

range of CCI values for Avicel PHlOl, PH 102 and PH200 were, 23.8%-30.4%, 19.1%- 

26.1% and 16.1%-21.0% respectively, which shows that the biggest change was in the 

cases of Avicel PHlOl and PH 102.

II.2 Relationship between bulk density measurements and capsule filling

Capsule powder filling by a dosator involves picking a powder plug from a powder bed and 

ejecting it into the capsule body. Therefore, the density of the powder bed affects the 

density of the powder plug. The uniformity of the powder bed is also important since it 

will affect the weight uniformity of the resultant capsules. Powders with small values of 

CCI are usually expected to form uniform powder bed, since they tend to be closer to their 

tapped (packed) density. Furthermore, it would be also expected that the powder bulk 

density would affect the compression settings on the machine. Powders with high bulk 

density would usually exert higher pressures on the piston during the precompression stage. 

The adjustment of the compression on the machine will depend on the compactibility of 

the powders, which is also dependent on the bulk density of the powder.

The relationship between the powder flow properties and the capsule filling weight and 

weight variation will be discussed in chapter five.
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Powder Cone. CCI pmax pmin a 1/b HR

Avicel
PHlOl 0.0% 26.7% 0.38 g/ml 0.28 g/ml 0.27 30.2 1.36

.2 2  

II
0.5% 25.7% 0.39 g/ml 0.29 g/ml 0.27 31.7 1.35

1.0% 25.3% 0.40 g/ml 0.30 g/ml 0.26 35.7 1.34

1.5% 25.2% 0.40 g/ml 0.30 g/ml 0.26 33.5 1.34

2.0% 24.8% 0.40 g/ml 0.30 g/ml 0.26 34.5 1.33

2.5% 24.0% 0.38 g/ml 0.29 g/ml 0.25 31.3 1.32

H.i
a

1.0% 29.3% 0.29 g/ml 0.41 g/ml 0.30 44.2 1.06

1.5% 30.4% 0.27 g/ml 0.38 g/ml 0.31 41.1 1.04

2.0% 30.2% 0.30 g/ml 0.43 g/ml 0.31 47.8 1.03

2.5% 29.9% 0.30 g/ml 0.43 g/ml 0.31 42.4 1.04

3.0% 29.5% 0.30 g/ml 0.43 g/ml 0.30 42.1 1.05

III
u  g 

a

1.0% 26.9% 0.42 g/ml 0.31 g/ml 0.27 30.9 1.37

1.5% 25.7% 0.42 g/ml 0.31 g/ml 0.26 28.9 1.35

2.0% 26.3% 0.43 g/ml 0.31 g/ml 0.27 31.0 1.36

2.5% 24.8% 0.43 g/ml 0.32 g/ml 0.25 30.9 1.33

3.0% 25.4% 0.43 g/ml 0.32 g/ml 0.26 32.3 1.34

Iff
0.2% 29.3% 0.43 g/ml 0.30 g/ml 0.30 29.9 1.41

0.4% 29.0% 0.44 g/ml 0.31 g/ml 0.29 31.3 1.41

0.6% 29.3% 0.44 g/ml 0.31 g/ml 0.30 30.8 1.41

0.8% 29.6% 0.45 g/ml 0.32 g/ml 0.30 30.4 1.42

1.0% 28.2% 0.45 g/ml 0.32 g/ml 0.29 33.2 1.39

g
2.0% 26.1% 0.42 g/ml 0.31 g/ml 0.27 30.8 1.35

4.0% 25.9% 0.42 g/ml 0.31 g/ml 0.26 27.7 1.35

6.0% 25.8% 0.42 g/ml 0.31 g/ml 0.26 29.8 1.35

8.0% 25.6% 0.42 g/ml 0.31 g/ml 0.26 29.7 1.34

10.0% 25.2% 0.43 g/ml 0.32 g/ml 0.26 28.4 1.34

1
0.2% 24.7% 0.45 g/ml 0.34 g/ml 0.25 41.1 1.33

0.6% 24.8% 0.45 g/ml 0.34 g/ml 0.25 37.6 1.33

1.0% 24.7% 0.44 g/ml 0.33 g/ml 0.25 31.7 1.33

1.4% 24.3% 0.43 g/ml 0.32 g/ml 0.25 33.2 1.32

1.8% 23.6% 0.76 g/ml 0.58 g/ml 0.24 34.7 1.31
Table 3.7:
PHlOl.

The effect of the different excipients on the powder bu k properties of Avicel
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Powder Cone. CCI pmax pmin a 1/b HR

Avicel
PH102 0.0% 21.5% 0.42 g/ml 0.33 g/ml 0.22 45.1 1.27

Oj% 21.3% 0.43 g/ml 0.34 g/ml 0.22 31.0 1.27

1.0% 20.3% 0.45 g/ml 0.36 g/ml 0.21 0.5 1.26

1.5% 19.1% 0.44 g/ml 0.36 g/ml 0.19 27.8 1.24

2.0% 20.1% 0.45 g/ml 0.36 g/ml 0.21 28.1 1.25

25% 19.4% 0.45 g/ml 0.36 g/ml 0.20 25.7 1.24

M |

1.0% 25.9% 0.43 g/ml 0.30 g/ml 0.28 68.5 1.40

1.5% 24.7% 0.43 g/ml 0.32 g/ml 0.25 62.7 1.33

2.0% 24.0% 0.42 g/ml 0.32 g/ml 0.25 49.2 1.32

2.5% 23.0% 0,42 g/ml 0.33 g/ml 0.23 55.9 1.30

3.0% 23.1% 0.43 g/ml 0.33 g/ml 0.23 55.8 1.30

1.0% 23.3% 0.42 g/ml 0.32 g/ml 0.24 46.8 1.30

l j% 24.2% 0.43 g/ml 0.32 g/ml 0.25 43.5 1.32

2.0% 22.1% 0.47 g/ml 0.37 g/ml 0.23 49.1 1.28

2.5% 24.8% 0.43 g/ml 0.32 g/ml 0.25 30.9 1.33

3.0% 25.4% 0.43 g/ml 0.32 g/ml 0.26 32.3 1.34

I Î  jon “  ^

0.2% 24.6% 0.40 g/ml 0.30 g/ml 0.25 34.9 1.33

0.4% 23.8% 0.41 g/ml 0.31 g/ml 0.24 43.3 1.31

0.6% 26.1% 0.42 g/ml 0.31 g/ml 0.27 38.1 1.35

0.8% 24.9% 0.43 g/ml 0.32 g/ml 0.26 40.9 1.33

1.0% 24.8% 0.43 g/ml 0.33 g/ml 0.25 38.3 1.33

g

2.0% 20.6% 0.43 g/ml 0.34 g/ml 0.21 34.6 1.26

4.0% 21.3% 0.44 g/ml 0.34 g/ml 0.22 33.2 1.27

6.0% 21.3% 0.44 g/ml 0.35 g/ml 0.22 31.4 1.27

8.0% 21.0% 0.44 g/ml 0.35 g/ml 0.21 29.7 1.27

10.0% 21.7% 0.45 g/ml 0.35 g/ml 0.22 28.9 1.28

1

0.2% 21.2% 0.47 g/ml 0.37 g/ml 0.22 39.4 1.27

0.6% 21.2% 0.46 g/ml 0.36 g/ml 0.22 37.1 1.27

1.0% 21.2% 0.45 g/ml 0.35 g/ml 0.22 34.5 1.27

1.4% 21.1% 0.43 g/ml 0.34 g/ml 0.21 34.4 1.27

L8% 21.3% 0.43 g/ml 0.34 g/ml 0.22 36.4 1.27
Table 3.8:
PH102.

The effect of the different excipients on the powder bu k properties of Avicel
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Powder Cone. CCI pmax pmin a 1/b HR

Avicel
PH200 0.0% 19.7% 0.46 g/ml 0.37 g/ml 0.20 56.4 1.25

l i

0.5% 19.8% 0.38 g/ml 0.38 g/ml 0.20 46.0 1.25

1.0% 18.8% 0.48 g/ml 0.39 g/ml 0.20 50.9 1.23

1.5% 18.3% 0.48 g/ml 0.39 g/ml 0.19 48.9 1.22

2.0% 17.8% 0.48 g/ml 0.39 g/ml 0.18 46.6 1.22

2.5% 17.4% 0.48 g/ml 0.40 g/ml 0.18 47.8 1.21

« 1
a

1.0% 18.5% 0.46 g/ml 0.38 g/ml 0.19 71.7 1.23

1.5% 17.5% 0.46 g/ml 0.38 g/ml 0.18 63.8 1.21

2.0% 17.2% 0.45 g/ml 0.37 g/ml 0.18 54.1 1.21

25% 17.1% 0.45 g/ml 0.37 g/ml 0.18 50.6 1.21

3.0% 16.5% 0.45 g/ml 0.38 g/ml 0.17 52.6 1.20

a

1.0% 19.8% 0.47 g/ml 0.38 g/ml 0.20 46.0 1.25

1.5% 18.8% 0.48 g/ml 0.39 g/ml 0.20 51.4 1.23

2.0% 18.3% 0.48 g/ml 0.39 g/ml 0.19 48.8 1.22

2.5% 17.8% 0.48 g/ml 0.39 g/ml 0.18 46.9 1.22

3.0% 17.4% 0.48 g/ml 0.40 g/ml 0.18 47.1 1.21

i | ' |M « a

0.2% 18.1% 0.46 g/ml 0.38 g/ml 0.19 61.4 1.22

0.4% 17.1% 0.46 g/ml 0.38 g/ml 0.18 60.6 1.21

0.6% 17.6% 0.46 g/ml 0.38 g/ml 0.18 55.3 1.21

0.8% 17.4% 0.46 g/ml 0.38 g/ml 0.18 56.3 1.21

1.0% 17.1% 0.46 g/ml 0.38 g/ml 0.18 57.3 1.21

o
;

2.0% 20.11% 0.47 g/ml 0.37 g/ml 0.21 51.0 1.25

4.0% 21.0% 0.47 g/ml 0.37 g/ml 0.22 45.1 1.27

6.0% 19.5% 0.47 g/ml 0.38 g/ml 0.20 42.6 1.24

8.0% 20.7% 0.48 g/ml 0.38 g/ml 0.21 40.6 1.26

10.0% 20.5% 0.48 g/ml 0.38 g/ml 0.21 37.8 1.26

1

0.2% 16.1% 0.48 g/ml 0.40 g/ml 0.17 61.1 1.19

0.6% 18.8% 0.47 g/ml 0.38 g/ml 0.19 43.8 1.23

1.0% 19.7% 0.46 g/ml 0.37 g/ml 0.20 46.1 1.24

1.4% 19.2% 0.45 g/ml 0.36 g/ml 0.20 46.8 1.24

1.8% 18.6% 0.43 g/ml 0.35 g/ml 0.19 39.8 1.23
Table 3.10:
PH200.

The effect of the different excipients on the powder bulk properties of Avicel
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III Overall effect of excipients on the powder flow properties

The effect of the excipients on the values of CCI was different to their effect on the values 

of j^. There was a general tendency for blends with small values of j^ to  have high values 

of CCI and vice versa, but there was no specific relationship between both values, figure 

3.28.
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Figure 3.28: The values of CCI vs the values ofj^for all blends with different excipients.

To understand the relationship between the powder flow parameters, the correlation 

coefficient between each parameter was calculated, table 3.10. The values of CCI were 

positively correlated to the values of Kawakita constant a, which were also found to be 

similar, figure 3.29. This was also reported by Podczeck and Lee-Amies (1996). The 

values of Kawakita constant a are thought to be an indication of the maximum volume 

reduction, i.e., represents the compressibility of the powder at infinite pressure or in this 

case infinite tapping, (Kawakita and Liidde, 1970/71, Paronen and Ilka, 1995). The 

relationship seems to deviate from linearity as the values of CCI or the constant a increase, 

figure 3.29. Since the end point was taken at 1000 taps the values of CCI are represented
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at a lower value and if the tapping continued for the poor flowing powders the values 

would have increased more and adhere to the values of constant a.

CCI pmax pmin a 1/b HR / /
CCI 1

pmax -0.002 1
pmin 41373 0.894 1

a 0.985 0.041 -0.334 1
1/b 0.669 0.171 -0.117 0.753 1
HR 0.918 0.145 -0.298 0.923 0.702 1

/ / -0.637 -0.093 0.154 -0.637 -0.477 41586 1
Ô -0.030 0.284 0.281 -0.077 0.046 -0.021 -0.087 1

Table 3.10: The correlation coefficient between the different powder flow parameters.
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Figure 3.29: The relationship between the values of CCI and the values of Kawakita
constant a.

The positive correlation between the values of CCI and the values of HR is also 

understandable since,

CCI = 1 - 1/HR
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There was a negative correlation between the values of and the other flow parameters 

obtained from the bulk density measurements including, CCI, HR, and Kawakita constants 

a and 1/b. The measurements of the powder bulk properties are dependent on the powder 

history, i.e., the way the powder sample was prepared. Therefore, the method of preparing 

and testing the powder sample should be standardised. In the shear cell these differences 

are minimised by consolidating the powder sample, so it is less affected by the method of 

preparation. The values of CCI seemed to be less sensitive to the addition of the excipients 

than the values of

IV Conclusion

The effect of excipients on the powder properties was investigated in this chapter. 

Different responses to the addition of the excipient were found between the individual 

diluents. The excipients that are thought to form a layer around the diluent particles would 

have more effect on the flow properties of the diluent, e.g., Aerosil and magnesium 

stearate. The effect of the excipients on the diluents can be either on the powder coherent 

strength, as measured by the values ofj^ or on its density characteristics, as measured by 

the values of CCI.

Excipients that might affect the powder’s bulk strength will not necessarily affect its bulk 

density, such is the case of Avicel. The three grades of Avicel had the biggest change in 

their values of upon the addition of excipients. In contrast to that, they only showed a 

small change in their bulk density measurements. These powders are characterised by a 

relatively low bulk density and, therefore, show a high uptake capacity of the excipient 

without a significant change in their bulk densities. The effect of the excipient on the 

values of might be related to their effect on the interparticulate forces.

The correlation coefficient between the different powder flow parameters showed some 

correlation between some parameters. The values of f f  were found to be generally 

negatively correlated to the bulk density measurements. There was a big correlation 

between the values of CCI and the values of Kawakita constant a.
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It would be expected that the effect of excipients on the powder flow properties would 

affect the capsule filling process. This effect will be as a result from the effect on the 

powder strength, the effect on the bulk density or both. The different parameters are to be 

used as indicators of the capsule filling performance and this will be discussed further in 

chapter five.

A standard procedure for the measurement of the powder bulk properties is essential since 

variations of the measured values might result from using different procedures.
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Wall Friction

I Introduction

Powder-wall friction is very important in the manufacturing process of solid dosage forms 

including tablets and capsules. It is associated with almost any situation that involves 

powder handling or processing. This is one of the reasons why lubricants are considered 

essential excipients in most powder formulations.

The basic principles of wall friction have been discussed in chapter one. The pattern of 

powder-wall friction is governed by the properties of both the powder and the wall surface. 

Applied stress also plays an important role and can complicate the friction pattern if the 

powder particles deform under that particular stress.

There are different mechanisms of action by which the lubricants reduce the friction or act 

as antiadherents (Bowden and Tabor, 1986). There is no doubt that for a lubricant to be 

successful, it should be situated between the powder particles and the wall, especially at 

the initiation of friction. Therefore, lubricant particles in the powder bulk are inactive as 

powder-wall lubricants until they fall between the two sliding surfaces. Though, they 

might still affect the powder flow properties by exerting their lubricating effect between 

the particles, as has been discussed in chapter three. Moreover, the lubricant should be 

capable of binding to the wall surface, i.e., it should not be easily replaced by the powder 

at the wall junctions. The more the lubricant is attached to the wall, the less lubricant 

concentration will be needed. Bowden and Tabor (1986) suggested that in order for the 

boundary lubricant to be effective it should chemically attack the metallic surface of the 

wall. Strickland et al. (1960) suggested that boundary lubricants would adhere to the 

tableting die wall better than the fluid (hydrodynamic) lubricants. Therefore, such 

lubricants would be used in smaller quantities in the solid formulation.

Holzer and Sjogren (1981a), in a study of tableting, found that the coefficient of friction 

started to increase when lubricated sodium chloride was replaced with unlubricated sodium 

chloride in an instrumented tableting machine. This indicates that the lubricant layer that
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was formed on the inner surface of the die wall was removed by the subsequent tableting 

with pure sodium chloride. The interaction between the powder and the lubricant is, 

therefore important in determining the needed concentration and the effectiveness of the 

lubricant. The same principle was qualitatively investigated by Strickland et al. (1960).

II Measurement of powder-wall friction

II. 1 Surface roughness

Surface roughness is another term to describe the topography of the surface under 

investigation. The topography of the surface will determine to a great extent the contact 

area between the sliding surfaces. Hence, the analysis of the wall surface is important to 

understand the friction pattern between the powder and the wall and the degree of 

interaction between both gliding surfaces.

IL l.l Common methods for surface analysis

There are many ways to measure the surface roughness that has been listed by Bowden and 

Tabor (1986) and Thomas (1975) such as,

1. Optical methods.

These include microscopic examination which lacks the depth of field and the maximum 

resolution is about 025 pm, (Hailing, 1972). It also have problems in focussing the peaks 

and valleys at the same time especially at high magnification and for a relatively rough 

surface. The interference microscope is used to overcome the problem of depth. However, 

the results from optical methods are barely quantitative (Thomas, 1975).

2. Electron microscopy.

This method has a better depth of field than the previous method but specimen is limited 

by the size of the vacuum chamber.

3. Taper (oblique) sectioning.

The specimen in this method is sectioned at a shallow angle to be examined 

microscopically. The biggest disadvantage of this method is that it is destructive and the
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resolution depends on the microscope used. Taper sectioning, however, shows also parts 

of the material underlying the surface, which could help detecting the material hardening 

after friction (Bowden and Tabor, 1986).

4. Pneumatic gauging.

Air is let out from a flat nozzle against the surface and the back pressure is measured as a 

function of the surface rugosity. The method is simple and easy to use but have the 

disadvantage of being insensitive on smooth surfaces and lacking quantitative information 

(Thomas, 1975).

5. Stylus method.

This method offers the best quantitative analysis of the surface by amplifying the movement 

of a tracer needle as it passes over the surface and follows its contours. The vertical 

magnification can reach 40,000 (Bowden and Tabor, 1986). The stylus measures the 

valleys and peaks as ups and downs relative to a reference datum. One of the disadvantages 

of the stylus method is that it might cause some damage of the surface especially if it was 

smooth (Bowden and Tabor, 1986).

Based on the same principle the stylus can be replaced by a non-contact laser profilometer. 

This method replaces the stylus with a laser beam, which has the advantage of not damaging 

the surface and usually having the option of changing the laser beam diameter.

11.1.2 Surface roughness parameters

The surface roughness is assessed by mathematical description of the data obtained from 

the surface scanning of the peaks and valleys. There are several parameters that can be 

measured and referred to in the literature, (BS 1134, 1972, Thomas, 1975). The surface 

geometry can be classified into three main classifications according to its scale,

a) The largest wavelengths are considered to be errors of form.

b) The intermediate wavelengths are waviness.

c) The short wavelengths are the surface roughness and some of the commonly used 

parameters include.
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1. Peak to valley height is defined as the vertical distance between the highest peak 

and the lowest valley. It is easy to define but very sensitive to scratches or any atypical 

event on the surface.

2. Ten point height R ,̂ which is the difference between the average of the five highest peaks 

and the five lowest valleys on the profile.

3. Centre-line average (arithmetical mean deviation) R̂ . The arithmetical average value of 

the departure of the profile above and below the reference line (the centre-line) throughout 

the prescribed sample length. The centre-line, according to the BS 1134 (1972) definition, 

is a line representing the form of the geometrical profile and parallel to the general direction 

of the profile throughout the sample length, such that the sums of the areas contained 

between it and those parts of the profile which lie on each side of it are equal. According 

to Thomas (1975), the value of Rg is the most universally used roughness parameter.

4. Root mean square (rms), is the standard deviation of the distribution of surface heights. 

The rms mean line is a line such that the sum of the squares of the deviations of profile 

height from it is zero. If the profile have a symmetrical height distribution the centre line 

and the rms line will coincide. The rms is more sensitive than R  ̂to large deviations from 

the mean line, (Thomas, 1975).

The different definitions of surface roughness can be used alternatively to describe the 

surface topography in 3-D.

IL2 Surface measurements of the plates

The two plates that were used to study the wall friction were scanned using the profilometer 

as described in more details in chapter two-section III.5. The different parameters obtained 

for both plates are presented in table 4.1. The roughness parameters of the rough plate 

were, in general, higher than those for the smooth plate. Topographically, this means that 

the peaks and valleys of the rough plate are bigger than those of the smooth plate. This can 

be shown from the scan pictures of the surface figures 4.1a,b and 4.2a,b.
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Rough (unpolished) plate
Run

number Rz Ra Rq Rp Rpm Rt Rtm FD

1 13.70 1.77 2.10 6.86 4.93 16.00 9.98 2.531
2 12.16 1.27 1.61 6.58 4.43 13.16 8.59 2.570
3 10.88 0.84 1.05 5.77 3.98 13.06 7.73 2.601
4 13.72 1.44 1.72 7.26 4.14 16.74 10.18 2.564
5 11.50 0.80 1.01 5.86 3.60 13.27 7.59 2.603
6 13.17 1.19 1.48 6.50 4.69 14.04 9.98 2.553

Average 12.52 1.22 1.50 6.47 4.30 14.38 9.01 2.570
St Dev 1.19 0.37 0.42 0.57 0.49 1.60 1.19 0.028

Smooth (polished) plate

Run # Rz Ra Rq Rp Rpm Rt Rtm FD

1 5.25 0.25 0.34 2.57 1.59 6.42 4.17 2.613
2 7.52 0.25 0.36 4.97 1.95 10.13 5.20 2.549
3 6.47 0.34 0.44 3.62 1.80 8.19 4.50 2.551
4 6.02 0.23 0.33 2.35 1.64 6.94 4.59 2.564
5 6.38 0.26 0.36 3.00 1.66 7.66 4.48 2.601
6 10.11 0.31 0.49 2.89 1.97 11.37 5.99 2.494

Average 6.96 0.27 0.39 3.23 1.77 8.45 4.82 2.562
St Dev 1.71 0.04 0.06 0.95 0.16 1.92 0.66 0.043

I

î
î
?

Table 4.1: The roughness parameters of both the rough (unpolished) and smooth (polished) plates where, Rz: maximum individual peak to 
valley height, Ra: arithmetical mean deviation, Rq: root mean square (RMS), Rp: maximum distance between the highest point and the mean 
line of the profile, Rpm: arithmetic average of the Rp values of 5 consecutive sections, Rt: maximum peak to valley height, Rtm: arithmetic 
average of the maximum peak to valley height for 5 consecutive sampling sections, FD: fractal dimension.
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Figure 4.1a: The profilometry scans of runs 1-3 for the smooth (polished) plate.

172



Wall friction - Chapter Four

Uni oF London polished shear p 1 . Pharmaceutics 
Rsad

Uni of London polished shear p 1 
Rsad______________

Pharmaceutics

■10 pm

pol i s hed Plate

17 0-=̂P0LISH4 I
10 pm

-10 pm

10 pm

00 mm 
1000 p/mm

1 00 mm ; 4oOO p/mm

p o lished Plate
17 .05.99 
PQL15H5

—10 pm

10 pm

OO mm 
1000 p/mm

1 Ô0 mm ; 4000 p/mm

Uni of London polished shear pl 
Rsad

Pharmaceutics 18 .05.99 
PQLISH6

10 pm

-10 pm

10 pm

00 mm 
1000 p/mm

1 00 mm 11000 p/mm

p o l i s h e d  P l a t e
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The plates were also imaged using a confocal microscope as described in chapter two- 

section III.9. This microscopical technique is similar to that of the light interference but 

uses laser instead of light. The confocal microscope can generate images in three 

dimensions and the images were more expressive of the surface than the scans produced 

from the profilometer, figures 4.3A-F. However, the confocal microscope can not provide 

quantitative measurements of the surface roughness as the profilometer. Therefore, these 

images only gives a qualitative impression of the surface topography and can be used in 

conjunction with the data acquired from the profilometer. The confocal images show that 

there are more grooves or segments per unit area in the rough plate. Therefore, the exposed 

area of this surface would be larger than that for the smooth plate. However, when dealing 

with powders the particle size of the powder particles also play an important role in the 

determination of the true contact area as will be discussed later in this chapter.

II.3 Wall friction measurements

Two angles of wall friction were measured, as described in chapter two-section III.4, for 

each blend. One angle was measured from the smooth plate (Os) and the other was from 

the rough plate (Or). It is expected that the rough plate will give a higher value of O than 

the smooth plate, i.e., the values of Or will be higher than the values of Os, since it has a 

larger surface area. However, this was not always the case and anomalies were found for 

both pure diluents and lubricated blends.

Powder Os O r Ô
Maize starch 32.6 31.7 32.9
SatcrhlSOO 5.2 8.7 43.6
Fine lactose 31.4 32.6 37.4
Coarse lactose 11.0 12.8 38.7
Avicel PHlOl 11.5 26.9 38.8
Avicel PH 102 11.1 22.2 36.2
Avicel PH200 22.2 21.9 38.1
Mannitol 24.6 28.4 41.4

Table 4.2: Values of the angle of wall friction for pure diluents against the smooth Os and 
rough Or plates and the angle of internal friction Ô.
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Figure 4.3: Confocal imaging of the smooth (A-C) and rough (D-F) plates under series of 
magnification powers where, A&D: 4X, B&E: lOX and C&F: 63X.
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Each wall was conditioned at consolidation prior the measurement of friction under 

different loads. The conditioned state is reached when the recordings reach a plateau. 

Different patterns were noticed prior to reaching the plateau. These patterns are discussed 

separately.

(L>

Time

Baseline

Figure 4.4: Consolidation sliding pattern I.

For unlubricated diluents, the values of 0  depended largely on the particle size relative to 

the plate roughness. Starch1500 had the lowest value of 0 , being 5.2° and 8.7° for the 

smooth and the rough plates respectively. This was followed by coarse lactose and the three 

different grades of microcrystalline cellulose, table 4.2. There was a difference between the 

smooth plate and the rough plate for some of these powders especially in the case of Avicel 

PHlOl and PH 102. For maize starch, fine lactose and to a smaller extent mannitol there 

was no difference between the two plates in friction. This might be because the powder is 

shearing against itself as has been explained by Strijbos (1977), see chapter one section 

IV.5, and also noted by Tan and Newton (1990c,d). It can be said that the powder has 

reached its maximum wall friction in this case where it shears against it self and the value 

of 0  is close to the values of 8.
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Certain patterns of consolidation were noticed with the diluents, some of which were 

described by Strijbos (1977), Hirai and Okada (1982), James (1983) and James and Newton 

(1983). Pattern I shows a rapid increase of the sliding shear at the start, sometimes with a 

small peak (hump), followed by a plateau, figure 4.4. The peak could be a result form the 

ploughing (dentification) effect, (Hirai and Okada, 1982, James and Newton, 1983). The 

ploughing effect is caused by dipping the metal wall asperities into the powder bed, which 

increases the true area of contact and accordingly increase the friction forces.

The shear, in pattern II, increases rapidly at the start but then continues to increase 

gradually until it nearly reaches a constant reading, figure 4.5. This indicates that a 

resistance to the sliding shear is being built up through the process of sliding. One reason 

could be that a powder layer is being built up on the wall surface causing the powder to 

shear against a more adhesive layer of itself. This pattern was more noticeable with fine 

powders such as, maize starch, mannitol and fine lactose. These powders were also 

characterised by the presence of stick-slip effect. The plateau or the recorded shear forces 

are usually higher in Pattern II than Pattern I.

<L>

Time

Baseline

Figure 4.5: Consolidation sliding pattern II.
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There was a big variation in the values of Os for coarse lactose (11.0° ± 7.7°) where the 

powder shear followed pattern III, figure 4.6. The plateau moved to higher levels with time 

indicating that the shear was increasing as it was proceeding. The patten was associated 

with stick-slip effect. The increase was continuous until Os reached high values and 

stopped at a certain plateau. This was noticed with both plates especially the rough plate. 

It could be that the particles at the sliding plane found its way to lodge into the grooves of 

the plate. This could be either some small particles from the powder itself or debris of 

bigger particles after continuous friction against the wall. This pattern was accompanied 

by a stick-slip effect and was not noticed with other powders or blends.

Time

Baseline

Figure 4.6: Consolidation sliding pattern III.

The addition of the lubricants and glidants affected the wall friction of powders as measured 

by the annular shear cell. The consolidation (conditioning) pattern of the powder blends 

also differed from the original pattern. Anomalies were found between lubricants or 

glidants, some of which had a superior lubricating effect, others did not affect O values and 

some even increased the values of O. The results of each lubricant and glidant are 

illustrated individually.
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Time

Baseline

Figure 4.7: Consolidation sliding pattern IV.

IL3.1 Magnesium stearate

All blends with magnesium stearate had very low values of 0 , ranging from 2.50° to 12.93° 

for both smooth and rough plates. Magnesium stearate has always had a good reputation 

as a lubricant in tableting and capsule filling. The pattern of consolidation for all 

magnesium stearate blends followed a pattern similar to pattern IV, figure 4.7. This pattern 

indicates that the powder acts nearly in the same manner as an unlubricated powder at the 

instigation. However, as the sliding proceeds the lubricant starts to take effect, i.e., the 

lubricant gradually starts to build a boundary lubricating layer on the wall surface. This 

layer prevents the powder from sticking to the wall and, thus, reduces friction. 

Furthermore, it prevents the build up of a powder layer on the wall surface, (Hirai and 

Okada, 1982). It was not possible to measure the exact speed or the time needed for this 

layer to form, as determined by the time to reach a plateau because the ploughing effect 

interferes with readings as well as with the layer formation.

Magnesium stearate was able to eliminate stick-slip effect for all blends. The angle of wall 

friction for all blends decreased sharply at the smallest concentration of magnesium 

stearate(0.5%w/w). To investigate the effect of smaller concentrations, concentrations of 

0.125%w/w and 0.25%w/w were prepared for maize starch. Starch1500 and both grades of
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lactose. Both values, Os and Or, decreased at these concentrations nearly to the same 

extent of those with other higher concentrations. That indicates that magnesium stearate 

is able to form an anti-friction layer at 0.125%w/w concentration. Differences between 

both plates were minimised with the addition of magnesium stearate, figures 4.8-10.

0 Maize starch-smooth a StarchlSOO-smooth o Maiuiitol-smooth 
♦ Maize starch-rough a StarchlSOO-rough • Mamiitol-rough

40

35
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e  20
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5

0
1.0 2.0 2.50.0 0.5 1.5

Magnesium stearate concentration (%w/w)

Figure 4.8: The effect of magnesium stearate on the values of the angle of wall friction of 
maize starch. Starch1500 and mannitol against smooth and rough plates.

77.3.2 Glyceryl monostearate

Two grades of glyceryl monostearate were investigated, table, 2.2. The coarse grade was 

not successful in decreasing any of the values of 0  of fine lactose and mannitol. The 

sliding pattern for these particular blends followed either Pattern I or Pattern II. However, 

with other blends, where the lubricants were effective, the consolidation followed Pattern 

IV. Unlike magnesium stearate, the glyceryl monostearate particles are relatively large. 

Hence, it was more difficult for these particles to migrate from the powder bulk to the 

surface of the friction. Furthermore, the lubricant was not successful in forming a film on 

the powder particles. These two reasons makes it difficult for the lubricant to form a film 

on the wall surface.

With powders of large particle size such as Starch1500 and coarse lactose, glyceryl
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Figure 4.9: The effect of magnesium stearate on the values of the angle of wall friction of 
fine and coarse lactose against the smooth and rough plates.

0  AvicellOl-smooth 
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A AvicellQ2-smooth 
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0  AviceI200-smooth 
• AviceI200-rougjh
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Figure 4.10: The effect of magnesium stearate on the values the angle of wall friction of 
Avicel PHlOl, PH 102 and PH200 against the smooth and rough plates.
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o Maize starch-smooth a StarchlSOO-smooth o Mamiitol-smooth
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Figure 4.11: The effect of coarse glyceryl monostaearte on the values of the angle of wall 
friction of maize starch, Starch1500 and mannitol against the smooth and rough plates.
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Figure 4.12: The effect of coarse glyceryl monostearate on the values of the angle of wall 
friction of fine and coarse lactose against the smooth and rough plates.
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Figure 4.13: The effect of coarse glyceryl monostearate on the values the angle of wall 
friction of Avicel PHlOl, PH 102 and PH200 against the smooth and rough plates.
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Figure 4,14: The effect of fine glyceryl monostearate on the values of the angle of wall 
friction of maize starch, Starch1500 and mannitol against the smooth and rough plates.
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monostearate particles were successful in decreasing O values with both plates, figures 

4.11,12. Avicel is known for its large bulk volume which also gives a small chance for the 

glyceryl monostearate particles to migrate to the powder-wall surface. However, coarse 

glyceryl monostearate decreased the values of O for all blends of Avicel PH 101, PH 102 and 

PH200, figure 4.13. This is explained by the fact that Avicel has a limited tendency to 

adhere to the wall surface and thus, is less competitive at the junctions of friction. This 

increases the chances of the lubricant to bind to the wall and build a lubricant layer.

0 Fine lactose-smooth a Coarse lactose-smooth
♦ Fine lactose-rough a Coarse lactose-rough

2.0 2.5 3.00.0 0.5 1.0 1.5

Fine glyceryl monostearate concentration (%w/w)

Figure 4.15: The effect of fine glyceryl monostearate on the values of the angle of wall 
friction of fine and coarse lactose against the smooth and rough plates.

The fine grade of glyceryl monostearate was more successful than the coarse grade in 

decreasing the values of 0  for both fine lactose and mannitol, figures 4.14,15. The O 

values decreased gradually in the case of fine lactose blends, which might indicate that fine 

lactose particles are more competitive than mannitol particles at powder-wall junction sites. 

The values of Os and Or for blends of Starch1500, coarse lactose and all grades of Avicel 

with fine glyceryl monostearate did not differ from those with coarse glyceryl monostearate, 

figures 4.11-16. This indicates that the particle size of the excipient (lubricant) is important 

only in ensuring the covering the wall surface with a lubricated layer and improving the 

interaction between the lubricant and the wall surface.
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II.3.3 Sodium stearyl fumarate

This lubricant was used in lower concentrations than the above two lubricants. However, 

it was as successful as magnesium stearate in decreasing the wall friction, figures 4.17-19. 

The values of Os and Or ranged from 1.4° to 9.6° and from 3.4° to 11.5° respectively. The 

range of Os and Or values was narrow and the consolidation followed pattern IV. SEM 

reveals that small particles of stearyl fumarate were attached to the surface of the host 

powder particles, figures 2.33,34,46,47. This enhances the formation of a lubricant film on 

the wall surface. Sodium stearyl fumarate like magnesium stearate was able to decrease the 

differences between both angles. Os and Or. The angle of wall friction reached a minimum 

at the least concentration used (0.2%), and more lubricant concentration caused no further 

reduction. The range of concentrations used was (0.2-1.0)% w/w. This small concentration 

could be an advantage over magnesium stearate for improving disintegration and/or 

dissolution profiles of the solid dosage form, since sodium stearyl fumarate is also slightly 

less hydrophobic than magnesium stearate (Lindberg, 1972, Holzer and Sjogren, 1979, 

1981a, Chowhan and Chi, 1986, Rizk et al., 1995). Furthermore, sodium stearyl fumarate 

has less deleterious effect on the compactibility of the powder than magnesium stearate, 

(Rizk et al., 1995).

o AvicellOl-smooth 
♦ AvicellOl-rough

0  Avicel200-smooth 
• Avicel200-rough

A Avicell02-smooth 
A Avicell02-roiigh

e 20

2.0
Fine glycer^i monostearate concentration (%w/w)

0.0 0.5 2.5 3.0

Figure 4.16: The effect of fine glyceryl monostearate on the values of the angle of wall 
friction of Avicel PHlOl, PH 102 and PH200 against the smooth and rough plates.
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Figure 4.17: The effect of sodium stearyl fumarate on the values of the angle of wall 
friction of maize starch, Starch1500 and mannitol against the smooth and rough plates.

II.3.4 Microcrystalline cellulose

Previous reports about microcrystalline cellulose as a lubricant are mainly on tableting and 

have been attributed to its effect on the residual radial pressure of the tablets added to its 

low coefficient of friction (Bolhuis and Chowhan, 1995). Therefore, microcrystalline 

cellulose acts in a different way as a lubricant to that of the fatty acid esters. The friction 

pattern of microcrystalline cellulose was similar to pattern I, which means that it does not 

build a lubricant boundary layer on the wall. There was a difference also between the 

values of Os and Or, which also means that it is sensitive to changes in wall texture, figures 

4.20-21. Microcrystalline cellulose did not appear to be successful as a lubricant when 

measured by the annular shear cell. Blends of fine and coarse lactose were not affected by 

the microcrystalline cellulose. The values of Os and Or for Starch 1500 blends increased 

upon the addition of microcrystalline cellulose, figure 4.20. Microcrystalline cellulose did 

not affect the values of O significantly for mannitol, maize starch and fine lactose, figures 

4.20,21. This could be a result from the failure of this lubricant to act at the friction 

interface. In the annular shear cell there are less chances that microcrystalline cellulose will 

affect the normal load that acts on the plane of friction. Therefore, the annular shear cell 

gives more indication about the actual lubricating properties of microcrystalline cellulose.
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Figure 4.18: The effect of sodium stearyl fumarate on the values of the angle of wall 
friction of fine and coarse lactose against the smooth and rough plates.
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Figure 4.19: The effect of sodium stearyl fumarate on the angle of wall friction of Avicel 
PHlOl, PH 102 and PH200 against the smooth and rough plates.
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Figure 4.20: The effect of microcrystalline cellulose on the values of the angle of wall 
friction of maize starch, Starch1500 and mannitol against the smooth and rough plates.
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Figure 4.21: The effect of microcrystalline cellulose on the values of the angle of wall 
friction of fine and coarse lactose against the smooth and rough plates.
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The failure of microcrystalline cellulose as lubricant was obvious in capsule filling as will 

be discussed in chapter six.

II.3.5 Talc

Talc enjoys a reputation as a glidant and a lubricant. Its particles are described to be 

laminar like graphite and molybdenum. These solids are constituted of lattice layers that 

are loosely bound to each other and look like a stack of cards, figure 4.22A. By the effect 

of shear these layers slide over each other, figure 4.22B, thus, provide an easier plane of 

shear, (Bollman and Spreadborough, 1960, Train and Hersey, 1960). Upon sliding the 

layers roll in the direction of shear forming rolls that would look like “whiskers” from a side 

view. These rolls might also serve as bearings in certain situations.

\ Shear

Figure 4.22: The pattern of talc sliding. A) The stack of cards that form the solid particle 
of talc and B) The rolling of the lattice in the direction of shear.

The only disadvantage of this mechanism is that, for the lubricant to act it needs a certain 

gap between the two sliding surfaces. Therefore, under high normal pressures when the 

powder is close to the junction, the rolling layers will most probably fail to form. The 

reason why talc is considered a poor lubricant under high compression settings (Train and 

Hersey, 1960). Lapeyre et al. (1988) also compared formulations with talc magnesium
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stearate and stearic acid and found that talc failed to act as an anti-sticking agent and at 

most instances promoted sticking as measured by a tableting machine.

Talc was not successful in decreasing the values of O for all powders, figure 4.23-25. The 

values of 0  for fine lactose blends with talc did not change significantly, figure 4.24, and 

there was nearly no difference between the values of Os and Or. Coarse lactose blends had 

an initial increase in the values of Os and Or followed by a gradual decrease as the talc 

concentration increased to 10%. The other diluents experienced a small decrease in the 

values of O with both plates except for Starch1500, in which case the values of O increased 

slightly, figure 4.23.
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Figure 4.23: The effect of talc on the values of the angle of wall friction of maize starch. 
Starch1500 and mannitol against the smooth and rough plates.

Unlike the fatty acid lubricants, for all talc blends with diluents, there was an obvious 

difference between the values of Os and Or for each blend. This means that talc as a 

lubricant is still sensitive to the differences of wall texture. Although maize starch and 

mannitol have a mean particle size close to that of fine lactose, talc was successful in 

slightly decreasing the values of both Os and Or for these two diluents. It appears that fine
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Figure 4.24: The effect of talc on the values of the angle of wall friction of fine and coarse 
lactose against the smooth and rough plates.
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Figure 4.25: The effect of talc on the values of the angle of wall friction of Avicel PHlOl, 
PH 102 and PH200 against the smooth and rough plates.
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Figure 4.26: The effect of Aerosil on the values of the angle of wall friction of maize 
starch, Starch 1500 and mannitol against the smooth and rough plates.
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Figure 4.27: The effect of Aerosil on the values of the angle of wall friction of fine and 
coarse lactose against the smooth and rough plates.
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lactose is highly adhesive to the metal, which prevents lubricants such as microcrystalline 

cellulose and talc from adhering to the wall surface. The tendency of lactose to adhere to 

the wall was noticed also by Jolliffe and Newton (1983a) and Tan and Newton (1990a) and 

confirmed by Podczeck (1999).

II.3.6 Aerosil

Although it has a good reputation as a glidant, Aerosil is not known as a lubricant. Thus, 

the addition of Aerosil had a deleterious effect on the wall friction of the powders. All 

values of O increased for all powders, figures 4.26-28.

The reason for this could be because of the very fine particles of Aerosil that attach to the 

surface of the wall. The fine particles lodge in the grooves of the wall and increase the 

adhesiveness of the powder to the wall. Another possible reason could be that Aerosil small 

fragments attached to the surface of the particles, figures 2.32,35,36,42,48, increase the 

contact area between the particles and the wall surface. The effect of Aerosil was 

pronounced even at the smallest concentration (0.2%). The range of the angle of wall 

friction for both plates was from 26.2° to 42.6°.
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Figure 4.28; The effect of Aerosil on the values of the angle of wall friction of Avicel 
PHlOl, PH 102 and PH200 against the smooth and rough plates.
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III Effect of lubricants on wall friction

It is important that the lubricant is at the site of friction during sliding. Bowden and Tabor 

(1986) noted that a film forms on the wall surface when using certain boundary lubricants 

in solution. In order to form the film the lubricant must have the ability to reach to the wall 

surface from the powder bulk and be able to form a stable and adherent film. Chemical 

attack of the lubricant from a solution to the wall surface has been proven and demonstrated 

by Bowden and Tabor (1986). However, the exact mechanism by which this film is formed 

from the solid state is not yet fully understood.

The pure lubricants and glidants were tested using the annular shear cell. The angle of wall 

friction for the excipients used were high relative to the values of the angle of wall friction 

of their corresponding lubricated blends, especially magnesium stearate, sodium strearyl 

fumarate and both grades of glyceryl monostearate, which indicates that these particular 

excipients are adhesive, figure 4.29. Furthermore, the values of 6 for the pure lubricants 

were also relatively high -30°, which does not explain the effect of these lubricants in 

decreasing the powder-wall friction on the basis of providing a lubricant sheath of less shear 

strength and that would shear within itself at the sliding interface.

Unlike other powders, the values of Os were higher than those for Or with the fatty acid 

derivatives. The reason for that could be explained by the fact that these lubricants are very 

adhesive and also deformable. Upon the application of pressure the particles on the surface 

deform and stick to the wall surface of the plate, thus, they increase the surface area of 

friction and increase the angle of wall friction. For the rough plate, the grooves are deeper 

and the hills are protruding like knives as has been shown by the profilometer scans, figures 

4.2a,b, and the images of the confocal microscope, figures 4.3D-F. The lubricant particles 

accumulate in the grooves but fail to form a layer of certain thickness on the knives that cut 

through the powder bed, as demonstrated in figure 4.32, thus the surface of sliding is 

less in this case. Figure 4.30 shows both smooth plate and rough plate after shearing 

against magnesium stearate. To investigate this further, the plates were viewed using 

confocal microscopy, figures 4.31A-F. Patches of powder could be seen at the smooth plate 

especially at magnification 4X, figure 4.31C.
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Miller and York (1985b) tested lubricants such as magnesium stearate and magnesium 

palmitate in a Jenike shear cell and found that they deviate from the basic friction although 

they obey the simple equation of friction, chapter one-section IV. They also found that the 

lubricant shear against the metal surface at the start but then a stationary layer of the 

lubricant forms on the wall surface. As the level of the stationary powder increases the 

measured friction increases and tends towards the friction value of powder-powder.
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Figure 4.29: The values of angle of wall friction (Os and Or) and the angle of internal 
friction (ô) for the pure lubricants or glidants.

Figure 4.33 represents the overall mean values of Os and Or for the group of pure diluents 

and each group of blends. Lubricants such as magnesium stearate, sodium stearyl fumarate 

and both grades of glyceryl monostearate decreased both values markedly. Magnesium 

stearate and sodium stearyl fumarate had nearly the same effect although the latter was used 

in smaller concentrations. There was no differences between the mean values of both 

grades of glyceryl monostearate in contrast to the findings of Leinonen et al. (1992), who 

suggest that the lubricant efficacy could be dependent on the surface area of the lubricant. 

The blends of Aerosil had a higher values Os and Or, therefore, Aerosil should be 

associated with a suitable lubricant.
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Figure 4.30: The smooth (right) and the rough (left) plates coated with 
magnesium stearate after shearing against a powder bed of magnesium stearate. 
The coated parts of both plates are adjacent to each other.
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%

Figure 4.31: Confocal images of the smooth (A-C) and rough (D-F) plates coated with 
magnesium stearate after shearing against pure magnesium stearate powder where, A&D: 
IX, B&E: 2X and C&F: 4X.
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Smooth plate

Lubricant layer

Rough plate

Figure 4.32: The pattern of the lubricant coating on the wall surface of the smooth and the 
rough surfaces.

One way to estimate the effect of the lubricants or glidants on the values of the angle of wall 

friction is by calculating the ratio of lubrication which is equal to.

The angle of wall friction of the lubricated blend (Ob)
The angle of wall friction of the unlubricated powder (Op)

Figure 4.34 shows the overall effect of the different lubricants or glidants on the values of

the wall friction angles represented by the ratio Ob/Op. It can be seen that the lowest

values were obtained in the cases of magnesium stearate and sodium stearyl fumarate and

that all the fatty acid lubricants had a mean ratio that is less than 1.0 which means that they

were effective in reducing the angle of wall friction. With microcrystalline cellulose and

talc the ratios were slightly higher than one, which indicates that they were less effective

in reducing the angle of friction values. Aerosil increased the ratio significantly to 2.58 and

1.78 for smooth and rough plates respectively, which clearly indicates that Aerosil

increased the values of Os and Or. In general the ratios for the smooth plate were higher

than the ratios for the rough plate. This is because the values of the rough plate angle of

wall friction for the pure diluents are higher than their values with Os.
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Figure 4.33: The overall mean values of Os and Or values for pure diluents and lubricated 
blends. The range indicated by the bar represents the values of the minimum and maximum 
angle in each group of blends.
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Figure 4.34: The mean overall effect of the lubricants or glidants on the wall friction as 
measured by the ratio of the angle of wall friction for the smooth and rough plates. The 

bars range indicate the minimum and the maximum values.
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IV Conclusion

From the results above it seems that the wall friction of binary mixtures is different from 

that described for other single powder components. The friction is dependant on the 

interaction of the lubricant with the wall and with the powder and the interaction between 

the powder and the wall surface. It is important that the lubricant is present at the points 

of friction during the sliding process, i.e., between the powder and the wall surface, to 

ensure the efficacy of the lubricant. A lubricant film on the wall surface would serve as a 

less adhesive wall for friction and, thus, decrease the angle of wall friction of the powder, 

figure 4.35. This type of lubrication is described as boundary lubrication, (Bowden and 

Tabor, 1986).

The conditioning pattern of the powder offers good information on the efficacy and 

mechanism of lubrication for the particular lubricant used. According to the mechanism of 

action three types of lubrication can be described,

1. Lubricants that are able to form an antiadhesive layer (film) on the wall surface. These 

lubricants need a minimum concentration and are the most effective in reducing the wall 

friction. These lubricants should be more adhesive to the wall than the powder itself, which 

could be an advantage for using smaller concentrations to form a film on the wall surface. 

Good examples of these lubricants are magnesium stearate, glyceryl monostearate and 

sodium stearyl fumarate. These lubricants can reduce the angle of wall friction of plates 

with different textures to nearly the same value and, hence, the lubricated blends are less 

sensitive to differences in the texture of the wall surface.

2. Lubricants that compete at the site of friction such as microcrystalline cellulose and talc. 

These are mostly powders that possess low adhesion forces to the wall surface and, thus, 

replace the more adhesive particles of the host powder. The lubrication efficacy of this kind 

of lubricants is conditional, i.e., they can increase the powder wall friction if the powder 

itself was less adhesive as in the case of Starchl500. Owing to the fact that they should be 

less adhesive to promote easy friction, these powders will need higher concentrations than 

the first type to ensure a good reduction of the wall friction. The angle wall friction is
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concentration dependent with this type of lubricants and is sensitive to the wall texture.

■ r

Wall surface

\
Lubricant smear

Figure 4.35: Film formation on a wall surface from a lubricated blend.

3. Lubricants that modify the stresses within the powder and, hence, decrease the normal 

forces acting on the wall resulting in less friction such as, microcrystalline cellulose. This 

type could be more useful in the process of capsule filling or tableting and can have some 

benefits with some powders, (Bolhuis and Chowhan, 1995).
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Capsule Filling

I Introduction

The evaluation of powder performance in the process of capsule filling could depend on 

the technique used for filling the capsules. Furthermore, the machine variables for each 

particular machine interact with the powder and affect its performance. One way to 

evaluate the powder capsule formulation is to assess the resultant capsule’s mean fill 

weight and the fill weight uniformity for the powder under investigation. In most 

pharmacopoeias the weight uniformity is evaluated by setting limits for both the allowed 

range of variation and the number of capsules allowed to exceed those limits, chapter one- 

section 1.3.1. The result of these tests is either pass or fail.

An appropriate way for evaluating the weight variation is to calculate the coefficient of 

variation of the capsule fill weight since it offers a quantitative estimation of the weight 

uniformity and can be useful for comparison purposes. Pietra and Setnikar (1970), using 

binomial expansion, calculated the percentage of allowed outsiders of different sample 

sizes and different acceptance probability. The authors plotted the coefficient of variation 

against the probability of acceptance to give the Operating Characteristics (OC) curve, 

figure 5.1. The OC curve only gives an idea about the performance of a specific test. 

Hence, a limit for the probability of acceptance needs to be specified through the OC curve 

to define the maximum percentage of outsiders or coefficient of variation. The authors 

suggested two values for the probability of acceptance, 95% and 10% for the producer’s 

risk and the consumer’s risk respectively. Jones and Tomblom (1975) plotted several OC 

curves of weight uniformity tests from different pharmacopoeias. They noted that there is 

a lack of uniformity between the pharmacopoeias weight uniformity tests and that small 

changes in the test specifications could make a considerable difference in the intensity of 

that particular test.

Pietra and Setnikar (1970) indicated that the probability of acceptance is dependent on the 

sample size and also indicated that the specifications could be set around the sample mean 

or the true (population) mean. Consequently, the probability of acceptance will depend on
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the random difference between the sample mean and the population mean. The authors 

made no corrections in their calculations in this regard.

A computer programme was developed* with few adjustments to the formula made it 

possible to calculate the probability of acceptance using either the population mean or the 

sample mean with different numbers of random runs. Figure 5.1 represents two OC curves 

for a weight uniformity test with 10% and 20% inside and outside limits. The figure shows 

that using the population mean in the calculation of the probability is slightly stricter than 

using the sample mean. Jones and Tomblom (1975) also indicated the same thing when 

they commented on the Finnish pharmacopoeia specifications for weight uniformity test 

of capsules, where the limits are set around the net weight declared on the label.

—  R-100,000 S-100,000

100

producer

Coefficient of variation

Figure 5.1: The OC curve of 10% and 20% limits weight uniformity test; R-100,000 using
the population mean and S-100,000 using the sample mean.

The OC curve shows that there is a critical value for the coefficient of variation after which 

the probability of failure rises sharply. According to the OC curve for the weight 

uniformity test, figure 5.1, this value is -5%, which also have a probability of failure

*The programme was developed by Dr. R. Jee, School of Pharmacy/University of London. A copy of the 
programme is attached to the back cover of this thesis.
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around 5%. Therefore, calculated values of coefficient of variation below 5% will have 

less than 5% chance of failure, while values above that will have much higher possibilities 

of failure.

Using this method, different tests from different pharmacopoeias can be evaluated and 

calculated coefficients of variation can be used to estimate the probability of acceptance 

or failure for each particular blend. The limits can be chosen to be stricter, i.e., less than 

5% probability of failure. However, the critical value of the coefficient of variation should 

be taken into consideration, since below this value there will not be big changes in the 

acceptance probability and above this value big changes can occur with slight increase in 

the coefficient of variation. The value of 5% was taken to be the critical value of the 

coefficient of variation in this study.

II Effect of lubricants and glidants on the capsule filling process

Lubricants or glidants can affect the powder characteristics in different ways as has been 

discussed in chapter three and chapter four. The process of capsule filling can be affected 

by a group of interacting elements. The weight variation of the resultant capsules is a 

factor of the powder flow characteristics and the wall friction characteristics. The process 

variables also interact with the powder characteristics, which makes the evaluation process 

more difficult. The effect of the lubricants or glidants on the powder flow properties is not 

yet fully understood. As has been shown in chapter three, different measurements can 

sometimes give contradicting results for the same powder. The reason is that each test 

measures a different property of the powder relating to the powder flow. It is, therefore, 

important to evaluate the extent to which the different measurements can predict the 

powder performance in the capsule filling machine. Tan and Newton (1990a) tested the 

flow properties of different size ranges of powders and related the coefficient of variation 

of capsule fill weights to some powder flow parameters. Caldwell and Westlake (1973) 

reported that the weight variation of capsules increased as the lubricant concentration 

increased.

To investigate the relation between the powder flow parameters and the performance of the 

powder in capsule filling, sizeO capsules were filled under four different compression

207



Capsule filling - Chapter Five

settings using a Zanasi AZ5 machine as has been described in chapter two. The 

compression stroke is usually applied to the plug to give the powder plug a sufficient 

strength and to ensure that it is retained accurately in the dosing tube during the transfer 

process from the powder bed to the capsule body. Lubricants, as in the case of tablets, also 

help in reducing the ejection forces required to eject the powder plug, (Small and 

Augsburger, 1978 and Britten et al., 1996).

1. Maize starch

The values of the coefficient of variation (Xcv) for maize starch alone were relatively 

acceptable for both Fill I and Fill II. For both Fill III and Fill IV the values of Xcv were 

5.27% and 9.7% respectively, table 5.1a. The capsule fill weights for all maize starch 

blends ranged from 0.380g to 0.494g. The effect of compression on the values of mean 

capsule fill weight (X) and the values of Xcv varied between the blends. Increasing the 

concentration of magnesium stearate increased the values of Xcv and so did the 

compression. However, with both Fill III and Fill IV settings, where no precompression 

was applied, the values of Xcv decreased. The same behaviour with magnesium stearate 

blends was noticed with blends of maize starch with sodium stearyl fumarate and to a lesser 

extent with fine glyceryl monostearate blends, but in these cases the values of Xcv for Fill 

II setting were less than those for Fill I setting. It could be that these lubricants affect the 

plug strength or arching strength so that applying the compression will give more strength 

to the plug to be retained more accurately within the dosing tube vicinity. Coarse glyceryl 

monostearate had a smaller effect on the values of Xcv but slightly improved the 

performance of filling under compression in Fill II, Fill III and Fill IV relative to maize 

starch alone, which could be due to its slight lubrication efficacy. It would be advised to 

use the minimum concentrations possible of magnesium stearate, sodium stearyl fumarate 

or glyceryl monostearate with maize starch.

Blends of maize starch with microcrystalline cellulose had values of Xcv below 5.0% for 

all Fill I and Fill II settings and for most of Fill III settings. It seems that maize starch is 

more tolerant to the applied compression stress upon the addition of microcrystalline 

cellulose. There was also an increase in the fill weight with Fill II, Fill III and Fill IV 

settings along with a decrease in the compression ratio, tables 5.1a,b. Microcrystalline 

cellulose seems to be a suitable excipient to be added to maize starch for capsule filling.
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Powder Cone.(%)
X([g) Xcv(%)

F illl Fill II Fill III Fill IV F illl Fill II Fill III Fill IV
Maize
starch 0.0 0.478 0.389 0.493 0.421 2.46 3.93 5.27 9.74

y .
1 1  
s? “Cv c/3

0.5 0.470 0.382 0.476 0.416 3.26 4.30 7.37 7.12
1.0 0.422 0.333 0.471 0.433 13.41 17.45 8.17 7.70
1.5 0.434 0.350 0.510 0.437 11.11 16.53 4.69 6.14
2.0 0.414 0.331 0.502 0.468 14.04 17.92 5.41 5.23
2.5 0.390 0.305 0.509 0.454 17.64 24.10 4.85 5.29

si

II

1.0 0.462 0.434 0.499 0.429 3.80 3.99 4.83 8.27
1.5 0.475 0.435 0.497 0.432 4.91 5.65 5.46 9.04
2.0 0.467 0.434 0.483 0.411 4.92 3.97 6.31 6.06
2.5 0.468 0.422 0.464 0.417 6.93 4.15 6.12 6.49
3.0 0.438 0.427 0.458 0.434 14.36 5.70 3.85 6.01

gi
■5, 1 

11

1.0 0.438 0.455 0.473 0.433 9.59 3.60 10.30 8.89
1.5 0.456 0.452 0.488 0.464 6.82 5.52 7.27 8.34
2.0 0.448 0.440 0.467 0.437 9.38 4.59 10.05 10.92
2.5 0.455 0.435 0.464 0.420 3.53 5.30 9.64 8.44
3.0 0.444 0.450 0.471 0.429 5.32 5.20 9.32 10.71

i
i |C/0 ^  cd

a(/]

0.2 0.487 0.445 0.509 0.445 3.50 4.10 5.64 4.47
0.4 0.474 0.441

0.459
0.497 
0.524 '

0.431 5.49 3.90 5.02 5.36
0.6 0.464 0.461 10.02 4.83 4.49 4.51
0.8 0.469 0.446 0.506 0.430 11.24 6.22 5.46 3.75
1.0 0.466 0.452 0.493 0.425 10.98 4.42 7.53 5.01(U

11
| i

5.0 0.466 0.464 0.533 0.532 3.39 4.26 6.35 6.55
7.5 0.456 0.465 0.543 0.494 2.12 2.16 4.12 6.01
10.0 0.454 0.460 0.544 0.530 2.44 3.10 4.07 4.49
12.5 0.446 0.451 0.544 0.513 3.44 3.34 4.42 5.40
15.0 0.457 0.455 0.540 0.518 4.32 4.04 4.89 4.72

o
g

2.0 0.380 0.373 0.367 0.424 11.32 10.63 14.36 10.04
4.0 0.390 0.401 0.406 0.421 15.09 7.54 14.56 14.02
6.0 0.393 0.373 0.396 0.437 4.02 9.35 13.53 11.83
8.0 0.381 0.392 0.420 0.423 15.13 9.21 11.98 9.44
10.0 0.398 0.387 0.407 0.440 7.33 4.87 10.71 8.96

2<u
<

0.2 0.494 0.498 0.642 NF 1.28 1.27 1.40 NF
0.6 0.490 0.494 0.605 NF 0.48 1.32 2.45 NF
1.0 0.464 0.478 0.563 NF 1.42 0.97 3.87 NF
1.4 0.420 0.432 0.487 0.511 5.18 3.88 4.88 4.31
1.8 0.395 0.423 0.469 0.481 7.03 4.44 4.00 5.20

Table 5.1a: The mean (X) and coefificient ol' variation (Xcv) of capsu e fill weights for
maize starch blends under different compression settings*.

‘Shaded boxes indicate values of Xcv below 5.0%.
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Powder Cone.
(%)

Piston reading (cm) Compression ratio (%)
Fill II FiU III Fill IV Fill II FiU III FiU IV

Maize starch 0.0 1.7 1.9 1.8 8 42 38

Magnesium
stearate

10 1.6 1.7 1.6 12 42 45
1.0 1.5 1.7 1.7 15 42 43
1.5 1.6 1.7 1.6 14 42 44
2.0 1.5 1.7 1.6 17 42 45
2.5 1.5 1.7 1.6 17 42 46

Coarse glyceryl 
monostearate

1.0 1.7 1.9 1.8 7 35 39
1.5 1.6 1.8 1.7 10 38 41
2.0 1.6 1.7 1.6 10 42 46
2.5 1.6 1.7 1.7 9 43 43
3.0 1.6 1.7 1.6 13 43 44

Fine glyceryl 
monostearate

1.0 1.5 1.7 1.5 15 41 50
1.5 1.6 1.7 1.6 14 43 45
2.0 1.5 1.6 1.5 16 44 50
2.5 1.5 1.6 1.5 16 44 48
3.0 1.5 1.6 1.5 17 45 49

Sodium stearyl 
fumarate

10 1.7 1.7 1.7 7 40 40
10 1.7 1.7 1.6 7 40 46
0.6 1.6 1.9 1.7 10 34 42
0.8 1.7 1.8 1.7 8 40 43
1.0 1.6 1.7 1.5 10 42 47

Microcrystalline
cellulose

5.0 1.7 2.0 1.9 6 32 36
7.5 1.7 2.0 1.9 6 32 35
10.0 1.7 2.0 1.9 7 33 34
12.5 1.7 2.0 1.9 7 31 34
15.0 1.7 2.0 1.9 7 32 34

Talc

2.0 1.4 1.4 1.5 21 52 49
4.0 1.6 1.6 1.5 13 46 49
6.0 1.5 1.5 1.5 18 47 48
8.0 1.4 1.8 1.5 22 38 48
10.0 1.3 1.5 1.5 26 47 48

Aerosil

10 1.7 2.3 2.2 6 21 25
0.6 1.7 2.2 2.1 6 23 28
1.0 1.7 2.1 2.0 6 29 31
1.4 1.7 2.0 1.9 7 32 34
1.8 1.6 1.9 1.9 10 35 34

Table 5.1b: The compression ratio of blends of maize starch with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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With glidants the addition of talc increased the values of Xcv with a consequent decrease 

in the capsules mean fill weight. With these blends there was a noise on ejection during 

the filling process of the capsules especially with the application of compression. This 

indicates that there might be some powder stuck to the dosing tube inner wall, which 

increases the friction. This was noted by visual observation and an increase in the dosator 

weight by 0.18g.

Aerosil was successful in decreasing the values of Xcv of maize starch and there was a 

marked increase in the capsules’ mean fill weight as well. However, with compression 

there were some problems with ejection that it was not possible to continue with Fill IV 

setting and there was a relative increase in the values of Xcv at Fill III setting. This might 

have been caused by the increased density of the plug, which causes an increase in the 

compression forces, added to the effect of Aerosil on increasing the friction properties of 

maize starch, figure 4.26. There was powder flooding in the powder bed. After 1.0% 

Aerosil the fill weight started to decrease and the values of Xcv started to increase. There 

was also less sound on the ejection and it was possible to fill the capsules at Fill IV setting 

from 1.4% w/w Aerosil concentration. This could be related to the decrease in 

compression forces as a result of the decrease in the powder bulk density, table 3.2. The 

values of CR decreased also at the lower concentrations of Aerosil and then started to 

increase at 1.0% w/w, which might account for the observed lower sound on ejection. 

There appears, therefore, to be an optimum concentration of Aerosil after which more 

variation in capsule fill weight would be expected. These findings could be related to the 

measured loose bulk density, table 3.2, where the values increased up to 1.0% w/w Aerosil 

concentration and started to drop again at higher concentrations, table 5.1a.

2. StarchlSOO

Although the measured bulk densities of this diluent are higher than those for maize starch 

and the values of CR are also smaller, the mean capsule fill weight did not differ between 

both diluents for Fill I settings. In settings with compression the value of Xcv decreased 

without a significant change in the plug weight for Starch1500, table 5.2a. This indicates 

that there might be some minor problems in retaining the powder plug within the tube 

without compression. Fill III and Fill IV produced plugs of a height 2.35cm and 2.1cm
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Powder Cone.
(%)

X (g) Xcv (%)
Filll Fill II Fill III Fill IV F illl Fill II Fill III Fill IV

Starch
1500 0.0 0.472 0.467 NF 0.617 4.78 1.45 NF 1.92

E
.2
C
^  -CÜ c/3

0.5 0.553 0.539 NF 0.594 3.58 0.86 NF 2.12
1.0 0.546 0.549 NF 0.599 3.36 0.66 NF 3.16
1.5 0.559 0.540 NF 0.628 3.52 0.98 NF 1.65
2.0 0.570 0.552 NF 0.614 3.93 0.60 NF 1.84
2.5 0.574 0.553 NF 0.610 4.63 0.64 NF 1.27

“ S

I I

1.0 0.513 0.500 0.574 0.557 0.56 0.72 1.29 4.63
1.5 0.505 0.505 0.593 0.578 0.55 2.18 1.19 5.98
2.0 0.512 0.497 0.612 0.577 0.82 3.60 4.28 5.13
2.5 0.514 0.482 0.614 0.604 0.78 0.94 1.07 4.90
3.0 0.517 0.484 0.605 0.594 0.90 1.85 1.12 4.25

- a #

I P

1.0 0.531 0.488 NF NF 0.61 0.78 NF NF
1.5 0.533 0.493 NF NF 0.95 0.63 NF NF
2.0 0.535 0.523 NF NF 0.81 2.44 NF NF
2.5 0.535 0.509 NF NF 0.98 1.60 NF NF
3.0 0.542 0.514 NF NF 0.76 1.27 NF NF

3  
S s

ii00

0.2 0.510 0.483 NF NF 0.98 3.06 NF NF
0.4 0.509 0.478 NF NF 0.99 1.06 NF NF
0.6 0.514 0.481 NF NF 0.75 1.14 NF NF
0.8 0.525 0.483 NF NF 0.72 0.75 NF NF
1.0 0.526 0.483 NF NF 0.97 0.83 NF NF

<u 

1 §  
2 8

5.0 0.466 0.476 NF NF 1.44 1.40 NF NF
7.5 0.460 0.461 NF NF 2.48 1.08 NF NF
10.0 0.449 0.461 NF NF 0.69 0.85 NF NF
12.5 0.455 0.460 NF NF 1.28 0.82 NF NF
15.0 0.454 0.459 NF NF 1.43 0.79 NF NF

o
g

2.0 0.504 0.502 NF NF 0.69 0.75 NF NF
4.0 0.503 0.506 NF NF 0.90 0.47 NF NF
6.0 0.512 0.514 NF NF 1.09 0.83 NF NF
8.0 0.511 0.517 NF NF 0.77 0.70 NF NF
10.0 0.504 0.521 NF NF 2.00 0.70 NF NF

§
<

0.2 0.481 0.496 NF NF 0.90 0.85 NF NF
0.6 0.479 0.496 NF NF 1.10 0.77 NF NF
1.0 0.446 0.462 0.528 NF 4.68 1.70 4.04 NF
1.4 0.433 0.460 0.498 NF 2.34 1.48 5.80 NF
1.8 0.439 0.453 0.479 0.485 2.65 1.73 3.90 4.36

Table 5.2a: The mean (X) and coef icient oif variation (Xcv) of capsu le fill weights for
Starch 1500 blends under different compression settings.
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Powder Cone.
(%)

Piston reading (cm) Compression ratio (%)
Fill II Fill III Fill IV Fill II Fill III FiU IV

StarchlSOO 0.0 1.7 2.1 2.1 6 27 28

Magnesium
stearate

10 1.7 2.1 2.0 6 28 30
1.0 1.7 2.1 2.0 7 28 30
1.5 1.7 2.1 2.0 8 28 31
2.0 1.6 2.1 2.0 10 28 31
2.5 1.6 2.1 2.0 11 28 31

Coarse glyceryl 
monostearate

1.0 1.7 2.1 2.0 7 28 32
1.5 1.7 2.1 2.0 6 27 33
2.0 1.7 2.1 2.0 6 28 32
2.5 1.7 2.2 2.0 6 25 32
3.0 1.7 2.1 2.0 6 27 32

Fine glyceryl 
monostearate

1.0 1.7 2.0 1.9 6 32 36
1.5 1.7 2.0 2.0 6 32 33
2.0 1.7 2.0 2.0 6 30 33
2.5 1.7 2.0 2.0 6 30 33
3.0 1.7 2.0 2.0 6 30 33

Sodium stearyl 
fumarate

0.2 1.7 2.1 2.0 6 29 33
0.4 1.7 2.1 2.0 6 29 33
0.6 1.7 2.0 2.0 6 30 33
0.8 1.7 2.0 2.0 6 30 33
1.0 1.7 2.0 2.0 6 30 33

Microcrystalline
cellulose

5.0 1.7 2.1 2.0 6 28 32
7.5 1.7 2.0 2.0 6 30 32
10.0 1.7 2.0 2.0 7 31 33
12.5 1.7 2.0 2.0 7 30 33
15.0 1.7 2.0 2.0 7 31 33

Talc

2.0 1.7 2.1 2.0 6 28 32
4.0 1.7 2.1 2.0 6 28 31
6.0 1.7 2.1 2.0 6 29 33
8.0 1.7 2.1 2.0 6 29 33
10.0 1.7 2.1 2.0 6 29 33

Aerosil

10 1.7 2.2 2.1 6 23 28
0.6 1.7 2.2 2.1 6 24 28
1.0 1.7 2.1 1.9 7 29 33
1.4 1.7 2.0 1.9 8 30 34
1.8 1.6 2.0 1.9 9 30 36

Table 5.2b: The compression ratio of blends of Starch 1500 with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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respectively, which is higher than the sizeO capsule body height (1.8cm). The filling of the 

two settings were discontinued to avoid both damaging the piston and/or ejection of 

unsealed capsules which could affect the calculation of Xcv value. Settings that produced 

plugs with heights above 2.0cm or produced a blowing sound on ejection where usually 

discontinued for all blends.

With compression there was a sound on ejection with some splashing of the material during 

ejection around the die. The latter observation is consistent with the observations of 

Britten et al. (1996).

Magnesium stearate, sodium stearyl fumarate and both grades of glyceryl monostearate 

increased the mean capsule fill weight of StarchlSOO and there was less noise on ejection. 

Magnesium stearate blends had the highest values of Xcv. However, applying compression 

in Fill II settings markedly decreased Xcv values, tableS.2a. This indicates problems in the 

retention of the powder plug without compression.

Microcrystalline cellulose decreased the values of Xcv and only slightly decreased the 

mean capsule fill weight. The 10% w/w microcrystalline concentration gave the best 

performance. Applying compression decreased the values of Xcv, which implies problems 

in the retention of the powder plug without compression. Both glidants, talc and Aerosil, 

decreased the values of Xcv and increased the mean capsule fill weight. Applying 

compression in both cases decreased the values of Xcv especially in the case of Aerosil. 

There was a sound on ejection of the plug especially with Aerosil but there was no powder 

layer on the inner wall of the dosing tube that could be detected visually or by weighing 

the dosator. The optimum concentrations for talc and Aerosil glidants were 4% and 0.6% 

respectively.

Almost all StarchlSOO blends had values below 5% and performed better when 

compression was applied to the powder plug. The range of fill weights for this diluent was 

narrow (0.433g-0.505g), which could restrict the adjustment of the mean capsule fill 

weight. The compression ratio did not seem to change significantly upon the addition of 

lubricants or glidants in most cases. A small decrease was noticed, however, with Aerosil 

blends, table 5.2b.
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3. Mannitol

Mannitol is graded second lowest to fine lactose in terms of the capsule filling 

performance. The values of Xcv were above 5% in most cases, table 5.3a. The addition 

of magnesium stearate had a remarkable effect on the filling performance where the values 

of Xcv decreased and the mean capsule fill weight increased significantly. Applying 

compression to these blends increased the values of Xcv but remained below 5%. The 

values of CR for these blends also decreased indicating that there is more powder collected 

inside the dosing tube from the powder bed, table 5.3b, The other lubricants such as, 

sodium stearyl fumarate and both grades of glyceryl monostearate did not have the same 

effect as magnesium stearate on the values of Xcv, although there was an increase in the 

mean capsule fill weight in most cases.

At the lowest concentration of microcrystalline cellulose the value of Xcv decreased for 

Fill I. However, other fill settings for this particular blend and all the fill settings for the 

other blends with microcrystalline cellulose had values of Xcv above 5%.

Talc and Aerosil managed to decrease the values of Xcv slightly below 5% for Fill I setting 

at concentrations 8% w/w and 1.4% w/w respectively. Applying compression increased 

the values of Xcv markedly. There was a noise on ejection with both glidants especially 

after applying the compression, which is the reason why it was not possible to continue the 

process of filling in most cases. The values of Xcv were higher than those obtained with 

magnesium stearate blends. The CR values, table 5.3b, decreased in most cases especially 

with Fill II setting, upon the addition of lubricants or glidants, which is consistent with the 

increase in the mean capsule fill weight. Magnesium stearate seems to be an ideal choice 

as a lubricant for mannitol even in very low concentrations (0.5%). It can also be noticed 

from table 3.4 that the values of CCI also dropped for blends of mannitol with Aerosil from 

32.2% down to 21.7% at 1.8% w/w Aerosil concentration. The values of CCI also 

decreased in blends of mannitol with magnesium stearate and blends with Talc.

4. Lactose

The fine grade of lactose had the worst capsule filling performance and the highest values 

of Xcv where most values exceeded 10.0%, table 5.4a. It could not be possible to compare 

between the different blends in this case since the weight variations are so big and it would
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Powder Cone.
(%)

X :g) Xcv(%)
Filll Fill II Fill III Fill IV F illl Fill II Fill III Fill IV

Mannitol 0.0 0.323 0.327 NF NF 8.33 2.87 NF NF

E
.2 S 
S 2C
^  -

0.5 0.475 0.391 NF NF 0.90 3.41 NF NF
1.0 0.513 0.423 0.537 0.496 1.02 1.28 2.06 1.78
1.5 0.506 0.417 0.521 0.544 1.29 2.29 3.21 1.53
2.0 0.507 0.417 0.502 0.469 1.53 1.83 1.30 1.10
2.5 0.533 0.444 0.528 0.490 1.07 1.85 1.28 1.15

85Si
<u o

-ii

1.0 0.435 0.378 0.384 0.331 12.72 9.70 9.80 7.39
1.5 0.413 0.334 0.368 0.334 14.58 14.06 7.53 8.29
2.0 0.440 0.355 0.377 0.345 11.71 12.73 7.93 8.00
2.5 0.437 0.363 0.370 0.365 12.46 9.29 7.85 7.73
3.0 0.468 0.377 0.376 0.358 3.51 8.95 9.47 8.84

11
II

1.0 0.428 0.361 0.365 0.358 14.82 28.78 7.45 7.81
1.5 0.451 0.435 0.453 0.407 13.61 7.38 6.57 10.06
2.0 0.451 0.458 0.399 0.370 8.14 5.81 7.32 7.70
2.5 0.447 0.451 0.440 0.435 15.42 6.61 9.80 5.83
3.0 0.454 0.452 0.440 0.397 6.94 7.10 5.36 5.67

II
IIOÙTJ

0.2 0.402 0.407 0.408 0.380 27.36 8.84 10.33 10.74
0.4 0.374 0.417 0.418 0.429 28.82 9.24 9.24 12.36
0.6 0.320 0.396 0.421 0.407 43.16 9.93 12.42 12.74
0.8 0.405 0.457 0.459 0.430 26.54 9.86 11.08 11.12
1.0 0.406 0.446 0.451 0.412 26.01 5.89 11.09 11.45

(U

I g
H

5.0 0.432 0.353 0.359 0.319 1.39 9.78 6.03 13.86
7.5 0.407 0.351 0.360 0.334 8.47 6.03 5.40 6.24
10.0 0.363 0.348 0.365 0.329 18.06 7.11 5.40 4.48
12.5 0.406 0.352 0.358 0.332 7.07 10.39 10.77 6.55
15.0 0.399 0.359 0.342 0.343 11.00 16.72 10.04 7.88

o

g

2.0 0.449 NF NF NF 9.13 NF NF NF
4.0 0.444 NF NF NF 9.49 NF NF NF
6.0 0.461 0.430 0.347 0.321 5.53 10.38 17.67 11.02
8.0 0.476 NF NF NF 4.16 NF NF NF
10.0 0.465 NF NF NF 3.12 NF NF NF

*C/3§
<

0.2 0.451 0.335 0.380 0.335 6.14 15.00 8.90 8.53
0.6 0.430 NF 0.379 NF 12.68 NF 7.00 NF
1.0 0.423 0.343 0.366 0.305 5.31 13.69 8.48 18.37
1.4 0.406 0.347 0.354 0.303 3.83 14.82 9.86 20.58
1.8 0.403 0.309 0.336 0.302 3.76 16.80 9.88 18.37

Table 5.3a: The mean (X) and coefficient o 
mannitol blends under different compression

f variation (Xcv) of capsule fill weights for 
settings.
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Powder Cone.
(%)

Piston reading (cm) Compression ratio (%)
Fill II Fill III Fill IV Fill II FiU III FiU IV

Mannitol 0.0 1.3 1.4 1.4 28 28 50

Magnesium
stearate

10 1.7 1.7 1.6 8 43 45
1.0 1.6 1.9 1.7 11 36 43
1.5 1.6 1.7 1.7 11 41 41
2.0 1.6 1.7 1.7 11 41 43
2.5 1.6 1.8 1.7 9 38 41

Coarse glyceryl 
monostearate

1.0 1.5 1.4 1.4 17 53 52
1.5 1.5 1.5 1.3 16 50 54
2.0 1.5 1.5 1.3 16 48 56
2.5 1.4 1.4 1.4 22 50 50
3.0 1.5 1.4 1.4 19 52 52

Fine glyceryl 
monostearate

1.0 1.4 1.4 1.4 23 50 52
1.5 1.5 1.4 1.3 14 51 54
2.0 1.5 1.3 1.2 16 55 59
2.5 1.5 1.5 1.4 18 50 51
3.0 1.5 1.5 1.4 19 50 52

Sodium stearyl 
fumarate

10 1.4 1.3 1.4 24 54 53
10 1.3 1.4 1.3 26 53 56
0.6 1.3 1.3 1.2 27 54 576
0.8 1.4 1.5 1.4 21 48 51
1.0 1.5 1.6 1.4 15 46 51

Microcrystalline
cellulose

5.0 1.5 1.4 1.4 17 52 52
7.5 1.4 1.4 1.3 22 52 55
10.0 1.3 1.4 1.3 28 52 56
12.5 1.4 1.4 1.3 22 52 54
15.0 1.5 1.5 1.4 16 50 51

Talc

2.0 1.5 1.5 1.5 15 47 47
4.0 1.5 1.6 1.5 17 44 50
6.0 1.4 1.5 1.4 25 50 53
8.0 1.5 1.6 1.6 17 46 44
10.0 1.5 1.6 1.4 18 45 51

Aerosil

10 1.5 1.7 1.5 16 43 50
0.6 1.6 1.6 1.7 11 44 43
1.0 1.6 1.6 1.5 13 46 47
1.4 1.5 1.5 1.5 16 47 47
1.8 1.5 1.5 1.4 18 48 52

Table 5.3b: The compression ratio of blends of mannitol with the different excipients for 
the different compression settings. The compression ratio of Fill II settings are calculated 
from the plug height after precompression (1.8cm).
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not be possible to differentiate between the effects of various elements. The mean capsule 

fill weight is very low which can be due either to the low bulk density of the powder bed 

or related to the high variation in weight uniformity. Magnesium stearate was the only 

lubricant to have made a slight improvement on the filling performance at 2.5% w/w 

concentration, reaching a value close to 5.0% for Fill II setting. All blends of fine lactose 

were filled in capsules without problems, however, only one blend had a value of Xcv 

below 5.0% at Fill II setting, which was with 2.5% w/w magnesium stearate, table 5.4a,

The recorded values of CR are the highest relative to the values of CR of other diluents, 

table 5.4b. However, for all lactose blends the powder tray of the capsule filling machine 

had holes in it, which are most probably a result of previous dipping of the dosing tube in 

the powder bed. This was despite the presence of a needle that should break any powder 

bridging that might form, figures 2.51,54. These holes contributed to the high values of 

CR. The true values of CR are also affected, since the initial powder bed height might not 

necessarily be 2.9cm and would depend on the depth of the formed hole. The presence of 

these holes contributed to a great extent in decreasing the fill weight and increasing the fill 

weight variation. In the case of Aerosil there was a slight decrease in the values of CR, 

which indicates that there is more powder in the tube vicinity resulting from an improved 

powder bed properties. It was also noticed that the values of CCI for fine lactose decreased 

upon the addition of magnesium stearate, talc and Aerosil. The values of CCI could give 

a general assessment of the powder bed bulk properties, i.e., a low values of CCI indicates 

a uniform bed and vice versa.

The coarse grade was only filled at Fill I and Fill II settings but, to an extent, performed 

better than the fine grade, table 5.5a. On its own, coarse lactose had a small value of Xcv 

and the mean capsule fill weight did not differ from that of both maize starch and 

Starch1500. There was a noise on ejection and it was not possible to fill the capsules under 

compression, i.e., under Fill II, Fill III and Fill IV settings, table 5.5a.

Adding lubricants such as magnesium stearate, sodium stearyl fumarate and both grades 

of glyceryl monostearate removed or reduced the ejection noise and extended the range of 

filling settings with applied compression by the machine. Both Fill III and Fill IV, 

however, were discontinued because they produced plugs of a height above 2.0cm, which
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Powder Cone.
(%)

X([g) Xcv (%)
F illl Fill II Fill III Fill IV F illl Fill II Fill III Fill IV

Fine
Lactose 0.0 0.256 0.229 0.238 0.231 18.40 21.99 16.29 16.70

S

S 2
II
S

0.5 0.274 0.254 0.187 0.180 14.26 20.90 26.83 19.58
1.0 0.268 0.228 0.246 0.261 18.95 32.92 12.01 18.20
1.5 0.286 0.278 0.303 0.259 12.63 9.02 17.11 13.16
2.0 0.284 0.296 0.290 0.275 12.29 9.03 16.86 10.90
2.5 0.283 0.291 0.294 0.262 7.87 4.98 14.02 7.08

-SI
i§ 
a  s

1.0 0.290 0.200 0.269 0.254 17.23 25.66 12.63 17.48
1.5 0.289 0.196 0.234 0.226 11.53 15.92 14.01 13.67
2.0 0.305 0.216 0.240 0.235 15.67 21.77 10.89 18.69
2.5 0.255 0.164 0.224 0.212 24.82 39.42 17.64 21.75
3.0 0.295 0.203 0.238 0.203 17.00 24.68 11.82 14.15

i

II

1.0 0.208 0.180 0.224 0.236 40.26 19.63 16.09 28.84
1.5 0.236 0.251 0.266 0.256 25.75 16.22 17.16 16.59
2.0 0.235 0.268 0.239 0.274 22.61 18.60 16.76 19.08
2.5 0.225 0.316 0.278 0.239 25.91 11.47 17.24 19.61
3.0 0.249 0.279 0.247 0.269 44.87 17.16 18.05 18.03

S a

■p00

0.2 0.240 0.217 0.188 0.173 37.12 22.34 25.01 33.32
0.4 0.238 0.241 0.220 0.202 43.34 17.78 21.25 30.81
0.6 0.207 0.232 0.227 0.194 43.06 20.80 18.74 17.13
0.8 0.270 0.242 0.230 0.191 21.60 20.01 19.60 29.01
1.0 0.190 0.240 0.259 0.261 40.34 20.43 18.28 21.64

(Ü

1 §  

2 8

5.0 0.246 0.295 0.274 0.281 25.52 9.06 14.22 14.39
7.5 0.312 0.283 0.275 0.263 12.35 9.09 16.15 17.04
10.0 0.261 0.294 0.279 0.247 26.58 9.96 16.04 21.46
12.5 0.323 0.270 0.274 0.275 16.49 8.84 16.22 9.33
15.0 0.303 0.278 0.295 0.279 17.48 11.87 17.47 11.56

o
g

2.0 0.234 0.255 0.235 0.219 34.59 17.63 16.79 26.00
4.0 0.219 0.225 0.230 0.212 34.32 15.97 13.93 23.00
6.0 0.336 0.246 0.262 0.246 21.43 19.14 21.51 21.99
8.0 0.307 0.294 0.264 0.247 19.49 23.16 20.96 10.59
10.0 0.332 0.306 0.321 0.257 13.55 13.28 9.85 12.28

§
<

0.2 0.321 0.302 0.308 0.295 12.39 27.56 12.22 14.10
0.6 0.237 0.314 0.346 0.307 24.23 9.62 17.88 17.40
1.0 0.328 0.312 0.296 0.297 19.82 13.19 21.40 14.72
1.4 0.310 0.300 0.355 0.297 20.24 10.83 20.53 23.30
1.8 0.310 0.285 0.318 0.269 20.37 10.75 28.11 11.22

Table 5.4a: The mean (X) and coefficient of variation (Xcv) of capsule fill weights for fine 
lactose blends under different compression settings.
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Powder Cone.
(%)

Piston reading (cm) Compression ratio (%)
Fill II Fill III Fill IV FÜ1II Fill III FiU IV

Fine Lactose 0.0 1.1 1.2 1.0 38 58 64

Magnesium
stearate

10 0.9 1.2 0.9 50 59 69
1.0 1.0 1.2 1.0 47 59 67
1.5 1.0 1.2 1.0 46 59 66
2.0 1.0 1.2 1.0 46 58 65
2.5 0.9 1.2 1.0 48 59 66

Coarse glyceryl 
monostearate

1.0 1.0 1.3 1.1 44 56 62
1.5 1.1 1.2 1.0 41 59 66
2.0 1.2 1.3 1.1 36 57 63
2.5 1.2 1.3 1.2 33 57 59
3.0 1.1 1.3 1.0 37 56 65

Fine glyceryl 
monostearate

1.0 0.9 1.2 1.0 52 60 66
1.5 1.0 1.2 1.1 44 59 64
2.0 0.9 1.2 1.0 48 60 64
2.5 1.1 1.2 1.0 41 60 66
3.0 1.0 1.2 1.0 43 59 65

Sodium stearyl 
fumarate

10 1.0 1.2 1.0 47 59 67
10 0.9 1.2 0.9 49 58 68
0.6 1.0 1.2 1.0 47 58 37
0.8 1.0 1.2 0.9 47 59 38
1.0 1.0 1.2 1.1 47 58 63

Microcrystalline
cellulose

5.0 1.2 1.3 1.1 36 56 62
7.5 1.2 1.3 1.1 33 57 62
10.0 1.1 1.3 1.1 39 56 62
12.5 1.1 1.2 1.2 37 57 60
15.0 1.2 1.3 1.1 34 57 62

Talc

2.0 1.0 1.2 1.1 47 60 64
4.0 1.0 1.2 0.9 47 59 68
6.0 1.3 1.3 1.2 30 57 60
8.0 1.3 1.3 1.1 29 55 61
10.0 1.3 1.4 1.1 29 51 63

Aerosil

10 1.3 1.3 1.3 29 55 55
0.6 1.3 1.4 1.4 27 53 53
1.0 1.3 1.4 1.3 27 51 54
1.4 1.3 1.4 1.4 29 52 53
1.8 1.3 1.4 1.2 28 53 60

Table 5.4b: The compression ratio of blends of fine lactose with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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Powder Cone.
(%)

X [g) Xcv(%)
F illl Fill II Fill III Fill IV F illl Fill II Fill III Fill IV

Coarse
lactose 0.0 0.467 NF NF NF 2.11 NF NF NF

£
.£ a
i  i  

s

0.5 0.484 0.462 NF NF 0.72 0.72 NF NF
1.0 0.503 0.472 NF NF 0.60 0.60 NF NF
1.5 0.471 0.471 NF NF 0.60 0.60 NF NF
2.0 0.474 0.474 NF NF 0.50 0.50 NF NF
2.5 0.472 0.472 NF NF 0.45 0.45 NF NF

i i
i §
a  G

1.0 0.515 0.513 NF NF 0.96 0.73 NF NF
1.5 0.511 0.513 NF NF 1.33 1.06 NF NF
2.0 0.511 0.510 NF NF 1.41 0.74 NF NF
2.5 0.511 0.514 NF NF 1.17 0.68 NF NF
3.0 0.510 0.516 NF NF 0.75 0.71 NF NF

• a s

■II

1.0 0.506 0.499 NF NF 1.09 3.88 NF NF
1.5 0.499 0.506 NF NF 1.51 3.89 NF NF
2.0 0.508 0.523 NF NF 1.45 2.44 NF NF
2.5 0.504 0.520 NF NF 1.60 1.89 NF NF
3.0 0.495 0.503 NF NF 1.63 3.58 NF NF

S a

i J00

0.2 0.534 0.530 NF NF 0.59 0.52 NF NF
0.4 0.527 0.536 NF NF 0.92 0.43 NF NF
0.6 0.527 0.540 NF NF 0.47 0.46 NF NF
0.8 0.520 0.536 NF NF 0.69 0.61 NF NF
1.0 0.529 0.536 NF NF 0.41 0.68 NF NF

(L>

1§ 
2 Ü

5.0 0.301 NF NF NF 31.13 NF NF NF
7.5 0.277 NF NF NF 15.44 NF NF NF
10.0 0.356 NF NF NF 10.70 NF NF NF
12.5 0.265 NF NF NF 36.29 NF NF NF
15.0 0.446 NF NF NF 1.86 NF NF NF

a;
2.0 0.570 NF NF NF 2.35 NF NF NF
4.0 0.585 NF NF NF 1.23 NF NF NF
6.0 0.596 NF NF NF 0.76 NF NF NF
8.0 0.605 NF NF NF 0.76 NF NF NF
10.0 0.575 NF NF NF 0.71 NF NF NF

§
<

0.2 NF NF NF NF NF NF NF NF
0.6 NF NF NF NF NF NF NF NF
1.0 NF NF NF NF NF NF NF NF
1.4 NF NF NF NF NF NF NF NF
1.8 NF NF NF NF NF NF NF NF

Table 5.5a: The mean (X) and coef icient ol' variation (Xcv) of capsu e fill weights for
coarse lactose blends under different compression settings.
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Powder Cone.
(%)

Piston readinjg (cm) Compression ratio (%)
FUIII FUI III Fill IV Fill II Fill III Fill IV

Coarse lactose 0.0 1.7 2.0 1.9 7 30 36

Magnesium
stearate

10 1.6 2.2 2.0 11 26 31
1.0 1.6 2.1 1.9 11 28 34
1.5 1.6 2.1 1.9 11 28 34
2.0 1.6 2.1 1.9 11 28 35
2.5 1.6 2.0 1.8 11 31 37

Coarse glyceryl 
monostearate

1.0 1.7 2.2 2.0 7 25 32
1.5 1.6 2.2 2.0 10 24 32
2.0 1.6 2.2 2.0 10 25 32
2.5 1.6 2.2 2.0 10 25 32
3.0 1.6 2.1 1.9 10 27 34

Fine glyceryl 
monostearate

1.0 1.7 2.1 2.0 8 28 33
1.5 1.6 2.1 1.9 9 28 34
2.0 1.6 2.1 1.9 9 29 34
2.5 1.6 2.0 1.9 10 30 35
3.0 1.6 2.0 1.8 11 32 36

Sodium stearyl 
fumarate

10 1.7 2.1 2.0 6 28 32
10 1.7 2.1 2.0 7 28 32
0.6 1.7 2.1 1.9 8 27 34
0.8 1.7 2.1 2.0 8 28 33
1.0 1.6 2.1 2.0 10 28 33

Microcrystalline
cellulose

5.0 NA NA NA NA NA NA
7.5 NA NA NA NA NA NA
10.0 NA NA NA NA NA NA
12.5 NA NA NA NA NA NA
15.0 1.7 1.9 1.8 8 35 37

Talc

2.0 1.7 2.1 2.0 6 27 31
4.0 1.7 2.1 2.0 6 28 31
6.0 1.7 2.1 2.0 6 28 31
8.0 1.7 2.1 2.0 6 28 31
10.0 1.7 2.1 2.0 6 28 33

Aerosil

10 1.7 2.1 2.0 6 28 31
0.6 1.7 2.1 2.0 7 29 33
1.0 1.7 1.9 1.8 8 34 37
1.4 1.7 2.0 1.8 8 31 37
1.8 1.6 1.9 1.8 11 34 38

Table 5.5b: The compression ratio of blends of coarse lactose with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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could result in bending the piston. Unlike the previous diluents, there was no significant 

difference between the Fill I and Fill II in most cases. This indicates that there were no 

problems in retaining the powder plug in the dosing tube. A possible reason is that the high 

density of the powder bed provides precompression forces high enough to retain the 

powder plug inside the tube.

With microcrystalline cellulose there was a noise on ejection and it seemed that 

microcrystalline cellulose was incapable of reducing the wall friction. Furthermore, in 

most cases the piston failed to retract to its previous position after the ejection of the 

powder plug, which caused the mean capsule fill weight to fall dramatically and the values 

of Xcv to increase up to 36.3%. At 15% w/w microcrystalline cellulose, the ejection noise 

nearly disappeared and the ejection problems were not noticed. This decreased the value 

of Xcv to 1.86% with a subsequent increase in the mean capsule fill weight to 0.446g. On 

application of compression the same problems on ejection were exacerbated, which 

prevented filling the capsules under the compression settings and also prevented the 

collection of the displacement values at the different compression settings, table 5.5b.

Talc seemed to slightly decrease the values of Xcv and increase the mean capsule fill 

weight. Compression could not be applied because of the problems with ejection, which 

proves that this excipient fails to act as a lubricant under compression (Train and Hersey, 

1960). Blends with Aerosil had ejection problems even without applying compression.

Except for blends with microcrystalline cellulose at Fill I setting all the filled blends had 

values of Xcv below 5% and ranged from 0.41 % to 3.89%. The values of CR did not seem 

to change systematically upon the addition of lubricants and diluents.

5. Microcrystalline cellulose

All grades of microcrystalline cellulose had values of Xcv below 5%, tables 5.6a, 7a, 8a. 

However, this diluent had a notable lower mean capsule fill weight than the other diluents, 

which could be due to its low bulk density, tables 3.7-9. All grades performed well without 

the addition of any excipient and there was no problems even with applying compression, 

although, a small noise could be heard on ejection.
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Magnesium stearate had nearly no effect on the coefficient of variation of capsules filled 

from blends of Avicel PHlOl, although, the mean capsule fill weight increased slightly. 

With Avicel PH 102 magnesium stearate increased the values of Xcv slightly and the mean 

capsule fill weight decreased accordingly. For Avicel PH200, the values of Xcv decreased 

more markedly and the mean capsule fill weight decreased as well upon the addition of 

magnesium stearate. Applying compression for the latter two grades decreased the values 

of Xcv slightly and increased the mean capsule fill weight. This could be related to the 

known effect of magnesium stearate on decreasing the strength of powder plugs of 

microcrystalline cellulose, (Mehta and Augsburger, 1981). This could be the reason for 

decreasing the retaining ability for the plug inside the dosing tube and increasing the 

weight variation and the need for a slight compression with these powders.

Other lubricants including sodium stearyl fumarate and both grades of glyceryl 

monostearate, had the same effect on the mean capsule fill weight and the values of Xcv 

as magnesium stearate, but to a lesser extent. It seems that the influence of these lubricants 

are less than the effect of magnesium stearate and accordingly the compression did not 

cause any improvement on the filling performance. With all the above mentioned 

lubricants there were no problems with ejection.

Talc had an insignificant effect on the fill weight variation for all grades and increased the 

mean capsule fill weight only for grades PH 102 and PH200. The addition of Aerosil 

increased the values of Xcv and the effect was more pronounced on grades PH 102 and 

PH200. The mean capsule fill weight decreased consequently for all grades.

The values of the compression ratio (CR), generally, did not change for the three grades 

especially for Avicel PH200, table 5.8b. For grades PHI01 and PH 102 there was a marked 

decrease in the displacement values with blends of talc and Aerosil, which means that the 

powder bed has a denser properties, tables, 5.6b, 7b. Apart from talc and Aerosil blends 

the values of CR between the three grades were relatively similar.

All grades of Avicel performed well on their own without the addition of any excipient. 

It would be, therefore, advisable to use minimum concentration of lubricants and/or 

glidants with microcrystalline cellulose. The addition of lubricants or glidants to
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Powder Cone.
(%)

X [g) Xcv(%)
Fill I Fill II Fill III Fill IV Fill I Fill II Fill III Fill IV

Avicel
PHlOl 0.0 0.319 0309 0.315 0323 1.45 3.16 238 3.46

S
.2 a  
1 1  
W s 
S

0.5 &339 0.344 0.356 0.351 0.80 0.87 1.60 2.14
1.0 0.340 0345 0.361 0.346 1.15 1.23 1.75 3.54
1.5 0.345 0.346 0366 0342 1.40 1.43 1.94 3.95
2.0 0.347 0342 0.371 0.336 1.16 1.83 1.90 330
2.5 0.341 0342 0.367 0.341 1.16 138 1.74 3.79

sS
(U o 

11

1.0 0.314 0.317 0342 0.330 238 2.03 1.74 3.19
1.5 0.327 0333 0.347 0.334 2.49 1.86 432 5.13
2.0 0335 0.334 0366 0.340 1.47 1.17 2.56 3.04
2.5 0338 0.339 0.361 0339 1.36 0.97 232 333
3.0 0.341 0342 0.367 0359 1.61 2.06 3.06 2.27

SÎ
S |

II

1.0 0.315 0.321 0.367 0362 2.20 1.12 1.69 1.22
1.5 0.312 0.317 0363 0.360 1.25 1.34 1.63 1.12
2.0 0.312 0.317 0358 0358 1.12 1.58 2.20 2.01
2.5 0.314 0.319 0.355 0352 1.25 1.68 236 2.70
3.0 0.316 0323 0.359 0.351 2.00 2.77 2.98 3.14

S a  

00

0.2 0306 0.304 0327 0320 1.07 0.81 2.07 3.15
0.4 0.314 0.316 0.351 0.329 1.72 1.30 1.50 4.12
0.6 0.316 0.319 0342 0.325 1.36 1.23 1.44 4.27
0.8 0.321 0320 0.342 0.336 1.77 1.28 1.48 3.50
1.0 0324 0.325 0.361 0.352 2.57 1.43 1.18 1.77

o
g

2.0 0303 0.303 0.336 0.336 1.80 1.58 1.98 1.41
4.0 0.305 0.306 0.339 0.340 1.56 1.70 2.01 2.05
6.0 0.304 0.308 0.348 0.345 2.29 1.90 1.56 232
8.0 0.309 0.310 0.343 0.344 2.27 1.30 1.49 1.50
10.0 0.312 0.311 0.344 0.342 2.47 1.70 234 2.41

"c%§
<

0.2 0318 0.315 0.341 0.341 1.49 2.09 1.71 1.99
0.6 0309 0.317 0.344 0.336 1.66 1.73 1.8 1.48
1.0 0.299 0.304 0.330 0323 1.90 334 3.0 2.46
1.4 0.291 0.300 0.319 0.312 3.96 3.95 4.6 4.40
1.8 0.281 0.291 0.305 0.306 4.69 4.64 4.1 3.20

Table 5.6a: The mean (X) and coef icient oi' variation (Xcv) of capsu le fill weights for
Avicel PH 101 blends under different compression settings.
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Powder Cone.
(%)

Piston readinj?(cm) Compression ratio (%)
Fill II Fill III Fill IV Fill II Fill III Fill IV

Avicel PHlOl 0.0 1.5 1.7 1.8 17 43 39

Magnesium
stearate

10 1.6 1.7 1.6 14 42 43
1.0 1.6 1.7 1.6 14 41 45
1.5 1.6 1.7 1.6 14 41 44
2.0 1.5 1.7 1.6 17 41 44
2.5 1.5 1.7 1.6 17 42 45

Coarse glyceryl 
monostearate

1.0 1.5 1.5 1.6 18 49 45
1.5 1.5 1.5 1.7 050 47 43
2.0 1.6 1.6 1.7 14 47 42
2.5 1.5 1.5 1.6 17 48 45
3.0 1.6 1.8 1.6 14 39 47

Fine glyceryl 
monostearate

1.0 1.5 1.8 1.7 15 37 42
1.5 1.5 1.8 1.7 17 38 42
2.0 1.5 1.8 1.6 17 39 44
2.5 1.5 1.8 1.7 17 39 43
3.0 1.5 1.7 1.6 16 40 44

Sodium stearyl 
fumarate

10 1.5 1.7 1.5 16 42 47
10 1.5 1.7 1.6 17 41 45
0.6 1.5 1.7 1.5 17 41 47
0.8 1.5 1.7 1.6 17 41 46
1.0 1.5 1.7 1.6 16 40 44

Talc

2.0 1.6 1.8 1.7 11 37 41
4.0 1.6 1.8 1.7 11 37 41
6.0 1.6 1.8 1.7 11 37 41
8.0 1.6 1.8 1.7 11 39 42
10.0 1.6 1.8 1.6 12 40 43

Aerosil

10 1.6 1.9 1.8 10 34 38
0.6 1.6 1.9 1.8 11 34 38
1.0 1.6 1.9 1.8 11 36 40
1.4 1.6 1.8 1.7 11 38 41
1.8 1.5 1.8 1.7 11 39 42

Table 5.6b: The compression ratio of blends of Avicel PHlOl with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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Powder Cone.
(%)

X([g) Xcv(%)
Fill I Fill II Fill III Fill IV Fill I Fill II Fill III Fill IV

Avicel
PH102 0.0 OJWO 0.284 0289 0293 L86 1.91 1.48 1.06

S
.2 a  
^ § 
SP -C3 c/3

0.5 0.310 0.309 0.330 0242 1.03 0.75 1.40 0.91
1.0 0JW2 0293 0.317 0228 1.42 0.87 1.60 222
1.5 0J#0 0.292 0225 0.333 3.41 1.35 226 206
2.0 0.291 0.289 0218 0.310 3.04 025 1.55 228
2.5 0.294 0.291 0.321 0206 2.18 0.88 1.20 329

Ü 2cS
O o

ii

1.0 0Ji74 0298 0228 0224 1.73 1.00 L28 1.1
1.5 &296 0.287 0239 0.335 1.39 1.00 0.95 1.22
2.0 &289 0.288 0206 0298 1.01 0.84 2.06 1.43
2.5 0.298 0.303 0233 0.322 1.14 0.98 1.56 225
3.0 0299 0.303 0238 0.328 0.78 0.86 1.20 1.45

II
II

1.0 0.294 0.300 0.344 0.338 1.52 1.24 2.07 1.70
1.5 0.292 0.298 0239 0.330 1.57 1.46 2.07 1.64
2.0 0290 0.298 0.330 0.326 1.52 1.84 2.54 2.63
2.5 0.317 0.322 0258 0.355 1.24 1.67 224 2.68
3.0 0.319 0.326 0262 0.354 1.98 2.74 295 3.11

£■
S a

ilO00

0.2 0293 0.294 0226 0.311 1.07 1.24 1.28 ^1.06
0.4 0.289 0.291 0220 0.296 1.75 1.42 1.08 222
0.6 0.291 0294 0220 0.311 1.79 1.13 1.17 1.00
0.8 0298 0.299 0227 0.311 1.51 1.02 1.10 1.67
1.0 0.300 0.304 0.332 0.315 1.85 1.10 1.37 0.93

15H

2.0 0.324 0.321 0262 0.354 0.98 1.20 1.20 1.25
4.0 0222 0.325 0269 0.366 1.61 1.14 1.07 0.86
6.0 0226 0.328 0278 0.376 222 1.72 1.03 1.22
8.0 0229 0.330 0280 0.376 1.30 1.24 1.03 0.92
10.0 0.330 0.332 0286 0.382 1.10 0.96 0.81 092

"cr§
<

0.2 0.315g 0.316 0.344 0.343 2.10 1.70 2.56 2.67
0.6 0.299 0.305 0226 0.332 2.63 2.42 1.98 2.07
1.0 0.290 0.302 0.316 0.323 2.52 3.17 322 2.99
1.4 0.282 0.298 0.310 0.314 3.95 2.74 2.77 3.12
1.8 0.285 0.287 0.294 0.304 395 3.50 4.37 281

Table 5.7a: The mean (X) and coefficient oi' variation (Xcv) of capsu le fill weights for
Avicel PH 102 blends under different compression settings.
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Powder Cone.
(%)

Piston readin g(cm) Compression ratio (%)
FiU II Fill III FiU IV FiU II FiU III FUl IV

Avicel PH102 0.0 1.5 1.7 1.6 17 42 44

Magnesium
stearate

10 1.5 1.7 1.7 18 41 43
1.0 1.5 1.7 1.6 19 42 45
1.5 1.4 1.7 1.6 21 43 45
2.0 1.4 1.6 1.6 22 44 46
2.5 1.4 1.6 1.6 22 44 45

Coarse glyceryl 
monostearate

1.0 1.4 1.7 1.6 22 43 47
1.5 1.4 1.7 1.6 25 42 45
2.0 1.4 1.6 1.4 22 46 51
2.5 1.4 1.7 1.5 21 42 49
3.0 1.4 1.7 1.5 21 42 47

Fine glyceryl 
monostearate

1.0 1.5 1.8 1.7 17 38 42
1.5 1.5 1.8 1.6 17 38 43
2.0 1.5 1.8 1.6 17 40 44
2.5 1.5 1.9 1.7 16 35 41
3.0 1.5 1.9 1.7 16 36 40

Sodium stearyl 
fumarate

10 1.5 1.7 1.6 17 41 46
10 1.5 1.7 1.5 18 41 48
0.6 1.5 1.7 1.5 19 43 48
0.8 1.5 1.7 1.5 18 41 48
1.0 1.5 1.7 1.6 18 41 47

Talc

2.0 1.7 2.0 1.8 8 33 38
4.0 1.7 1.9 1.8 8 33 38
6.0 1.7 1.9 1.8 8 33 38
8.0 1.7 1.9 1.8 8 34 38
10.0 1.6 1.9 1.4 10 34 51

Aerosil

10 1.7 1.9 1.8 8 34 38
0.6 1.6 1.9 1.8 10 36 39
1.0 1.6 1.9 1.8 11 35 39
1.4 1.6 1.8 1.8 11 36 40
1.8 1.6 1.8 1.7 11 38 42

Table 5.7b: The compression ratio of blends of Avicel PH 102 with the different excipients 
for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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Powder Cone.
(%)

X([g) Xcv (%)
Fill I Fill II Fill III Fill IV Fill I Fill II Fill III Fill IV

Avicel
PH200 0.0 0.287 0.298 0228 0222 0.96 023 1.85 228

S 
.2 ^
c ^

on

0.5 0.232 0262 0208 0237 3.17 4.03 3.50 3.02
1.0 0.227 0266 0.314 0.334 3.30 1.46 2.61 4.11
1.5 0.236 0269 0.307 0232 2.13 1.05 2.31 1.70
2.0 0J29 0263 0.300 0.319 1.99 1.66 1.55 1.44
2.5 0.237 0268 0.306 0.317 225 1.41 1.48 1.89

i i

1.0 0.300 0.300 0.375 0.379 1.00 0.68 0.97 0.92
1.5 0.300 0.299 0.370 0272 0.59 1.12 1.22 0.94
2.0 0.295 0297 0272 0282 0.90 1.08 1.14 1.23
2.5 0.300 0.300 0281 0.379 0.83 0.92 1.17 1.24
3.0 OJW) 0.300 0.374 0.374 0.95 0.84 1.02 1.19

1
II

1.0 0.287 0296 0.351 0.351 1.10 0.86 1.21 1.57
1.5 0.286 0.301 0.360 0239 1.27 1.07 0.92 2.19
2.0 0.285 0.302 0.334 0237 1.17 0.82 2.76 1.78
2.5 0.284 0.300 0.335 0226 1.48 1.18 1.55 3.02
3.0 0.281 0299 0222 0.331 1.63 1.27 2.51 1.38

2

;C/5

0.2 0.302 0.302 0.377 0273 0.97 0.77 1.21 1.46
0.4 0299 0.304 0272 0.367 1.02 1.07 1.81 0.68
0.6 0.299 0.301 0268 0.370 0.93 0.74 1.71 1.62
0.8 0.300 0.302 0.373 0.374 0.95 0.68 1.29 1.05
1.0 0.304 0.307 0273 0.374 0.71 0.90 1.29 1.06

O
g

2.0 0299 0.305 0248 0252 0.98 0.70 1.18 0.89
4.0 0.307 0.311 0258 0.360 0.82 0.93 229 1.06
6.0 0.307 0.310 0260 0263 0.60 0.84 1.46 1.35
8.0 0.310 0.314 0265 0.367 0.69 0.89 1.45 1.49
10.0 0.312 0.318 0.376 0269 0.74 1.05 1.24 1.02

"œ§
<

0.2 0.283 0294 0.310 0.303 3.09 0.86 4.78 4 j3
0.6 0.271 0.290 0278 0.282 320 2.37 2.41 3.15
1.0 0.244 0.272 0.256 0.261 4.96 2.58 328 4.31
1.4 0.238 0269 0.249 0.283 6.91 2.79 527 4.67
1.8 0.234 0.264 0.254 0.261 4.04 222 4.90 3.50

Table 5.8a: The mean (X) and coefficient of variation (Xcv) of capsu 
Avicel PH200 blends under different compression settings.

e fill weights for
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Powder Cone.
(%)

Piston readinj?(cm) Compression ratio (%)
Fill II Fill III Fill IV Fill II Fill III Fill IV

Avicel PH200 0.0 1.6 1.9 1.7 11 35 41

Magnesium
stearate

10 1.5 1.9 1.8 15 34 39
1.0 1.5 1.9 1.8 17 35 39
1.5 1.5 1.9 1.8 16 35 40
2.0 1.5 1.9 1.7 17 36 41
2.5 1.5 1.8 1.7 17 38 41

Coarse glyceryl 
monostearate

1.0 1.5 1.9 1.8 15 34 39
1.5 1.5 1.9 1.8 17 34 39
2.0 1.5 1.9 1.8 17 35 40
2.5 1.5 1.9 1.8 17 34 39
3.0 1.5 1.9 1.8 17 35 40

Fine glyceryl 
monostearate

1.0 1.5 1.9 1.8 17 34 40
1.5 1.5 1.9 1.7 17 36 41
2.0 1.5 1.9 1.7 17 36 42
2.5 1.5 1.8 1.7 17 37 42
3.0 1.5 1.8 1.7 17 38 43

Sodium stearyl 
fumarate

10 1.5 1.9 1.8 16 34 39
10 1.5 1.9 1.8 17 34 39
0.6 1.5 1.9 1.8 17 34 40
0.8 1.5 1.9 1.8 17 36 40
1.0 1.5 1.9 1.7 16 34 40

Talc

2.0 1.6 1.9 1.8 11 34 38
4.0 1.6 1.9 1.8 9 34 38
6.0 1.6 1.9 1.8 11 34 39
8.0 1.6 1.9 1.8 11 35 40
10.0 1.6 1.9 1.8 11 34 39

Aerosil

10 1.6 1.9 1.7 11 35 41
0.6 1.6 1.8 1.7 12 37 42
1.0 1.6 1.8 1.7 13 39 42
1.4 1.6 1.7 1.6 13 41 44
1.8 1.6 1.7 1.7 13 40 42

for the different compression settings. The compression ratio of Fill II settings are 
calculated from the plug height after precompression (1.8cm).
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microcrystalline cellulose did not seem to have a significant effect on the values of Xcv. 

However, Avicel PHlOl seem to have the least changes in the values of Xcv and mean 

capsule fill weight. Hence, it could be considered the best choice between the three tested 

grades for capsule filling. Magnesium stearate does not seem to be a good choice as a 

lubricant because of its possible effect on the plug strength, which requires the application 

of compression to the powder plug. Aerosil also is not advisable with microcrystalline 

cellulose since it offers no advantage and has a deleterious effect on the filling performance 

of microcrystalline cellulose especially grades PHI02 and PH200.

I ll  Estimation of powder performance in capsule filling 

III .l Capsule filling and powder flow characterisation

The process of capsule filling depends largely on the characteristics of the powder used. 

Therefore, an evaluation of the right characteristics could be valuable to determine the 

suitability of the powder for the capsule filling process. There are several powder flow 

tests that perform different powder measurements and provide several powder flow 

parameters. The choice of the test will depend on the ease of use of each test and its 

correlation to the capsule fill weight and fill weight variation.

Flow
param eter

Coefficient of variation of capsule fill weight (Xcv)

FUl I FiU II FUl m FUl IV

f f -0.379 -0.437 -0.499 -0.461

CCI 0.542 0.618 0.666 0.650

a 0.555 0.636 0.668 0.649

1/b 0.548 0.651 0.682 0.635

HR 0.568 0.642 0.660 0.643

pmax 0.165 0.169 0.515 0.427

pmin -0.065 -0.095 0.318 0.209
Table 5.9: The correlation coefficient between the various flow parameters and the 
coefficient of variation of capsule fill weight for each fill setting.
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The effect of powder characteristics on the process of capsule filling can be estimated by 

relating it to the mean or the coefficient of variation of capsule fill weight. One way of 

investigating the relationship between the flow parameters and the values of Xcv is by 

calculating the correlation coefficient between each flow parameter and the values of Xcv 

for each fill setting. The calculated values of correlation coefficient are shown in table 5.9 

from the total of 272 powders tested.

The table shows that the highest correlation coefficients were obtained with the bulk 

density measurements especially CCI, Kawakita constants (a, 1/b) and HR. These values 

of the correlation coefficient were still small. The values of j f  had a very limited 

correlation with the values of Xcv. This is unlike the findings of Tan and Newton (1990a) 

were they found a very good correlation between different values of the powder flow 

parameters and the values of Xcv for size fractions of a range of powders.

The correlation coefficient was also calculated for each flow parameter with the mean 

capsule fill weight, table 5.10. The calculations showed that there is a good correlation 

between the mean capsule fill weight and both measured bulk densities (loose and tapped). 

However, the loose density (pmin) was more correlated to the mean capsule fill weight.

Flow
parameter

Mean capsule fill weight (X)

FiU I Fill II Fill III Fill IV

f f 0.0183 0.115 -0.070 -0.026

CCI -0.178 -0.289 0.018 -0.172

a -0.171 -0.279 0.014 -0.171

1/b -0.203 -0.287 -0.090 -0.250

HR -0.139 -0.251 0.009 -0.156

pmax 0.764 0.720 0.478 0.459

pmin 0.801 0.830 0.617 0.642
Table 5.10: The correlation coefficient between the various flow parameters and the mean 
capsule fill weight for each fill setting.

Plotting the coefficient of variation of capsule fill weight against the various powder flow 

parameters for the 272 different blends produced some observations about the relationship 

between the powder flow parameters and the values of Xcv, figures 5.2-21 .
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Figure 5.2: The overall coefficient of variation of capsule fill weight for Fill I setting in
relation to the values of a) fine lactose + 12.5%microcrystalline cellulose, b) coarse 
lactose + 7.5% microcrystalline cellulose and c) maize starch + 1.4% Aerosil.
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Figure 5.3: The overall coefficient of variation of capsule fill weight for Fill II setting in 
relation to the values of a) mannitol + 1.8% Aerosil and b) fine lactose + 12.5% 
microcrystalline cellulose.
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Figure 5.4: The overall coefficient of variation of capsule fill weight for Fill III setting in
relation to the values o f a )  fine lactose + 12.5% microcrystalline cellulose, b) mannitol 
+ 1.4% Aerosil and c) starch 1500 + 1.4% Aerosil.
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Figure 5.5: The overall coefficient of variation of capsule fill weight for Fill IV setting in
relation to the values of jf ,  a) mannitol + 1.8% Aerosil and fine lactose + 12.5% 
microcrystalline cellulose.
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In general, powders with good flow properties seemed to perform better than the poor 

flowing powders. The different powder flow parameters were used to differentiate between 

the powders with flow properties that can produce good capsule filling performance and 

those powders that cannot. An estimation of the critical values of each flow parameter can 

be found from the plots of each particular flow parameter with the values of Xcv. To 

obtain a good capsule filling performance the value of Xcv should be equal to or less than 

5%  referring to the estimation of the 10% (inside) and 20% (outside) limits according to 

the calculations of Pietra and Setnikar (1970).

The different calculations are arranged in tables 5.11-17. In each table the total number of 

blends that fit the specified criteria and were included in the calculations are stated beside 

each criteria with the percentage of this number to the total number of blends (272). The 

calculations were performed for each fill setting individually and for the total of the four 

settings. Some blends could not be filled and were stated under the category (No Fill). The 

percentages of blends that were successful in filling capsules with a coefficient of variation 

values equal to or less than 5% were calculated only from the number of blends that were 

filled in capsules.

oF U IIü F U in A F lU m o F U lIV

10 15 20

Xcv=5.0%

25

f f

Figure 5.6: The overall coefficient of variation of capsule fill weight for all fill settings in 
relation to the values offf.
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I)jgr>6 - Total: 124 (46%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 4% 15 12% 45 36% 46 37% 50 40%

b) Filled 119 96% 109 88% 79 64% 78 63% 74 60%

c) =<5% 111 93% 105 96% 73 92% 71 91% 66 89%
d) >5% 8 7% 4 4% 6 8% 7 9% 8 11%

II)# > 7  - Total: 89 (33%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 6% 9 10% 29 33% 32 36% 34 38%

b) Filled 84 94% 80 90% 60 67% 57 64% 55 62%

c) =<5% 81 96% 78 98% 57 95% 55 96% 49 89%

d) >5% 3 4% 2 3% 3 5% 2 4% 6 11%

III)# > 8  - Total: 65 (24%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 8% 6 9% 23 35% 24 37% 26 40%

b) Filled 60 92% 59 91% 42 65% 41 63% 39 60%

c) =<5% 59 98% 59 100% 41 98% 41 100% 38 97%

d) >5% 1 2% 0 0% 1 2% 0 0% 1 3%
Table 5.11; The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which had a value ofj^I) greater than 6, II) greater than 7 and 
III) greater than 8.

Table 5.11 shows that as the critical value of increases from 6 to 8 the percentage of 

blends with values of Xcv less than 5% increases. However, it should also be noted that 

the number of powders from which the percentage is calculated decreases also from 124 

which is 46% of the total number of blends to 65 which 24%. Although the critical value 

of jf>^ had a higher percentage of fills of Xcv values less than 5% the total number of the 

blends from which these blends are calculated is small and equals 24% of the total 272 

powders and blends investigated. Therefore, the critical value of j f  =>7offers an 

intermediate point from which the percentage of blends with 5% Xcv values or below 

ranges from 89% to 98%, figures 5.2-6. This value is taken to be the critical value and
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each capsule fill setting has been plotted separately, figures (5.2-5).

I) CCI =<32% - Total: 214 (79%)

Criteria
Fill I Fill II FiU III FiU IV All

No. % No. % No. % No. % No. %

a) No Fill 5 2% 21 10% 69 32% 64 30% 46 21%

b) Filled 209 98% 193 90% 145 68% 150 70% 168 79%

c) =<5% 175 86% 165 85% 109 75% 106 71% 152 90%

d) >5% 29 14% 28 15% 36 25% 44 29% 16 10%

II) CCI=<27% . Total: 163 (60%)

Criteria
Fill I Fill II FUI III FiU IV All

No. % No. % No. % No. % No. %

a) No Fill 5 3% 17 10% 64 39% 62 38% 64 39%

b) Filled 158 97% 146 90% 99 61% 101 62% 99 61%

c) =<5% 149 94% 143 98% 93 94% 93 92% 89 90%

d) >5% 9 6% 3 2% 6 6% 8 8% 10 10%

III) CCI=<25% - Total: 138 (51%)

Criteria
FiU I FiU II FiU III FUI IV AU

No. % No. % No. % No. % No. %

a) No Fill 5 4% 17 12% 56 41% 54 39% 68 49%

b) Filled 133 96% 121 88% 82 59% 84 61% 70 51%

c) =<5% 124 93% 118 98% 76 93% 78 93% 70 100%

d) >5% 9 7% 3 2% 6 7% 6 7% 0 0%
Table 5.12: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which had a value of CCI I) less than or equal to 32%, II) less 
than or equal to 27% and III) less than or equal to 25%.

There is a number of blends with values of Xcv =<5% and are not included in the 

calculations, simply because they do not fulfill the stated criteria. Therefore, it is important 

to consider the number from which the percentage of successful blends is calculated. A 

larger number of blends would usually give a more conclusive indication about its 

credibility. In the case of the critical value of jf> l there are about 67% from the total 

blends that are left outside the range of calculation. Of these blends, 89% were successful 

in filling capsules with a value of Xcv less than or equal to 5% with all fill settings.
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Figure 5.7: The overall coefficient of variation of capsule fill weight for Fill I setting in
relation to the values of CCI, a-d) Coarse lactose + 5%, 7.5%, 10% and 12.5% 
microcrystalline cellulose, e) Avicel PH200 + 1.4% Aerosil, f and g) mannitol + 0.6% and 
1% Aerosil and h and i) maize starch + 1.8% and 1.4% Aerosil.
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Figure 5.8: The overall coefficient of variation of capsule fill weight for Fill II setting in 
relation to the values of CCI, a-c) mannitol + 1.8%, 1.4% and 1% Aerosil.
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Figure 5.9: The overall coefficient of variation of capsule fill weight for Fill III setting in 
relation to the values of CCI, a, b, c and d) mannitol + 1.8%, 1.4%, 1% and 0.6% Aerosil, 
e) Starch 1500 + 1.4% Aerosil and f) Avicel PH200 + 1.4% Aerosil.
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Figure 5.10: The overall coefficient of variation of capsule fill weight for Fill IV setting 
in relation to the values of CCI, a, b and c) mannitol + 1.4%, 1.8% and 1% Aerosil, d and 
f) Starch 1500 + 1.5% and 2% coarse glyceryl monostearate and e) maize starch + 1.8% 
Aerosil.
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Table 5.12 lists the findings in figures 5.7-11, which shows the values of Xcv against the 

values of CCI. It can be seen that as the critical value of CCI decreases from 32% to 25% 

the percentage of blends that have Xcv values below 5% increases. The number of blends 

also drops from 214 to 138 respectively, which means that there are lots of other blends 

that might fulfill the desired Xcv value and that are not being counted. Furthermore, the 

percentage of blends that could not be filled by one or more fill setting was about 49%. 

However, the percentage included with the critical value of CCI<25% is still higher than 

that with the critical value ofj^>7, which includes 33% of the total blends. This value is 

taken to be the critical value of CCI. It can be also noticed that for fill settings with 

compression especially Fill III and Fill IV there was no blends filled after a value of 

CCI<15%, figures 5.9-10. This is because blends that have a high bulk density, such as 

those of coarse lactose and Starch 1500, can cause problems in filling as been discussed 

earlier, which was the reason why capsule filling was discontinued for these blends.

0 FUl 10 FUl n A FUI m o Fill rv
50% ca=25%

^ 30%

P 25%

Xcv^.0%

5% 10% 1#& :#% 30% 35% #% 4G% 50%
ca

Figure 5.11: The overall coefficient of variation of capsule fill weight for all fill settings 
in relation to the values of CCI.

It should be noted also that for both Fill I and Fill II the critical value of CCI=<27% is 

similar to that with the critical value of CCI=<25%. But to fill the blends successfully 

under the various compression settings then the latter critical value provides, although 

stricter, a better choice.

240



Capsule filling - Chapter Five

Table 5.13 lists the calculations from figures 5.12-16, which shows the relation between 

the values of Xcv and the value of Kawakita constant a. The critical value of constant a 

is best at 0.30 since a critical value at 0.27 will offer no advantage. The critical values of 

the constant a were close to those of the values of CCI. The critical value of a=<0.30 

seems to be more selective than that of the critical value of CCI=<25%, since the 

percentage of powders with Xcv values above 5% are the same as in the case of CCI. At 

the same time the powders included within the specified limits are more in the case of 

constant a, 62% as opposed by 51% for CCI.

I) a=<0.32 - Total: 183 (67%)

Criteria
Fill I FUl II FUl III FUl IV All

No. % No. % No. % No. % No. %

a) No Fill 5 3% 17 9% 64 35% 63 34% 68 37%
b) Filled 178 97% 166 91% 119 65% 120 66% 115 63%
c) =<5% 160 90% 155 93% 105 88% 103 86% 94 82%

d) >5% 18 10% 11 7% 14 12% 17 14% 21 18%

II) a=<0.30 - Total: 169 (62%)

Criteria
Fill I Fill II FiU III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 3% 17 10% 64 35% 62 37% 67 40%

b) Filled 164 97% 152 90% 119 65% 107 63% 102 60%

c) =<5% 152 93% 147 97% 111 93% 97 91% 88 86%

d) >5% 12 7% 5 3% 8 7% 10 9% 14 14%

III) a=<0.27 - Total: 154 (57%)

Criteria
FUl I Fill II FiU III FUl IV AU

No. % No. % No. % No. % No. %

a) No Fill 5 3% 17 11% 58 38% 56 36% 61 40%

b) Filled 149 97% 137 89% 96 62% 98 64% 93 60%

c) =<5% 138 93% 133 97% 89 93% 90 92% 81 87%

d) >5% 11 7% 4 3% 7 7% 8 8% 12 13%
Table 5.13: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which had a value of Kawakita constant a I) less than or equal 
to 0.32, II) less than or equal to 0.30 and III) less than or equal to 0.27.
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Figure 5.12: The overall coefficient of variation of capsule fill weight in relation to the 
values of Kawakita constant a.

I) l/b=<50 - Total: 137 (50%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 4% 12 9% 56 41% 52 38% 60 44%
b) Filled 132 96% 125 91% 81 59% 85 62% 77 56%
c) =<5% 130 98% 125 100% 79 98% 83 98% 75 97%
d)>59b 2 2% 0 0% 2 2% 2 2% 2 3%

II) l/b=<47 - Total: 124 (46%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %

a) No Fill 5 4% 10 8% 52 42% 48 39% 54 44%
b) Filled 119 96% 114 92% 72 58% 76 61% 70 56%
c) =<5% 118 99% 114 100% 70 97% 75 99% 67 96%
d)>59b 1 1% 0 0% 2 3% 1 1% 3 4%

Table 5.14: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which had a value of Kawakita constant 1/b I) less than or 
equal to 50 and II) less than or equal to 47.
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Figure 5.13: The overall coefficient of variation of capsule fill weight for Fill I setting
in relation to the values of Kawakita constant a, a-d) coarse lactose -t- 12.5%, 5%, 7.5% 
and 10% microcrystalline cellulose, e) Avicel PH200 + 1.4% Aerosil, f and g) mannitol 
+ 0.6% and 1.4% Aerosil, h and i) maize starch + 1.8% and 1.4% Aerosil and j) maize 
starch + 2% talc.
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Figure 5.14: The overall coefficient of variation of capsule fill weight for Fill II setting 
in relation to the values of Kawakita constant a, a-c) mannitol 1.8%, 1.4% and 1% 
Aerosil and d) maize starch + 2% talc.
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Figure 5.15: The overall coefficient of variation of capsule fill weight for Fill III setting 
in relation to the values of Kawakita constant a, a-d) mannitol + 1.8%, 1.4%, 1 % and 0.6%, 
e) maize starch 2% talc and f) Starch 1500 -t- 1.4% Aerosil.
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Figure 5.16: The overall coefficient of variation of capsule fill weight for Fill IV setting 
in relation to the values of Kawakita constant a, a-c) mannitol 1.4%, 1.8% and 1% 
Aerosil, d) maize starch + 2% talc, e and f) Starch 1500 -t- 1.5% and 2% coarse glyceryl 
monostearate and g) maize starch -t- 1.8% Aerosil.
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Figure 5.17: The coefficient of variation of capsule fill weight in relation to the values of 
Kawakita constant 1/b.

Two critical values for the Kawakita constant (1/b) has been tested, table 5.14. The critical 

value of 1/b =<47 does not offer a big advantage over the critical value =<50. Hence the 

latter value of l/b=< 50 is taken to be the critical value of 1/b. The values of Xcv are 

plotted against the values of constant 1/b in figure 5.17-21. However, it can be noticed that 

there is an increase in the percentage of powders that have values greater than 5.0% with 

applying compression at Fill III and Fill IV settings especially at both critical values of 1/b, 

table 5.14.

Each powder flow parameter provides a measurement of a particular aspect of the powder. 

The combination of two or more of the powder flow parameters would provide more 

accurate evaluation of the powder flow. Hence, the combination of two or more of the 

critical powder flow parameters should also provide more selective tests for the powder to 

estimate the powder performance in the process of capsule filling. Table 5.15 lists some 

the findings of some of the combinations and shows that there is minimal advantage from 

combining the different critical parameters. In this case the critical powder flow 

parameters that were combined were =>7, CCI =<25%, constant a =<0.3 and constant 

1/b =<50.
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Figure 5.18: The overall coefficient of variation of capsule fill weight for Fill I setting in
relation to the values of Kawakita constant 1/b, a) Coarse lactose + 10% microcrystalline 
cellulose and b) Avicel PH200 + 1.4% Aerosil.
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Figure 5.20: The overall coefficient of variation of capsule fill weight for Fill III setting 
in relation to the values of Kawakita constant 1/b, a) Starch 1500 + 1.4% Aerosil and b) 
Avicel PH200 + 1.4% Aerosil.

o F ü l I V

50%

45%

g 40%

# 35%

« 30%

® 25%

'0 20% 
S
% 15%

5%

0%

l/b=50

OD

0
O0 O

CP
O O

100 150

1/b
50 200

Xcv^5.0%

250

Figure 5.21: The overall coefficient of variation of capsule fill weight for Fill IV setting 
in relation to the values of Kawakita constant 1/b, a) Avicel PHlOl + 1.5%coarse glyceryl 
monostearate and b) Starch 1500 + 1.5% coarse glyceryl monostearate.
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There was a relatively large number of excluded powders, i.e., did not comply to the 

specified criteria, especially in the case of table 5.16. In this case the percentage of 

excluded powders was 67% from which only 45% had values of Xcv above 5%. The 

critical value of a=< 0.3 had the least excluded blends as the percentage of powder with 

values of a> 0.3 were only 38% from which 72% of the blends had values of Xcv> 5%. 

This critical value seems to be valuable for the assessment of powder performance in 

capsule filling.

The blends that complied to the specified criteria and had Xcv values greater than 5.0% in 

tables 5.11-14 were investigated. Most of these powders were blends with Aerosil, talc and 

microcrystalline cellulose. Therefore, these groups of blends were excluded and the 

calculations were performed on the remaining 167 blends, table 5.17. The critical values 

of the powder parameters were set to different values to accommodate more blends. For 

Fill 1 and Fill 11 settings, all of the blends had Xcv values less than 5.0% with all critical 

values. For Fill 111 setting, not less than 98% of the blends had Xcv values less than 5%. 

This percentage of the blends tends to decrease with Fill IV setting. The blends that had 

a value of Xcv greater than 5.0% were blends of Starch1500 with 2.5% and 3.0% w/w 

coarse glyceryl monostearate. This could be expected since it has been reported by Jolliffe 

and Newton (1982b) and Tan and Newton (1990b) that the weight variation increases after 

exceeding a certain compression setting. Besides this lubricant has shown a weaker ability 

in reducing the angle of wall friction.

For a free flowing powder such as Starch1500 the range of permissible compression 

settings is even narrower. Because most of Starch1500 and coarse lactose blends were not 

filled under compression, the percentage of blends that have Xcv value greater than 5.0% 

is small. It would be expected that this percentage would increase if free flowing powders 

were filled under compression. Therefore, care should be taken when using the critical 

values of the powder parameters to predict the capsule filling performance in the case of 

applying compression.
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I)jgr+ CCI - Total: 74 (27%)

Criteria
Fill I Fill II Fill III FUl IV All

No. % No. % No. % No. % No. %
a) No Fill 5 7% 9 12% 29 39% 30 41% 32 43%
b) Filled 69 93% 65 88% 45 61% 44 59% 42 57%
c) =<5% 66 96% 64 98% 43 96% 43 98% 39 93%
d) >5% 3 4% 1 2% 2 4% 1 2% 3 7%

II)jfjr+ a - Total: 85 (31%)

Criteria
FiU I FillIII Fill III FUl IV All

No. % No. % No. % No. % No. %
a) No Fill 5 6% 9 11% 29 34% 30 35% 32 38%
b) Filled 80 94% 76 89% 56 66% 55 65% 53 62%
c) =<5% 77 96% 75 99% 53 95% 53 96% 48 91%
d) >5% 3 4% 1 1% 3 5% 2 4% 5 9%

III)jgr+ 1/b - Total: 65 (24%)

Criteria
Filill FU]III Fill III FiU IV All

No. % No. % No. % No. % No. %
a) No Fill 5 8% 7 11% 23 35% 23 35% 25 38%
b) Filled 60 92% 58 89% 42 65% 42 65% 40 62%
c) =<5% 59 98% 58 100% 40 95% 41 98% 37 93%
d) >5% 1 2% 0 0% 2 5% 1 2% 3 8%

IV) CCI + 1/b - Total: 103 (38%)

Criteria
Filill FillIII FiU III FiU IV All

No. % No. % No. % No. % No. %
a) No Fill 5 5% 12 12% 48 47% 44 43% 49 48%
b) Filled 98 95% 91 88% 55 53% 59 57% 54 52%
c) =<5% 95 97% 91 100% 52 95% 57 97% 50 93%
d) >5% 3 3% 0 0% 3 5% 2 3% 4 7%

Table 5.15: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which are included in the combination of the critical values; I) 
f f  + CCI, II) f f  + kawakita constant a. III) j f  + Kawakita constant 1/b and IV) CCI and 
Kawakita constant 1/b.
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I) jgr<7 - Total: 183 (67%)

Criteria
Fill I Fill II Fill III Fill IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 12 7% 42 23% 38 21% 42 23%
b) Filled 183 100% 171 93% 141 77% 145 79% 141 77%
c) =<5% 101 55% 100 58% 59 42% 58 40% 49 35%
d)>5% 82 45% 71 42% 82 58% 87 60% 92 65%

II) CCI>25% - Total: 134 (49%)

Criteria
FiUI FiUII Fill III FiUIV All

No. % No. % No. % No. % No. %
a) No Fill 0 0% 4 3% 14 10% 16 12% 16 12%
b) Filled 134 100% 130 97% 120 90% 118 88% 118 88%
c) =<5% 58 43% 60 46% 40 33% 34 29% 29 25%
d) >5% 76 57% 70 54% 80 67% 84 71% 89 75%

III) a>0.3 - Total: 104 (38%)

Criteria
Fill I Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %
a) No Fill 0 0% 4 4% 6 6% 8 8% 8 8%
b) Filled 104 100% 100 96% 98 94% 96 92% 96 92%
c) =<5% 29 28% 31 31% 20 20% 14 15% 10 10%
d) >5% 75 72% 69 69% 78 80% 82 85% 86 90%

IV) l/b>50 - Total: 136 (50%)

Criteria
Fill I Fill II Fill III FiUIV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 7 7% 14 13% 18 17% 18 17%
b) Filled 136 100% 129 95% 122 90% 118 87% 118 87%
c) =<5% 53 39% 54 42% 39 32% 31 26% 26 22%
d) >5% 83 61% 75 58% 83 68% 87 74% 92 78%

Table 5.16: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal or less than 5% and d) which filled with Xcv values 
greater than 5% for blends which had a value of, I)jÿ'less than 7, II) CCI greater than 25%, 
III) kawakita constant a greater than 0.3 and IV) Kawakita constant 1/b greater than 50.

250



Capsule filling - Chapter Five

I)jQr=>5.5 - Total: 79 (47%)

Criteria
Fill I Fill II Fill III Fill IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 1 1% 26 33% 21 27% 26 33%
b) Filled 79 100% 78 99% 53 67% 58 73% 53 67%
c) =<5% 79 100% 78 100% 52 98% 57 98% 52 98%
d) >5% 0 0% 0 0% 1 2% 1 2% 1 2%

II) CCI=<28.5% - Total: 96 (57%)

Criteria
Fill I Fill II FUl III FUl IV All

No. % No. % No. % No. % No. %
a) No Fill 0 0% 1 1% 37 39% 31 32% 37 39%
b) Filled 96 100% 95 99% 59 61% 65 68% 59 61%
c) =<5% 96 100% 95 100% 59 100% 64 98% 58 98%
d) >5% 0 0% 0 0% 0 0% 1 2% 1 2%

III) a=<0.3 - Total: 100 (60%)

Criteria
FUll Fill II Fill III Fill IV All

No. % No. % No. % No. % No. %
a) No Fill 0 0% 1 1% 37 37% 31 31% 37 37%
b) Filled 100 100% 99 99% 63 63% 69 69% 63 63%
c) =<5% 100 100% 99 100% 63 100% 68 99% 62 98%
d) >5% 0 0% 0 0% 0 0% 1 1% 1 2%

IV) 1/b =<60 - Total: 101 (61%)

Criteria
Fill I FiUII Fill III Fill IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 0 0% 36 36% 29 29% 36 36%
b) Filled 101 100% 101 100% 65 64% 72 71% 65 64%
c) =<5% 101 100% 101 100% 65 100% 69 96% 62 95%
d)>5% 0 0% 0 0% 0 0% 3 4% 3 5%

Table 5.17: T1le num ?er anc percentage of blends with lu Dricants exclue ing those with
microcrystalline cellulose, talc and Aerosil, which a) did not fill, b) which filled, c) which 
filled with Xcv values equal or less than 5% and d) which filled with Xcv values greater 
than 5% for blends, which had a value of, I)#equal to or less than 5.5, II) CCI greater than 
28.5%, III) Kawakita constant a greater than 0.3 and IV) Kawakita constant 1/b greater 
than 60.
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III.2 The effect of wall friction on the capsule filling process

The interaction between the powder plug and the surface of the inner wall plays an 

important role in the process of capsule filling. The interaction affects the ability of the 

dosing tube to retain the powder plug through the transfer process and also affects the 

ejection of the powder plug from the dosing tube.

Plotting both angles (0s and 0r) against the Xcv of the different Fill settings are shown in 

figures 5.22,23. These plots showed a concentration of blends with values of Xcv below 

5% at 0 s  or 0 r  =<12°.

It was noted in chapter four that most powder blends that had proper lubrication had a 

value of 0  below 12° for the smooth and rough plates. Hence, further calculations were 

performed on the blends that had values of 0 s  or 0 r  =<12°. The total number of blends 

in this case was 146. These calculations are summarised in table 5.18. The calculations 

show that combining the values of 0 s  and 0 r  with the different powder flow parameters 

offers little advantage over using the critical values of the powder flow parameters alone. 

The best combination was by combining the critical values of the angle of wall friction 

with the critical value of constant a, since it had the biggest number of blends involved and 

relatively good selectivity.

Comparing the results obtained in table 5.17 with the results from table 5.18, shows that 

the percentages obtained from the critical values in the former case are far better. The 

reason for that could be that some blends with talc or microcrystalline cellulose had values 

of 0 r  and 0 s  less than 12°. Although it might appear that these two excipients would be 

as effective as other lubricants such as magnesium stearate and glyceryl monostearate, the 

mechanism of action is different. This difference is more apparent in the process of capsule 

filling were compression forces and residual forces are present.
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I) Os & Or =<12°+j5T- Total: 53 (36%)

Criteria
Fill I FiUII FiU III FUl IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 2 4% 19 36% 17 32% 19 36%
b) Filled 53 100% 51 96% 34 64% 36 68% 34 64%
c) =<5% 51 96% 51 100% 34 100% 35 97% 32 94%
d) >5% 2 4% 0 0% 0 0% 1 3% 2 6%

II) Os & Or =<12° + CCI - Total: 78 (53%)

Criteria
FiUI Fill II FUl III FiU IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 5 6% 33 42% 27 35% 33 42%
b) Filled 78 100% 73 94% 45 58% 51 65% 45 58%
c) =<5% 73 94% 72 99% 44 98% 49 96% 42 93%
d) >5% 5 6% 1 1% 1 2% 2 4% 3 7%

III) Os & Or =<12° + a - Total: 101 (69%)

Criteria
FiUI Fill II FiU III FiU IV All

No. % No. % No. % No. % No. %
a) No Fill 0 0% 5 5% 41 41% 35 35% 41 41%
b) Filled 101 100% 96 95% 60 59% 66 65% 60 59%
c) =<5% 96 95% 96 100% 59 98% 63 95% 56 93%
d) >5% 5 5% 0 0% 1 2% 3 5% 4 7%

IV) Os & Or =<12° + 1/b - Total: 81 (55%)

Criteria
FUl I FUl II FiU III FiU IV AU

No. % No. % No. % No. % No. %
a) No Fill 0 0% 2 2% 34 42% 28 35% 34 42%
b) Filled 81 100% 79 98% 47 58% 53 65% 47 58%
c) =<5% 79 98% 79 100% 46 98% 50 94% 43 91%
d) >5% 2 2% 0 0% 1 2% 3 6% 4 9%

Table 5.18: The number and percentage of blends which a) did not fill, b) which filled, c) 
which filled with Xcv values equal to or less than 5% and d) which filled with Xcv values 
greater than 5% and which have values of Os and Or equal to or less than 12° combined 
with the critical values of; I) ff, II) CCI, III) Kawakita constant a and IV) Kawakita 
constant 1/b.

There have been several studies that measured the degree of powder-wall interaction in the 

dosing tube using an instrumented dosator, (Small and Augsburger, 1977,1978, Mehta and
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Figure 5.22: The coefficient of variation of the capsule fill weight in relation to the values 
of the angle of wall friction against the smooth plate.

F ill □ Filin - Fîum o FillIV

#1̂ 12

O o g g

» oO 8 8 % 8
Xcv=5.0%
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of the angle of wall friction against the rough plate.
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Augsburger, 1981, Jolliffe and Newton, 1983a, Augsburger, 1988, Tan and Newton, 1990d 

and Britten et al., 1996). Although this method offers more approximation to the real 

situation during the capsule filling process, the angle of wall friction offers a good 

evaluation of the true powder-wall interaction, since it produces the least deformation of 

the powder particles at sliding interface and more defined stresses through the process of 

measurement . Furthermore, the measurement of the angle of wall friction gives an idea 

about the mechanism of action and efficacy of the lubricant as an antifriction excipient, see 

chapter four.

It might seem that the low angle of wall friction is more desirable since it decreases the 

ejection force. However, Walker (1966) indicated that at very low angles of wall friction 

the powder might be extruded en mass under the high developed stresses in the powder at 

the bottom end of the tube or funnel. In which case the powder will be extruded under its 

own weight.

III.3 The effect of compression on the capsule filling process

Jolliffe et al. (1980) used the hopper design theory to calculate the compression strength 

needed for the powder plug retention within the dosing tube. Using an mG2 simulator, 

Jolliffe an Newton (1982b) found that the most uniform fill weights with different grades 

of lactose were obtained when the minimal amount of compression that produces a stable 

arch at the nozzle tip was applied. Jolliffe and Newton (1983b), using an mG2 model G36, 

confirmed these results. This compression depends on the powder flow properties and so 

does the range of compression forces that can be applied before the instigation of powder 

compaction. Powders that are free flowing usually have high bulk density and, hence, the 

range of compression is small and vice versa. Tan and Newton (1990e,f), chapter one- 

section V.3.1.

The values of the compression ratio (CR) were used to investigate the effect of the 

compression on the coefficient of variation of the capsule fill weight. Figures 5.24-26 

show the coefficient of variation in relation to the values of CR for the different fill settings 

where compression was applied, i.e.. Fill II, Fill III and Fill IV. The figures show that the 

values of coefficient of variation of the capsule fill weight increase as the values of CR
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increase, which confirms the findings of Takagi et al (1969). This is more clear in with Fill 

III and Fill IV settings since the value of CR are calculated from the real bed height, 

chapter two-section 111.8,4. This might indicate that the compression ratio could be of less 

value when precompression is applied.

High compression ratio indicates more displacement of the piston within the dosing tube. 

One reason for that could be because there is less powder within the tube to be compressed. 

To investigate this possibility, the CR values were plotted against the values of the mean 

capsule fill weight, figures 5.27-29.
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Figure 5.24: The overall coefficient of variation of capsule fill weight for Fill II setting in 
relation to the values of the compression ratio.
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Figure 5.27: The values of compression ratio of Fill II setting in relation to the values of
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Figure 5.29: The values of compression ratio for Fill IV setting in relation to the values 
of the mean capsule fill weight.

These figures show that as the value of the mean capsule fill weight increase there is a 

tendency to increase the compression ratio. This was more evident in the case of Fill III 

and Fill IV settings than with Fill II settings.

When the values of the compression ratio were plotted against the values of the minimum 

(loose) bulk density, the same trend was observed to a lesser extent, figures 5.30-32. The 

values of the compression ratio increased as the values of the loose bulk density increased. 

In terms of the relation between the compression ratio values and the values of the loose 

bulk density, slight deviations can be seen especially at Fill III and Fill IV settings, figures 

5.31,32. These were mainly blends of fine lactose, which had holes in the powder bed. 

The presence of holes means that the displacement of the piston would be higher than 

expected and consequently the values of CR would increase as well. In general, the values 

of CR seemed to be related to the values of the mean capsule fill weight rather than the 

values of the loose bulk density. Powders with high bulk density had a tendency to resist 

the piston penetration more than powders of lower bulk density, which creates higher 

pressures on the powder plug and also reduces the values of CR.

259



Capsule filling - Chapter Five

□ Filin

80% i

70%

60%

^ 50%

% 40%

20%

10% -
□ □

0%
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 5.30: The values of compression ratio at Fill II setting in relation to the values of
the loose bulk density.
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Figure 5.32: The values of compression ratio at Fill IV setting in relation to the values of
the loose bulk density.

IV Discussion

The effect of the lubricants or glidants on the powder was more apparent in terms of 

capsule filling than its effect on the powder flow properties. The reason for that might be 

because the different properties of the powder interact more with each other during the 

process of capsule filling, e.g, powders of higher bulk density will have higher 

precompression and compression recordings which might also affect the ejection forces and 

wall friction at the same time.

Two important factors should be taken into consideration when developing a powder 

formulation with suitable powder flow characteristics, these are,

a. The powder must form a uniform powder bed in the powder feeding tray.

b. The powder plug must be accurately retained within the dosing tube before ejecting it 

into the capsule body.
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Bulk density measurements involve measuring the loose and tapped bulk densities and the 

rate of powder packing through the tapping process. The application of tapping usually 

causes the powder particles within the powder to rearrange to a more stable form with less 

interparticular voids. A powder that has small changes upon tapping, indicated by small 

values of CCI and Kawakita constant a, implies that the powder consolidates well from the 

starting point, i.e., the loose powder is quite stable and only minor rearrangement of the 

powder particles takes place upon the application of tapping. Therefore, a powder with low 

values of CCI would form a powder bed with stable properties and minimum voids as 

compared to a powder with high values of CCI or Kawakita constant a. Hence, in capsule 

filling it would be expected that the values of CCI are indicative of the powder bed 

properties in the powder tray. On the other hand, fine powders are more cohesive and large 

void spaces might form by arching within the powder structure, which makes the powder 

more porous, (Heywood, I96I). Therefore, the application of tapping would result in 

breaking these bridges added to the rearrangement of the powder particles, which would 

result in a relatively higher difference between the loose and tapped bulk densities.

By calculating the correlation coefficient between the powder flow parameters and the 

values of the mean capsule fill weight or the values of Xcv, it was noticed that there was 

a moderately good correlation between the bulk properties of the powder and the values 

of Xcv. Furthermore, there was a good correlation between mean capsule fill weight and 

the values of the measured loose and tapped bulk densities. The correlation with loose bulk 

density was slightly higher than that with the tapped bulk density. There was a general 

increase in the capsule mean fill weight with increasing the bulk density, which is 

consistent with the findings of Newton and Bader (1981) and Tan and Newton (I990f).

The conditions that the powder pack in the capsule filling machine’s powder tray are 

different to those when preparing the powder for bulk density measurements. However, 

the values of CCI and Kawakita constant a are an estimation for the tendency of the powder 

to rearrange. Therefore, the particles of powder with low values of CCI will rearrange 

more easily than the particles of a powder with higher values of CCI, and will also form 

a powder bed with a more uniform bulk density as well.
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The ability to retain the powder plug, on the other hand, is dependent on the powder 

properties and the compression forces applied to the powder plug in the dosing tube. The 

values of j^are indicative of the tendency of the powder to form an arch on a free surface 

with specific dimensions, chapter one-section V.3.1. Jolliffe et al. (1980) demonstrated 

theoretically how f f  can be used to estimate the values of required compression in 

conjunction with the values of Ô and 0 . It has also been discussed in chapter three-section 

1.3 that the required values of precompression forces are very small and could be achieved 

from precompression itself. The values of also provides an general estimation of the 

powder flow as indicated by the Jenike classification for powder flow, table 1.5. However, 

Bagster and Crooks (1978) reported variation of the shear cell parameters such as 5 and Mff 

and suggested a complex behaviour for mixtures of fine aspirin with Dipac and lactose.

The retention ability of the powder within the dosing tube was also qualitatively evaluated 

by comparing the mean capsule fill weight without compression (Fill I) with that obtained 

with compression (Fill II) for the same blend. Those powders with poor retention ability 

are expected to improve upon the application of compression. This evaluation could be 

obscured by the effect of wall friction and the possibility of over compressing the material 

in cases where the compression increases the values of Xcv, as has been discussed earlier. 

However, the decrease of the coefficient of variation of capsule fill weight by the 

application of compression is explained by a better retention of the powder plug within the 

dosing tube, since the powder bed did not change in both cases. The compression stroke 

could either stabilise the arch at the nozzle tip or form a coherent powder plug. In either 

cases this would improve the retention of the required dose within the dosing tube.

The filling performance of powders that are relatively free flowing, such as Starch1500, 

improved with the application of compression, however, in some cases the application of 

compression increased the values of Xcv especially in cases where there were problems in 

ejection of the powder plug. In other cases such as coarse lactose the application of 

compression caused the piston to jam. The addition of lubricants such as magnesium 

stearate, glyceryl monostearate and sodium stearyl fumarate, made the formulation more 

tolerant to the application of compression, especially with regard to the ejection of the 

powder plug. In some cases with magnesium stearate, there was a notable increase in the
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values of Xcv especially with Avicel grades PH 101, PH 102 and PH200. This was related 

to the decrease in the retention ability, since the application of compression improved the 

filling performance and decreased the values of Xcv. Therefore, care should be taken to 

adjust the compression upon the addition of lubricants, such as magnesium stearate that 

affect the powder plug strength.

A number of powder flow parameters have been shown to be valuable in estimating the 

performance of the powder in the process of capsule filling, these include the values of,j^ 

CCI, Kawakita constants a and 1/b. There was a preference in using the critical values of 

kawakita constant a, since it had the highest number of blends included and seemed to be 

more selective. No specific relationship has been obtained between a single powder flow 

parameter and the performance of the capsule filling because the behaviour of the powder 

in the capsule filling machine is a complex interaction of all the powder characteristics that 

can be measured individually. Hence, critical values of these parameters were selected, 

above or below which the powder would perform reproducibly in the process of capsule 

filling. These critical values provide an approach to identifying powder blends with 

suitable characteristics for a reproducible capsule filling.

Fassihi and Kanfer (1987) reported that the fill weight of tablets from powders including, 

Emcompress, Emdex, magnesium oxide and mixtures of various fractions of all three, had 

a higher values of coefficient of variation when the values of CCI exceeded 20%. The bulk 

properties measurements proves to be similarly valuable in estimating the performance of 

capsule filling with regard to fill weight and fill weight uniformity and also offer an easy 

and reproducible way for investigating the capsule powder formulation. However, because 

there are several procedures to test the bulk densities of the powder, as has been discussed 

in the previous chapters, a preliminary evaluation of these measurements is essential before 

assessing the critical values. It would be expected that the critical values ofj^stated in this 

study would be more applicable in different testing conditions because of the less variation 

in the methodology of testing.

There were some examples where the powder blend would fit within the specifications of 

the critical value but produce capsule fill weight with high values of Xcv. These were 

related to formulations with excipients such as talc, Aerosil and microcrystalline cellulose.
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These blends had problems with ejection during the capsule filling, from the observations 

during the monitoring of the capsule filling process. These excipients have also shown to 

be less effective in reducing the angle of wall friction and the degree of interaction between 

the powder and the metallic wall surface.

To inspect the effect of the powder-wall friction on the capsule filling process the values 

of the angle of wall friction were related to the values of the coefficient of variation of the 

capsule fill weight. The angle of wall friction was valuable in differentiating between the 

efficacy of the different additives in reducing the degree of interaction between the powder 

and the wall. It was also useful in differentiating between certain lubricants according to 

their mode of action. However, these values did not seem to be predictive in the case of 

capsule filling, i.e., there was no clear relation between the values of the angle of friction 

and the values of Xcv. The wall friction in the dosing tube is governed by the degree of 

powder-wall interaction as well as the applied stresses on the wall in each stage of the 

filling, i.e. radial pressure and residual radial pressure. These are dependent on the degree 

of compression, which is also dependent on the properties of the powder. Therefore, a 

powder with low angle of friction values could still have significant friction problems 

inside the dosing tube if it produces high radial stresses or residual radial stresses and vice 

versa. Furthermore, some lubricants, such as talc have been shown to fail to lubricate upon 

the application of high stresses, (Train and Hersey, 1960).

V Conclusion

Free flowing powders, in general, showed better performance in capsule filling and 

produced lower values of Xcv. This effect could be due to the uniformity of the powder 

bed from which the powder plug is collected. However, a number of other factors also play 

a role in determining the weight variation. These include the compressibility of the 

powder, i.e., to what extent the powder will strain under compression before its particles 

start to deform, and the effect of powder-wall friction. In which case proper lubrication is 

important to reduce possible problems in the ejection. Capsule fill weight was also more 

related to the minimum bulk density than the tapped bulk density with a general increase 

of capsule fill weight with increasing bulk density.

265



Capsule filling - Chapter Five

The reproducibility capsule filling, in terms of mean fill weight and fill weight uniformity, 

was more dependent on the flow characteristics of the powder itself rather than the type or 

concentration of the added lubricant or glidant. There was no clear relationship between 

the measured powder flow parameters and the capsule fill weight and fill weight variation.

Powders such as lactose and mannitol had serious defects in the structure of the powder bed 

in the powder tray. This leaded to a decrease in the mean fill weight associated with an 

increase in the coefficient of variation values. Lubricants and glidants that reduced the 

values of CCI and, hence, improved the powder bed uniformity, experienced an increase 

in the mean fill weight with a slight decrease in the values of the coefficient of variation. 

This was less noticeable with powders that originally had low values of CCI. It could be 

said that the powder bed uniformity plays an important factor in determining the resultant 

mean capsule fill weight and the fill weight uniformity. On the other hand, the values of 

j f  did not show a greater prediction advantage over the values of the bulk density 

measurements. Powders with very high values of did not show serious problems in 

powder plug retention as indicated from the small values of the coefficient of variation 

obtained even for powders with the high values ofjg^

Some excipients can be recommended for some diluents, such as magnesium stearate with 

mannitol, and there were some examples where optimising the concentration of the added 

excipients was essential to obtain an optimum powder performance in capsule filling.

Care should be taken to adjust the compression upon the addition of excipients, such as 

magnesium stearate, that are well known to affect the plug strength. In this case a slight 

compression would be recommended. It would also be advisable to keep the lubricant 

concentration to a minimum, especially when using lubricants that might retard the 

bioavailability of the drug.

The values obtained from the wall friction measurements did not clearly correlate to the 

capsule filling because the situation is complicated by the presence of other stresses such 

as residual radial pressure. However, the angle of wall friction values can still be used 

qualitatively in evaluating the efficiency of the lubricant and its mode of action. It can be 

generalised that the lubricants that act by forming a boundary lubricant film on the wall are
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more effective in reducing the friction in the shear cell as well as in the dosing tube.

In general, the two most important considerations in producing capsules with a uniform fill 

weight were,

1) A Uniform powder bed from which the powder plug is picked.

2) A smooth ejection of the powder plug from the dosing tube, which could be obtained by 

proper lubrication.
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Conclusion

□  Uniformity of weight for capsules filled in a dosing tube capsule filling machine 

depends to a large extent on the flow properties of the powder and in particular the 

properties of the 1 major powder component used for filling.

□  Addition of lubricants and glidants affected the flow properties of the diluents. 

This was evident in most cases by the measurements of the annular shear cell 

and/or the bulk properties of the powders. The powder flow properties were found 

to be determined mainly by the properties [of the diluent rather than the properties 

I of the added excipients , i.e., the diluent flow properties seems to predominate in

i the blend.

□  There was a general correlation between the bulk properties measurements and the 

measurements of the shear cell but in some particular cases there was some 

contradiction between both measurements.

□  Boundary lubricants which form a film on the metal wall, such as magnesium 

stearate and sodium stearyl fumarate were shown to be more effective than other 

types in reducing the powder-wall friction at very small concentrations and at 

different applied stresses. These lubricants/have also shown to more efficient in 

capsule filling.

□  The lubricant particle size of glyceryl monostearate was shown not to be important 

as long as it is ensured that there is sufficient lubricant present at the sliding 

interface. Hence, the smaller the size of the | diluent particles, the smaller the 

particle size of the lubricant required to ensure that the lubricant is distributed 

within the bulk and could reach the friction interface.

□  Upon capsule filling the different powder properties seemj to interact in a complex:

I manner - - , which is why there was no single powder parameter that could

definitely predict the performance of the powder in capsule filling. The interaction 

of the powder with the wall surface adds to this complexity.
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□ The more free flowing powders, generally, had a better performance in capsule 

filling in terms of weight uniformity of the resultant capsules. This could be due 

to the better uniformity of the powder bed, from which the powder plug is

[sampled.

□  The range of compression settings which allowed capsule filling in the case of free 

flowing powders, such as coarse lactose and Starch1500, was restricted compared 

with that for the less free flowing powders, such as fine lactose and mannitol. This 

was mainly due to the greater resistance to densification of the free flowing 

powders within the dosing tube, which results in the exertion of high forces against 

the dosing piston.

^  While it was not always possible to ensure a that a powder above or below certain

limiting values would fill in capsules successfully, it was possible to provide 

limiting values which would not fill well. These were, (7 for jf), (25% for CCI) and 

(0.3 and 50 for Kawakita constants a and 1/b respectively).

□  Powders that fulfilled the specified criteria and did not perform well in the process 

of capsule filling were related to blends of various diluents with Aerosil, talc or 

microcrystalline cellulose. These blends had problems with the powder-wall 

friction especially in the process of powder plug ejection. The exclusion of these 

powders resulted in a better evaluation of the different critical values (given as 

became, 5.5, CCI=< 28.5%, a=<0.3, l/b=< 60.

□ The critical values of the angles of wall friction were combined with the different 

critical values of the powder flow parameters to evaluate the powder blends

. This combination did not seem to be advantageous. It was, therefore, 

concluded that the powder-wall friction studies using a shear cell are not 

necessarily representative of the situation in a capsule filling machine.

□  Minimum or no compression during capsule filling is advised, since 

precompression in most cases was adequate for the retention of the powder plug.
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Though, in some cases upon the addition of lubricants that/could alter the coherence 

of the powder plug, such as magnesium stearate, slight compression could be 

beneficial. In these cases the addition of the lubricant itself improves the 

mechanical operation.

□ Care should be taken to adjust the compression and lubrication with glidants that 

improve the flow properties of the powders. The presence of lubrication is 

essential for powders that contain Aerosil, since it has a superior glidant effect and 

also increases the powder-wall friction.

□  The two principal factors to be considered to ensure a reproducible capsule filling 

are,

1 ) A powder bed with a good bulk properties, i.e., uniform bulk density and 

no powder arching especially in the region of the holes left from previous 

tube sampling. 2) A good lubrication to ensure smooth ejection of the 

powder plug and avoid splattering or fragmentation of the powder plug 

during ejection.

□

□

□
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Future Work

Recommendations for further work can be summarised in the following,

□  An investigation on the effect of lubricants on the disintegration/dissolution profile

of capsules is recommended. This effect can be combined with influence of

lubricants or glidnats on the weight uniformity of the capsules. Model drugs or a

range of diluents could be used. The effect of disintegrants or superdisintegrants

could also be investigated. This would also require the assessment of drug content 
uniformity prior to testing.

CH An investigation into the powder bed uniformity using powder flow tests should be
I undertaken.

□  The annular shear cell could be used to investigate ternary mixtures, especially 
/ upon the addition of lubricants with glidants.

□  The effect of lubricants and compression on the weight uniformity of capsules can 

be further ̂ elucidated by using an instrumented dosing piston.

□  I Further analysis of the shear cell test results should be undertaken to elucidate the 

I  consistency of the values of Ô.

□

□

The effect of lubricants and compression on the weight uniformity of capsules 
be further elucidated by using an instrumented dosing piston.

can

□  The dosing disk capsule filling machine can be used to test the critical values of the
powder flow parameters, especially the bulk property measurements to allow 
extrapolation of the findings to the type of machine.

The effect of the operating parameters of the capsule machine such as, filling speed
and the use of different capsule sizes can be further investigated on the Zanasi AZ5 
machine.
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