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Abstract

Extrusion/Sphemization is a method for the manufacture of pellets (small 

spherical particles) used in the pharmaceutical area.

This work investigates the role of the most common liquid used in 

extrusion/spheronisation formulations, water, in terms o f the success and the 

failure of the process.

Five model drugs from the same chemical family were chosen. The model drugs 

were esters o f gallic acid (methyl, propyl and butyl paraben), p-hydroxy benzoic 

acid and propyl gallate.

All five drug models mixed with different ratios of microcrystalline cellulose 

(MCC) and water were extruded and spheronized. The different process 

parameters were collected and analyzed, such as steady-state extrusion force, 

the shape and size of pellets produced from extrudates etc. The results showed 

that four out of the five drug models can be considered drugs that go through 

the extrusion/spheronization process well.

Formulations from each material were extruded and the extrudates were 

collected in different fractions, and the amount of water in each fraction was 

determined. It was found that the amount of water in the initial formulation and 

the extrusion speed had a great effect on the amount o f water in the extrudates, 

and that the extrusion/spheronization process is tolerant of a degree of water 

movement.

A centrifuge method was employed to evaluate a water retention parameter for 

the different materials and their mixtures with MCC. It was found that although 

all materials are similar in their chemical structure, an obviously different water 

retention capacity was recorded which was related to their hydrogen bonding 

solubility parameter.

Magnetic resonance imaging (MRI) was used to map the water distribution in 

plugs and in the extrudates. From examining the plugs it was found that two 

types o f water movements occurred in the barrel, different in their direction. 

Which type o f water movement is dominant is dependent on the speed of 

extrusion. The examination of the extrudates did not produce clear information, 

probably because of the limitations of scale.
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Powder compacts made from the different model drugs were tested under creep 

conditions, but the results were not reproducible.

By extruding the model drugs inside a transparent barrel and tracking the 

progress of marker stripes it was possible to show that the different layers inside 

the barrel moved in a fluctuating manner.
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List of symbols and abbreviations

4-HBA= p-hydroxy benzoic acid

a  = Factor characterising the effect o f die entry yield stress velocity

P  = Wall velocity factor - takes into consideration the velocity

dependence o f the wall shear 

Ôd = Dispersion solubility component

ôp = Polar dispersion solubility component

Ôh = Hydrogen bonding solubility component

Ô = Total solubility parameter

Y = Shear rate (chapter 1)

Y = Gyromagnetic ratio (chapter 4)

Y = Strain (chapter 5)

y ’ = Strain rate

Y^  = Apparent shear rate at the die wall

T| = Newtonian viscosity

77̂  = Apparent viscosity

rjp = Plastic viscosity (constant)

|x = Magnetic moment o f the nucleus

œe = Stress on the spring (elastic) model,

cjv = Stress on the dashpot (viscous) model

T = Shear stress (chapter 1)

T = Stress (chapter 5)

Tq = The initial shear stress that must be exceeded to induce flow

= Shear stress at the die wall

Ty = Yield stress which precedes the Newtonian flow (constant).

ZyQ = Initial die entry yield stress

coo = Larmor frequency

A = Cross-sectional area of the orifice of the die

Ao = Cross-sectional area of the ram

at = Acquisition time

Av = Average
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Av4 = Average o f the water content in four extradâtes fractions

b = breadth of the ellipse

Bo = Magnetic field strength

C = Circumference

CED = Cohesive energy density

Cov = Coefficient of variation

cpgm = Carr-Purcell-Meiboom-Gill sequence

D = Diameter of die land

di = Relaxation time

Dav = Density o f Avicel

Dend = Displacement of piston at the end of extrusion
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an angle a  

Cr = Eccentricity ratio

f  = the correction factor
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G = Gradient (chapter 4)

G = Shear modulus (chapter 5)

h = Planck’s constant

Hpiug = Height of the remaining plug

I = Quantum number (!4, -V2)

Is = The observed magnetisation generated immediately after the 90^

excitation pulse 

Init = Initial water content

Jo = Instantaneous compliance.

K = Power-law viscosity constant

1 = length o f the ellipse

L = Die length

Mq = Boltzmann equilibrium nuclear magnetisation

MCC = Microcrystalline cellulose
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Mg = Molecular weight
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My = Magnetisation along the y axis

Mz = Magnetisation along the z axis

n = number of measurements (e.g. if a = l° , n=360)
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Pc = Percolation threshold
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re = Radius of an equivalent circle
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RT = Retardation time

te = Echo time
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1. Chapter One: Introduction

1.1 Pellets

1.1.1 Introduction

Oral delivery is a convenient way for administration of controlled release drugs. 

Control release formulations are designed to give either positional release, 

aimed to deliver the drug to a certain target area and release it there (for 

example, by the use o f enteric coating to deliver a drug to the small intestine), 

or to give a temporal release, aimed at delivering the drug either continuously 

over a certain period o f time (commonly defined as slow, retarded or sustained 

release) or after a lag time (delayed release). The advantages o f such a release 

profile could be:

• Reduced adverse effects - as the concentration o f the drug in the 

blood should be kept inside the therapeutic window.

• Reduced number of doses per day to be taken by the patient - due 

to the prolonged period of time in which a therapeutic level is 

maintained, a fact that helps improve patient’s compliance.

Once the formulator decides to use a controlled release profile for a drug, there 

are two main types of dosage forms to choose from:

1) Single unit dosage form - Generally a single tablet or capsule which is either 

coated or filled with materials that gives it the controlled release 

characteristics. For example: membrane coating, inclusion of drug in its 

reduced solubility form etc.

2) Multi-particulate dosage form - A tablet or a capsule that contains pellets or 

granules.
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Pellets are spherical particles which can be produced by an extrusion and 

spheronisation method (Conine et al. 1970, Reynolds 1970). One of the early 

pellets products were Spansules® by Smith, Kline and French which were 

introduced in the 1960s, and consisted of non-pareils sugar coated pellets filled 

into capsules. Most commonly pellets consists of drug and excipients as a core, 

a fact that opens the way to make pellets o f high drug loading, in comparison to 

the use of coated sugar beads. In most cases the pellets are coated and then 

filled into capsules or compacted into tablets.

Their size is usually in the range of 0.71mm to 1.7mm although in the 

pharmaceutical industry the aim is to produce pellets in the size range o f 1 .0 mm 

to 1.4mm.

1.1.2 Advantages of pellets

From the pharmacokinetic perspective, multi-particulate dosage forms have the 

following advantages over single unit dosage forms:

1. The dosage form exhibits high reproducibility transport through the 

Gastro-intestinal tract -  gastric emptying is influenced by many factors: 

systemic and stomach content related (amount, composition, pH, 

osmotic pressure etc.). Gastric emptying can occur in intervals o f 15min 

to 20 hours (Daveport 1971). When examining the time it takes for a 

single dosage form (tablet of 10-16 in diameter) to be emptied from the 

stomach, a wide range of Ohr to more than 7hr was observed (Wagner et 

al. 1960). On the other hand, it was reported that small particles (less 

than 1 mm in diameter) can pass the pylorus even when the spincter is 

closed (Bechgaard 1982), i.e. is not depended on gastric emptying. 

Clarke (1993) found similar transition times for pellets o f 0.5 and 4.75 

mm. Bechgaard (1978) showed that there is a strong link between the 

density of the pellet and its intestinal transit time in ileostomy patients 

because o f a detaining affect by the villi and microvilli. This was later 

found not to be true in healthy subjects for the density range tested.
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Devereux et al. (1990) and Clarke et al. (1993) found that density did 

matter if  above 2 .8 g/cm^.

2. The pellets are distributed over a big surface area, and by that reducing 

the risks to cause damage to the intestinal mucosa, in the case o f a drug 

that is irritant in high concentrations to the mucosa.

3. The release o f pellets from the stomach is constant over a period of time, 

where in the case of a single unit dose it can only be either present in the 

stomach ( 1 0 0 %) or not (0 %).

4. There is a high accuracy in reproducibility from dose to dose 

(Bechgaard 1982)

From the industrial point of view there are also advantages in using pellets 

(Reynolds 1970):

1. Improved flow properties -  large particles will flow better from hoppers 

during the filling process leading to less variation in tablets/capsules 

weight.

2. Efficient film coating - pellets provide smooth minimum surface area 

which ensures a uniform coating. Because o f the efficient coating, less 

coating material will be needed.

3. Mechanical strength - the mechanical strength, which is related to the 

fiiability, is dependent upon the cohesive forces and surface properties. 

The strength o f spheres manufactured by spheronisation is generally 

greater than regular granules o f similar size and formulation.

Furthermore, pellets containing an active drug may be mixed with pellets o f any 

other drug or with placebo and this allows the production of several different 

products, in content and in strength, from a single pellet formulation.
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1.1.3 Methods of manufacture

As mentioned before, one way of manufacturing pellets is by the 

Extrusion/Spheronisation process, which is the subject of this research and will 

be discussed in further details in section 1 .2 .

In addition to this process there are several more methods o f manufacturing 

small spherical pellets:

• Coating Pans - used in industry for sugar coating, film coating and 

pellet manufacturing. They can also be used for pellet coating and 

for drug layering. This machine is relatively cheap and due to its 

variety of function that it is able to perform, is very economic. 

Nevertheless, this equipment needs to be operated by a skilled hand 

and the properties of the end product depends on those two skilled 

hands. The main idea behind the preparation o f the spheroids is a 

dry powder that aggregates due to the rotation of the pan and due to 

a binding solution which is sprayed on the surface area of the 

powder. The pellets are later on dried inside the pan by passing 

warm air through the bed of particles.

• Fluidised Bed Svstems -  These are used for coating, drying and 

pellets production. They can undertake a variety of functions. The 

machine consists o f a hollow chamber that is divided into two 

sections: the product chamber and the expansion chamber. The air 

supply system that supplies warm air at a set rate to the product 

chamber is located at its bottom. The nozzle that sprays the binding 

solution can be locate either at the top or the bottom of the 

chamber. At the top o f the expansion chamber is a filtration system.

• High speed granulator -  The binder solution and powders are 

added simultaneously onto a spinning rotor and chopper blades. 

The particles agglomerate and rounded by inter-particale 

interaction forces to form a sphere.
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• Rotary (centrifugal Granulation - This apparatus consists a 

chamber with a rotating disc located at its bottom. The chamber’s 

walls, which are made out of stainless steel, are called the forming 

zone. Air is flow up between the sides of the rotating disc and the 

chamber’s walls this to prevent material to fall down this gap. A 

nozzle sprays the binding solution into the forming zone. Once the 

pellets are formed the separate inner walls are removed and the 

pellets are pushed into the drying zone.

The advantages using the method o f extrusion/spheronisation are that:

1. High drug loading can be achieved (sometimes up to 90%).

2. The process takes 5-15 minutes, providing it is well controlled.

3. The pellets produced are nearly spherical and o f narrow size 

distribution.

4. The pellets are o f uniform density and surface characteristics.

The disadvantage of pellets manufacturing by extrusion/sphemoisation is the 

unknown conditions needed in order for a paste to undergo the process 

successfully. This lack of knowledge sometimes leaves the formulator working 

in a trial and error manner.

1.2 Extrusion

1.2.1 Theory

Extrusion is a process that is used by several industries to manufacture a vvdde 

range of products, for example: rubber, explosives, strong ropes, crisps etc. In 

the pharmaceutical industry, the extrusion process is used to manufacture 

different products:

1) Production o f pellets -  where extrusion is the first part o f a two-stage 

process, which is followed by spheronisation.
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2) Melt extrusion -  o f a polymer embedded with active ingredients for the 

manufacture of:

a) Oral tablets -  BASF system (Anonymous, 1994).

b) Implants (Zolidex®, Zeneca).

When extrusion is followed by spheronisation, it complicates the formulation 

procedure, because the material should have the properties required by both 

stages o f the process.

The extrusion process in the pharmaceutics field involves forcing a wet mass 

(powder/s and water) through a narrow cross section, a die or a set o f dies. In 

reality it is desirable to perform the process under controlled conditions. The 

high pressure that builds up during the process, the restricted container in which 

the process takes place and the large amount o f variables that affect the system 

-  in a complex manner, makes our lives harder when trying to understand the 

process and when trying to improve control.

To simplify the process it is possible to consider the process of flow o f material 

through a die as a simple capillary flow. When a laminar flow occurs in a 

capillary, fluid moves as a result o f the pressure gradient along the capillary

During the steady-state phase in the extrusion process, the force due to the 

pressure differences between the two ends of the die (APtiî ) equals in value and 

opposite in direction to the viscous force (T*27rr*L):

(1.1) r  • (2;rr • T) = AP;r

Where: x = Shear stress at the die wall,

r = Die radius at a point.
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Die length.

From the above equation t can be expressed:

(1.2) T =
A P r
2 -Z

The pressure gradient within the die can be calculated by the following 

equation:

(1.3) AP = — = — 4:
A ttRR

Where: F

A

Pr

Rr

Force applied by the ram.

Cross-sectional area that the force is applied on. 

Ram pressure.

Ram radius.

Another variable is the upstream pressure loss (Po) that describes the stress 

required to initiate flow into the barrel along with the frictional pressure that is 

lost due to the flow in the die. This variable can be determined by measuring the 

pressure necessary to force extrudate through dies o f different length-radius 

ratio and extrapolating the graph. ?o would be the intercept on the pressure axis 

at zero L/R ratio, as demonstrated in Fig 1-1 (Bagley 1957):
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Fig 1-1 : Calculating Pq from a series of pressure versus capillary length to 
radius ratio plots. Each straight line corresponds to a constant shear rate.

(1.4) AP =
7T R R

Substituting equation (1.4) into equation (1.2) gives the shear stress at the die 

wall from the ram pressure:

(1.5) T  = ■

I L ttRR

Calculation of the shear rate at the die wall:

Using the Hagen-Poiseuille equation the volumetric flow rate (Q) for a 

Newtonian model can be calculated:
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( 1 .6 )

Where: t| = Newtonian viscosity.

This equation can be used for non-Newtonian formulation where there is an

apparent viscosity ( 7 = — ^ — ) .  When this assumption is made, from

■ 0 »

equation ( 1 .6 ) and equation (1 .2 ) the apparent shear rate at the die wall 

dv./  dv \
(^ -(— )^ j  can be calculated:

(1.7) - A
dr w 2tj-L

The volumetric flow rate (Q) can also be calculated from the value o f the 

velocity o f the ram and when assuming the sample is not compressible:

(1.8) Q=V j -̂7i R \

Where: Vr = Velocity o f the ram.

R r  = Radius of ram.

Substituting equation (1.8) into equation (1.7) gives the apparent shear rate at 

the capillary wall expressed as a function o f the ram velocity:
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<«>

Where: y , = Apparent shear rate at the die wall.

Calculating apparent viscosity:

Apparent viscosity (tia) can be calculated by the following equation:

(1.10)
'  A

Where: 77̂  = apparent viscosity,

Rheological Flow Curves:

The shear rate at the die wall, as mentioned before, is derived from the 

Hagen-Poiseuille law - equation (1.7). This assumes that the flow is Newtonian. 

If  this is not the case, Jastzrebski (1967) suggested that a correction should be 

made for the rate of shear in the previous equation:

(1 1 1 )  - A . . , - * ’ " ' ’
^  i!

The value o f n ’ is determined from the slope o f the curve o f log shear stress as a 

function o f the log apparent shear rate.
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Wilkinson (1960) found that in order to use these equations, the following 

assumptions should be made:

1. The flow of wet mass in the die is laminar, the total mass in the die 

moves with constant velocity, parallel to the die axis.

2. There is no slip at the die wall.

3. The rate o f shear depends only on the shear stress at the point of 

measurement and is independent of time.

Nevertheless, Oldroyd (1949) and Jastrzebski (1967) found that slip at the die 

wall occurred, causing an increased flow rate in the die. They reported that the 

slip or a thin layer with anisotropic rheological properties, as Oldroyd describes 

it, was dependent on the die wall shear stress and the die diameter, a fact that 

implies that the slip velocity in those cases is not a simple fhnction. Jastrzebski 

(1967) explained the slip as caused by interactions between the die walls and 

the solid particles. Harrison et al. (1987) found that at high die diameters (above 

2mm), when extruding a mixture o f solids and water, a negative or negligible 

slip occurs. Ignoring the slip at the die wall allows us to fit a mathematical 

model such as the Herschel-Bulkley model which takes account of both 

non-Newtonian flow and a yield stress, as will be explained later.

Newtonian Flow Model:

The simplest flow model is the Newtonian flow model:

(1-12) K  = ^A-rA

Where: = Shear stress at the die wall,

77̂  = Viscosity.

= Shear rate.
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Bingham Body Model:

Materials which flow only after a certain shear stress is exceeded are called 

Bingham Bodies, in honour of B.C. Bingham who first studied their properties. 

This model behaves elastically up to the yield stress, fi*om which the rate of 

shear is directly proportional to the shear stress minus the yield stress (the linear 

part o f a Shear stress X Shear rate curve). The Bingham body equation is:

(1.13)

Where:

Vp

Yield stress which precedes the Newtonian flow 

(constant).

Plastic viscosity (constant).

Power-law model:

This model is used to describe materials that are shear thinning or shear 

thickening (i.e. where viscosity changes due to the shear stress applied). This 

kind o f behaviour is characterised by a linear relationship between the log shear 

stress and the log rate o f shearing a simple shear flow. The equation which 

describes the behaviour of such a model is:

(1.14)

Where: K

n ’

Power-law viscosity constant.

Degree of non-Newtonian flow 

n ’ > 1 : the material becomes less viscous with 

increasing shear rate(shear thinning), 

n ’ < 1 : the viscosity increases with increasing 

shear stress(shear thickening).
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When the log shear-stress is plotted as a function of the log shear-rate, the slope 

represents the degree of non-Newtonian flow (n’) and the anti-log of the 

intercept represents the power law viscosity constant (K).

Fig 1-2 : The behaviour of the different flow models.

Herschel-Bulklev Model:

The power-law model usually does not fit for a flow of a complex system 

because it does not take into consideration a yield stress that is usually 

necessary to initiate the flow tltrough the die.
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This drawback is solved by combining the two former models, i.e. a material 

which at the beginning behaves as a Bingham type yield stress which is 

followed by the power-law type:

(1.15) t^=t +K y";

End corrections:

When looking at the flow inside the die, equations (1.1) and (1.2) are not 

applicable because they assume a uniform pressure gradient throughout the 

capillary (Fig l-3a). In practice, this is not the case. The pressure gradient 

consist o f three regions, different in the pressure profile (Fig l-3b):

1. Capillary entry region -  where lose o f pressure occurs due to the forcing 

of mass from reservoir of large diameter into the die of a smaller 

diameter.

2. Laminar flow region -  the entrance effects cause a disturbance in flow 

until a laminar flow is achieved.

3. Exit region -  due to the sudden change of boundaries, a non-laminar 

flow occurs. Han et al. (1971) found that the ‘exit pressure’ is usually 

above atmospheric pressure and is related to the pressure drop at the 

entrance of the die, or in other words, it is defined as a “recoverable 

pressure” which is carried with the material as it leaves the capillary.

Capillary entrance and exit effects have a greater influence in a case o f a short 

capillary, as the extrusion die. This emphasis the importance of taking these 

effects into account.
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—#4

Fig 1-3 : End corrections (a) assuming uniform pressure gradient, (b) three 
different pressure regions (end co,

Pressure Drop at the Die Entry:

Benbow (1971) calculated the pressure drop at the die entry from the paste yield 

stress and the change in the cross sectional area occurring at the entrance:

( 1.16) /î= r  ln(4)/ À)

Where: Pi = Pressure drop at the die entry.

Cross-sectional area of the ram.

Cross-sectional area of the orifice of the die.

Yield stress of the paste.

** For a circular barrel and die land, one can replace the cross-sectional 

areas in the equation (A) with the diameter (D) and multiple the right 

hand side of the equation by two.

Pi

4
A

T .
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Benbow et al. (1987) found a dependence of the pressure gradients for the flow 

into and through a die on the extrudate velocity:

(117)

Where: = Initial die entry yield stress.

a  = Factor characterising the effect of die entry yield

stress velocity.

= Velocity o f ram.

The following equation is a result o f substituting of equation (1.17) in equation 

(1.16):

(1.18) f=(T^o+ « K / ^ )

Pressure Drop at the Die Land:

In the die the bulk of the material moves at a constant velocity, which is equal 

to the extrudate exit velocity. During this flow only a thin layer o f liquid, near 

the walls o f the die, is subjected to shear (Benbow et al. 1993). Therefore in the 

die there are both a solid and a fluid component. Hence the flow properties 

depend on the properties and rheology of the two different phases. The thin 

layer that is subjected to shear can be described as a Bingham body fluid model. 

This behaviour can be described by the following equation (which is equation 

(1.13) with a small alteration):

(1.19) ^
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Where: t  = Shear stress.

y = Shear rate.

Ty = Yield stress that precedes the Newtonian flow.

rjp = Plastic viscosity.

The pressure drop at the die land (A P) generates a force on the mixture 

(AP Tt I A) which is opposed by the wall shear force, equal to the product 

of the wall shear stress ( r )  and the circumference o f the die land ( tt DL),  to 

give the following equation:

(1.20) AP Ti; n  D L

Where: AP = Pressure drop in the die land.

D = Diameter of die land.

T = Shear stress.

L = Length of die land.

From the previous equation the pressure drop at the die land can be expressed 

as:

(1.21) AP=4 r —
D

To standardise the variables the following change in the previous equation to 

use the cross-sectional area (A) would give:

(1.22) ùJ>=t L -
A
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Where: C = Circumference.

A = Cross-sectional area.

In the thin layer o f liquid next to the wall of the die land, where the shearing is 

taking place, if  a Newtonian flow is taking place the flow would be proportional 

to the extrudates’ mean velocity at the die land (Benbow et al. 1993). Therefore 

the shear stress can be expressed as follows:

(1.23) T = TQ+fi V

Where: Tq = The initial shear stress that must be exceeded to

induce flow.

= Wall velocity factor - takes into consideration the 

velocity dependence o f the wall shear,

F = Mean velocity o f the extrudate in the die land.

This can be substituted into equation 1.22 to give the following expression:

(1.24) AP=4 i-(r„+ySF) ^

Total Pressure Drop:

By adding the pressure drop at the die entry and the pressure drop in the die 

land the total pressure drop would be:

(1.25) P=Pj+AP
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Substituting equations (1.18) and (1.24) in the previous equation, would give:

(1.26) r j  ln ( ^ ) + 4  L- { T . ^ P V ) ^

Implications;

The implication of this theory o f extrusion is that it provides a way to 

characterise the materials that are to be extruded, and a better understanding of 

why a formulation does or does not extrude properly.

Raines (1990) examined Bagley plots for different paste formulations that vary 

in the type of microcrystalline cellulose used. From the plots she looked at the 

different values of the die wall shear stress ( r^ )  and the upstream pressure loss 

(Pi). Raines also implemented the Benbow-Bridgewater approach to examine 

the values of the die entry yield stress (r_^o), the initial die wall shear stress

( Zq), the die entry yield velocity factor { a )  and the die-land velocity factor (/?) 

for the different formulations. Raines ranked the different MCC grades by their 

extrudability. She found that colloidal grades of MCC behaved differently than 

powdered grades. Furthermore, she noted that even in the powdered MCC 

subgroup, MCC manufactured by different manufacturers resulted in different 

values.

1.2.2 Types of extruders

All types o f extruders, no matter how different in their structure, have two 

general areas: a) the transport region - in which the material about to be 

extruded is being transported in towards the die, and b) the die region - where 

the die or dies are located into which the material is forced resulting in the 

required extrudates.

The main types of extruders are:

•  Ram Extruder (Ovensten et al. 1968) - which is comparable to a 

capillary rheometer. Widely used in the industry for the production of
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different products, such as: rocket fuel, plastics, crisps etc. It is used as an 

experimental tool, because it provides the ability to measure the extrusion 

force throughout the process and the relative ease in changing other 

variables in the process, such as: die, speed, barrel dimensions. The 

system consists o f a hardened steel barrel that is filled with the wet mass. 

A piston travels inside the barrel and squeezes the wet mass through the 

die that is located at the end o f the barrel. The die should be easy to 

change. Between the end of the barrel and the die there is usually a 

rubber 0-ring to keep the area airtight (Fig 1-4). The whole complex, 

when filled with the wet mass, is placed under a load-cell that presses the 

piston down the barrel at a set speed. By looking at the extrusion force 

profile, the user can evaluate the way the wet mass undergoes the 

extrusion process and to try to solve problems when occurring. This type 

o f extruder produce uniform shapes, and for this fact it is used to 

manufacture catalysts of complex shapes. The major disadvantages of 

this type of extruder are its low throughput for industrial use and the lack 

o f continuity of the process. Nevertheless, this extruder is a good 

instrument for the formulation stage, although a scaling-up will be 

needed. Tordella (1969) first discovered the presence of a static zones 

inside the barrel of a ram extruder fitted with a single holed die below a 

certain critical stress when extruding low-density polymers (Fig 1-5). 

Harrison (1982) used a colour tracer in order to prove the presence of 

static zones in the extrusion of pharmaceutical pastes. These zones are 

located just above the die at the capillary inlet. The vortex appears to 

form at a natural angle of convergence. A large value o f the angle of 

convergence increases the length of the capillary and therefore increases 

the entrance pressure lose. The exsitance o f angle of convergence can 

affect the extrusion process. Fielden et al. (1989) found that extrusion of 

a mixture containing coarse lactose results in a shorter period o f steady 

state flow, this is because o f failure to maintain a constant angle of 

convergence during extrusion. To try to prevent such a phenomena from 

occurring, some of the ram extruders have a range o f dies to choose from 

with different die length and diameters but also with a different entry 

angles.
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Fig 1-4 : Schematic representation of a Ram Extruder.(Mm.jpg)

Fig 1-5 : Schematic drawing of the converging flow at the capillary
inlet.{A«gk,jpg)
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When looking at the extrusion profile obtained from extrusion in a Ram 

extruder ( Fig 1-6), three distinctive regions are seen:

• The first is the compression stage in which voids and air are 

removed from the wet mass. At this point the extrusion has not 

started yet and nothing comes out of the die (except air). At this 

stage, a large change in displacement occurs, with only a small 

change in load. At the end of this stage, the material is at its 

minimum volume and its maximum density.

• The second stage is the steadv-state stage. At the beginning of this 

stage, the first extrudates starts to exit the die. Usually just before 

the first extrudate comes out a drop of liquid comes through the 

die. During this stage the extrusion force is usually more or less 

constant. The extrusion force at this stage is greatly depended on 

the formulation and especially on the water content (Raines, 1990).

• The third and last stage is the forced-flow stage. The extrusion 

force at this stage starts to rise rapidly. Usually the extrudates 

produced at this stage are drier than the previously produced 

extrudates. This happens due to water migration as the piston is 

reaching the end of the barrel.

3Q

FlowStag*

UJ

(mm

Fig 1-6 : Extrusion profile on the Ram extruder.cprof«k.jpg)
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Screw Feed Extruder -  These consist of one or more helical screws 

rotating within the extruder’s barrel. The barrel is filled with the wet 

mass that is fed by a hopper. The screw travels along the barrel with its 

rotation, pushing the wet mass as it proceeds down the barrel. This 

extruder exists with two types of dies: an axial-end plate (Fig l-7a) and 

a radial screen (Fig l-7b). The big disadvantage with this kind of 

extruder is the large amount of heat that is produced, heat that may 

effect the material being extruded, especially in the case of the end plate 

die. Shah et al. (1994) found a direct relation between the pressure 

measured at the screen and the screen’s temperature. Suggesting that the 

heat might be changing the formulation by causing extended water 

evaporation. Kleinebudde et al. (1993) reported the use of a twin-screw 

extruder system which the powder and liquid are fed directly into the 

extruder prior to extrusion. They also fitted the extruder with a power 

consumption recorder to enable the operator to control the process.

f t

Fig 1-7 : Schematic representation of the screw extruder: (a) Axial screw feed 
extruder, (b) Radial screw feed extruder, (spmv.jpg).

Gravity Feed Extruders - There are two main types of extruders in this 

category: (a) Rotary-Cylinder extruder (Fig l-8a), (b) Rotary-Gear 

extruder (Fig l-8b). The common principle of the mechanism of these 

two extruders is the existence of two rotating cylinders that are located 

one against the other. In the Rotary-cylinder extruder one of the 

cylinders acts as a die while the other’s function is to press the wet mass 

into the holes in the die cylinder. In the Rotary-Gear extruder both
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cylinders act as dies and both of the cylinders press the wet mass into 

one another using teeth which are located on them. As it is possible to 

understand from their category name - both the extruders are gravity fed 

from the hopper into the nip between the cylinders, where the wet mass 

if forced through the dies. The extrudates are collected from inside the 

cylinders where a scraper is located that cuts off the extrudates, from 

which they fall to the collection container. In most cases, it is possible to 

change the dies on the cylinders and by that extruding with dies of 

different L/R ratio of the die. The disadvantages of this type o f extruders 

are:

(1) Due to their gravity fed mechanism some wet mixtures could be 

flow slowly through the hopper and even get stuck in the hopper 

from time to time. This problem could be solved by granulation 

prior to extrusion, but this solution complicates the 

manufacturing by adding an extra step in the process.

(2) Due to the large number of dies in the cylinder, and the fact that 

they have to be made by drilling, which is more expensive than 

making holes by punching, they are expensive to manufacture. 

Furthermore, it is very difficult to clean the dies after each batch 

(a requirement often overlooked while making a decision which 

type of extruder to use).

(3) Monitoring the force while extruding is difficult and not very 

common in most of the models. Baert et al. (1991) fitted load 

cells on a rotary-gear extruder to measure the extrusion force, 

and a strain gauge that measures the temperature during 

extrusion. In later work Baert et al. (1992) compared the 

extrusion forces when extruding using ram extruder and a 

rotary-gear extruder. They found that due to the continuous 

process of extrusion with the ram extrusion, the extrusion forces 

are higher. Furthermore, in the case o f the ram extrusion, water
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had a greater influence on the extrusion force, than with the 

gravity fed extruder.

i i

Fig 1-8 : Schematic representation of the Gravity Feed Extruders: (a) 
Rotary-Cylinder Extruder, (b) Rotary-Gear Extruder.

Screen extruders -  Extruders in this category consist of a radial screen, 

which circumscribes an extrusion rotor, and a rotating disk which is 

fitted with angled impeller blades. Above this assembly there is a 

rotating central feed blade. Speeds of both the extrusion rotor and the 

feeding blade can be varied. The wet mass is fed through the hopper 

flows into the blades, pressed against the screen and forced through the 

holes. Such an extrusion system has the advantage of avoiding the 

extensive heat generation caused by a screw extruder fitted with a 

screen, which is perforated by punching holes in a plate and whose sides 

are not parallel along the entire length. However, because a screen is 

used, the dies are usually short (maximum length to diameter ratio of 

about 1.5) which can results in low compaction of the extrudates and 

problems in the extrudate surface, such as shark skinning. Such an 

extruder is the NIC A system extruder (Fig 1 -9).
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Fig 1-9 : A top-view schematic diagram of the NIC A system radial-screen
extruder.

1.3 Spheronisation

In contrast to extrusion, which as mentioned before, is being used in a variety of 

industries, spheronisation has a limited application. It was not until the 

discovery of the marumerizer, the early name of the spheronizer, by Nakahama 

in 1964 (Rowe 1985), that Reynolds (1970) and Conine et al. (1970) described 

the process of extrusion and spheronisation for its application in the 

pharmaceutical industry.

In the spheronisation stage the extrudates are chopped, and this gradually forms 

into the desired round shaped pellets. The way this process is carried out would 

highly affect the quality and uniformity of the pellet. Spheroids produced in this 

way have the advantages of uniformity in shape, size, density and surface 

characteristics.

The equipment design has altered little since the original invention in 1964 in 

Japan. A spheronizer is a vertical cylinder with a fitted spinning horizontal 

grooved plate at its bottom (Fig 1-10).
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Fig 1-10 : A top-view of a Caleva 120 spheronizer. (cak'va,|p<̂ )

The spheronizer can rotate the plate at different speeds, the choice of which 

depends on the plate’s dimensions. There are two different types of 

spheronising plates: cross-hatch (Fig 1-1 la) and radial (Fig 1-1 lb). Chapman 

(1985) showed that the radial geometry is slightly more effective in terms of 

spheronisation and densification. Though, the cross-hatched plate has the 

advantage that the dimensions of the grooves are constant throughout the plate, 

irrespectively of the plate’s diameter. Whereas in the case of the radial-cut 

plate, the bigger the diameter, the bigger the dimensions of the grooves near the 

circumference. This advantage is important when scaling up is needed. Newton 

et al. (1995) found that in scaling up, once the plate is rotating at a rotational 

speed which gives the same linear peripheral velocity at the plate edges, the 

same spheres properties are achieved. The cylinder has a hatch at its side which 

when opened, allows the spheroids to exit and to be collected.
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Fig 1-11 : Different plate types: (a) cross-hatch geometry, (b) radial geometry.
vpiares.jpg)

Properties of extrudates:

There are several factors that make an extrudate a good candidate for being 

spheronized into a rounded pellet:

1. The wet extrudate must be mechanically strong enough to survive the 

handling and collection, yet it must be brittle enough to be broken to 

short lengths in the spheronizer.

2. The extrudate must be plastic enougli to enable the cylindrical rods to 

change shape to spheres while rolling on the spheronizer plate, yet rigid 

enough to retain its shape under normal handling conditions.

3. The extrudate must be non-adhesive, otherwise an agglomeration will 

occur creating large sized pellets.

4. The extrudates should not stick to the spheronizer's plate -  an important 

feature if a continuos process should be achieved.

** To date there is no quantified measurements of these properties in

relation to the way formulation functions on the spheronizer plate.

The plate, by its rotation, introduces centrifugal force that causes the 

movement of the particles that change their shape when coming to contact 

with the plate, the cylinder wall and between the particle themselves. The
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particles are moving in a “rope like” movement at the outer side of the plate 

(Fig 1-12).

Fig 1-12 : Particles on the spheronizer’s plate: (a) Movements of an individual 
particle, (b) Shape of moving particles, cspmoikm.ipgi

During spheronisation the extrudate goes through different shape changes until 

the final sphere shape is achieved (Fig 1-13) (Chapman, 1985). The shapes the 

particle undergoes in the process usually are:

1. Extrudate - initial shape of the extruder.

2. Cylindrical rods -  length of 1.5 to 2.0 time their diameter and usually

rounded at the ends. They are transported by the centrifugal forces to the

periphery of the plate.

3. Dumbbells - a shape which is wider at the ends and narrow at the 

middle, caused by compression along its length.

4. Ellipsoid -  caused by further compression.

5. Spheroid.

The particles should go tlirough all these phases as a function of time they 

spend rolling on the spheronizer’s rotating plate. It is possible to monitor the 

different phases by collecting samples at different times and looking at the 

particles collected.
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Fig 1-13 : Graph showing the change in shape of the extrudate with increasing 
spheronising time (One Plane Critical Stability value = the lower the value the 

spherical the article gets) -  Chapman (1985) version,

Baert and Ramon (1993) reported a different set of shape changes during 

spheronisation. They examined the shape changes that theophylline 

monohydrate are going through on the spheronizer’s plate. They reported that 

the extrudates is going through the following shapes until becomes a sphere(Fig 

1-14):

1. Extrudate,

2. Rope,



Chapter O ne Page 60

3. Dumbbells,

4. Spheres with cavity outside,

5. Sphere.

V

Fig 1-14 ; Shape changes from extrudate to sphere -  Baert et al. (1993) version.

More generally, as the spheronisation process progresses the following particles 

properties change in a different manner (Chapman 1985):

1. Particle length - decreases until it reaches its final length.

2. Particle width - increases until reaches the final width.

3. Particle density - the particle becomes more dense until a certain final 

value.

Chapman(1985) observ ed that during the first two minutes of the spheronisation 

process a densification of pellets occurs. The load of extrudates that are put in 

the spheronizer is a factor that must be taken into consideration. A too low load 

will result in too few interactions between the particles. A too high load will 

prevent particle/plate interaction this restricting the rounding process .

The speed at which the plate is rotating is also an important factor. There is an 

optimum speed below which no densification occurs and therefore resulting in 

cylindrical granules. At above optimum speeds the densification can be so fast 

that we will end up with huge agglomerates or causes fragmentation of the 

extrudates. The optimum rotation speed can be only determined by means of 

trial-and-error.
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Water has a direct influence in the size o f the spheres. An excess amount of 

water or a formulation that allows excess water mobility will end up as big 

spheres on the spheronizer plate (Fielden, 1987).

The spheronisation process can take from 5 to 30 minutes, depending on the 

different variables (elasticity, plasticity, brittleness o f material, plate speed, 

plate geometry, load, water content etc.)

1.4 Formulation

The wet-mass must have a suitable consistency. It needs to be plastic, cohesive, 

non-adhcsive and self-lubricating in order to produce a good extrudate 

(Reynolds 1970). And at the same time it need to have a certain degree of 

brittleness to allow the extrudate to be broken on the spheronizer plate and 

plastic enough to enable the rods to be rounded to spheres. Therefore, it is not 

surprising that a material with the required extrusion properties vdll not 

necessarily have the right property for spheronisation, and vice versa. This is 

why the task of formulating in the pharmaceutical industry is far more 

complicated then in any other industry, where the material need to have only 

one set of properties.

The relatively high numbers o f factors involved which can influence the end 

product, and absence o f information on the characterisation o f the properties, 

which a material requires to successfully undergo the extrusion/spheronisation 

process, lead to the use of trial and error methods. The process of formulation 

design is therefore becomes both time and material consuming.

Previous research suggests that the basic material for extrusion/spheronisation is 

microcrystalline cellulose (Conine et al. 1970, Conine et al. 1970, Harrison et 

al. 1984, Chapman et al. 1988, Baert et al. 1992a,b). The chemical structure of 

microcrystalline cellulose is illustrated in Fig 1-15.
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Fig 1-15 : The structure of microcrystalline cellulose (n % 220).

Microcrystalline cellulose (MCC) was first discovered by an American 

company, FMC corporation, in 1960 during a basic research on alpha cellulose 

(Battista 1975). They started manufacturing MCC commercially two years later. 

MCC is purified, partially depolymerized alpha cellulose derived from purified 

grades o f wood pulp. The alpha-cellulose is subjected to controlled hydrolysis 

with dilute mineral acid solutions. The hydrolysis creats a cellulose which is 

partly amorphous and partly crystallised (Battista 1975). It is thought water are 

more easily absorbed in the amorphous part of the MCC. After hydrolysis, the 

hydrocellulose is filtered, and the filtrate is then dried to produce a white, 

odourless, tasteless, relatively free-flowing porous powder. The MCC is used in 

the pharmaceutical industry also for direct compression tableting, wet 

granulation, roller compacting, encapsulation and more. It can be used as a 

binder, filler, flow aid and disintegrate.

The precise property o f MCC that is responsible for its suitability for extrusion 

and spheronisation is still unclear.

1.4.1 Formulation for extrusion

A delicate balance between two properties must be maintained: the wet mass 

must ( 1 ) not adhere to the extruder parts (barrel, die, and piston), (2 ) compose a 

cohesive plastic mass that can provide lubrication during the extrusion through 

the die. The mass must remain homogenous throughout the process. The 

extrudate that comes out of the die must (1 ) not adhere to other extrudates and 

(2 ) be plastic enough in order to preserve its new shape that was imposed by the 

die.
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Thermal or pressure changes occurring in the mixture during extrusion must be 

minimized by the addition of an easily extrudable excipient, because the process 

involves a high amount of shearing. Often a lubricant is used to reduce the high 

extrusion force.

Water is an important part of the formulation, and its action is complex. It can 

act as a lubricant in extrusion. It also allows materials of the correct consistency 

to form. The higher the quantity of water in a formulation, the lower the force 

necessary to extrude. Though, an excessive amount o f water could lead to 

adhesive extrudates and would agglomerate on the spheronizer plate, or form 

soft sludge which will exit the die and be unable to retain its rod shape. On the 

other hand, an insufficient amount of water can form either a mixture that 

would not extrude (due to high extrusion force needed) or to extrudates which 

would be too rigid or o f insufficient strength which could end-up as dust under 

the spheronizer plate. The amount o f water has a direct influence on the 

steady-state force in the extrusion profile. Shah et al. (1994) found a linear 

relationship between the amount of water in a formulation and the screen 

pressure when using a screw extruder. Though, the suitable amount o f water is 

dependent on the type of extruder in use. In general, formulations for extrusion 

consists of a relatively high amount of water (20-40 %w/w), when compared to 

the amount needed for tablet granulation.

Kleinebudde and Linder (1993) reported fitting a twin-screw extruder with a 

feedback mechanism controlling the rate o f water fed into the extruder. An 

increase in the pressure recorded at the screen results in an increase o f the flow 

rate o f water into the extruder until the pressure drops to the wanted level.

As mentioned before, a common ingredient in a wet mass for extrusion is 

Microcrystalline cellulose (MCC). Its functions are: (a) controlling the 

movement of water through the powder compact during the extrusion, (b) 

controlling the rheological properties of other powders in the mixture, (c) 

contributes plasticity behaviour to the mixture.

Another ingredient that is sometimes added to the mixture is a binder, such as: 

PVP, HPMC, HPC or sodium carboxy methyl cellulose (SPMC), which gives 

the mixture an increased plasticity and reduces the brittlness o f the extrudate.
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A lubricant can be added, in addition to water, in order to reduce the 

steady-state force in the process, such as Glyceryl monostearate (GMS) (Basit 

et al. 1997).

The solvent in the process is usually water, but in the case of an active material 

which is very soluble in water, the use o f an Ethanol/water mixture can be 

considered(Millili and Schwartz 1990), though the vaporisation of the ethanol 

must be taken into consideration, especially during the spheronisation process. 

Another important factor in this process is the type o f extruder in use (section 

1,2.2). This choice should be made when looking at the output rate needed, the 

flow characteristics of the mixture, reproducibility of the extrusion and more. 

The desired die dimensions should also be chosen, dependeding on the size of 

the final pellet desired and also upon the extrusion characteristics of the 

formulation. Due to practical limits the range of pellets reported produced is 

between 0.5mm to 4.5mm, Though, the range of pellets that can be used in the 

pharmaceutical industry is much smaller, being 0,7mm to 1,7mm, If no 

extrusion occurs, or high pressures are deployed in order to extrude the 

formulation, a die of lower length to radius ratio should be used. Hence, Fielden 

(1987) and Raines (1990) observed that using a die of a too low length to radius 

ratio might result in rough and sharkskinned extrudates -  a periodic cracks 

forming on the surface of the extrudate (Fig 1-16), because o f high shear 

stresses at the die wall (equation (1,2)), This is the disadvantage o f using a 

screen extruder, because it is fitted with dies of small length to radius ratio. 

Though, Thoma and Ziegler (1998) reported that the spheronisation of 

shark-skinned extrudates can produce good pellets, as long as they keep their 

general cylindrical shape.

Another variable that must be defined is the extrusion speed (either linear 

velocity of the ram in the case of the ram extruder, or radial velocity in the case 

o f the screw and gravity-fed extruders).
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Fig 1-16 : Sharkskinned extrudates -  also known as “dog’s teeth”, “feather 
edging” and “edge tearing”, (shark.jpg)

1.4.2 Formulation for spheronisation

In the spheronisation process, as in the extrusion, a gentle balance between two 

opposite properties should be maintained. The wet extrudate should have 

enough inherent strength to prevent it from being ground into dust, but at the 

same time to be brittle enough to enable it to be broken into short lengths on the 

rotating plate. The particles must be plastic enough to be able to roll on the plate 

and to retain their new shape and not to agglomerate, but they also must be 

elastic enough to prevent disintegration.

To avoid over-friability of the extrudates, one can add either more water or 

binder to the mixture. In large batches of spheronisation, there might be a case 

of over-friability although an efficient amount of water was added, and an 

increase in the amount of water to the extrusion process would lead to sticky 

extrudates. Such a phenomena could be explained by the amount of heat 

produced by the spheronizer (due to friction) after a long period of work. This 

problem could be solved by administrating a method of cooling to the cylinder’s 

wall, such as: ice water, cold air etc.

To avoid agglomeration of particles on the plate one can reduce the liquid or 

binder added to the wet mass before extrusion or can add finely divided 

powdered MCC, starch or talc into the spheronizer itself which would stick and
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cover the surface area o f the particles to give a separation between this sticky 

layer and the plate.

Lactose can be added to the formulation to increase the brittlness of the 

extrudate and to enable them to change their shape up to the spheroid shape. An 

excessive amount of lactose can result in dust on and under the spheronizer 

plate. Adding a binder could reduce the creation o f dust. The correct balance 

between those two components must be met, although a method o f trial and 

error must be applied to achieve this desired level.

Other variables that must be defined are the spheronisation speed and 

spheronisation time (Newton et al. 1995). Good formulations are however 

insensitive o f these factors.

1.5 Water involvement in the process

Water is usually the liquid of choice in an extrusion/spheronisation formulation, 

and it is known to play a major role in the success of the process. The function 

o f water is two-fold. It changes the rheology o f the mixture and it acts as a 

lubricant.

Extrusion/spheronisation formulations are known to go the process well in a 

range o f water contents, though in some formulations this range can be quite 

narrow. It is yet unclear what makes the difference between formulation that is 

flexible in its water content and a formulation that is very strict about water 

content. The way the dry powder interacts with the water and the way the wet 

mixture is packed under pressure, is certainly an importance issue in the 

formulation behaviour.

Harrison et al. (1985a), Fielden et al. (1989) and Baert et al. (1992a) reported of 

water movement occurring during the extrusion process using a ram extruder, 

resulting in extrudates of variable water content. This is because water moves 

faster than solids, resulting in extrudates that are normally wetter than the wet 

mixture in the barrel and that first-formed extrudates are wetter than last-formed 

ones. Because the water level influences directly the size o f the pellets forming
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on the spheronizer plate, a variety in water content in the extrudates will lead to 

a wide size distribution and a large variety in pellets’ density.

Furthermore, as quoted before, Benbow et al. (1993) reported that in the die 

liquid moves towards the die walls forming a thin liquid layer and that shearing 

occurs only in this layer o f liquid. The ability of water to move within the 

extruder reservoir will influence the flow o f water to the walls o f the die.

As mentioned in section 1.4, MCC is a common ingredient in the 

extrusion/spheronisation process, because it answers most o f the requirements 

for both o f the stages in the process. Hence, its interaction with water is an 

important factor in the success or failure o f the process.

Several workers came to the conclusion that the way MCC interacts with water 

facilitates the extrusion process (Harrison 1982, Chapman 1985, Fielden 1987). 

Fielden et al. (1988) found that most o f the water which is held within the MCC 

is present as free water which is readily lost by evaporation, while a small 

quantity (0.856 mol of water per lOOg of MCC) is adsorbed as structured water. 

Therefore, MCC may be best described as a “molecular sponge”, the material is 

capable o f physically retaining a large amount of water, but allowing the 

removal of the water by evaporation in great ease. This property o f the material 

to retain water found not to be affected by the extrusion process.

Ek and Newton (1998) claimed that MCC in the extrusion/spheronisation 

process should be at a water level in which all the pores between the particles 

are filled with water. The value of saturation is claimed to be a range of water 

contents and not a single value. It might be that this ability of MCC to retain a 

large amount o f water contributes to its “extrudability”. On the other hand, 

Kleinebudde (1997) claimed that during granulation and extrusion the MCC 

particles are broken to smaller particles, and in some cases even as small as the 

single crystalline. He described his theory as the ' crystalline-gel-model’. 

Nevertheless, no experimental data was provided to backup this theroy.

MCC is available commercially from a number of manufacturers, which each 

offers a few different grades of MCC, different in particles size, properties and 

some grades are incorporated with polymers, for example, FMC’s Avicel RC 

with SCMC. Raines et al. (1987) found that changing the grade of MCC in use 

influences significantly the properties of the mixture and therefore influences
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the extrusion characteristics. This is because every manufacture uses a different 

source o f cellulose and because the degree o f crystalinity in the end product can 

differ.
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1.6 Aims and objectives

Water is a common liquid phase in the extrusion/spheronisation process and 

plays a major part in it. Although, by drying the pellets, water is removed from 

the end product, its influence on the sphericity, uniformity, density and size o f 

the final product is crucial.

The aims of this research are:

• To examine the influence of water on the rheological properties of 

the formulation.

• To examine water movement during the process -  how and where 

water moves to, and what factors influence the extent of water 

movement.

• To establish the optimum water content for an 

extrusion/spheronisation formulation.

If the above aims can be achieved, it will help to provide a better understanding 

of how to formulate for extrusion/spheronisation.
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2. Chanter Two: A sse ssm e n t o f the

Extrusion/Spheronization p ro cess

2.1. Introduction

The first part of this study is the assessment o f the ability of the drug models to 

produce pellets by extrusion/spheronization. This involves the production of the 

pellets and examining the different factors and the properties o f the final pellets, 

i.e. shape, size etc.

The objective of this chapter is to observe whether there are notable differences 

between the materials examined and to try to find the connection between the 

way the material processes and its chemical structure. All drug models used are 

of similar chemical structure, where only restricted structural change separates 

one fi'om the other, yet they have shown to behave differently when subject to 

compaction (Newton et al. 1993).

2.2, Materials

2.2.1. Microcrystalline Cellulose (MCC):

The MCC used in this experiment was produced by FMC Corporation, Food 

and Pharmaceutical Production Division, Little Island, Cork, Ireland. The brand 

name of the MCC used is Avicel PHlOl and the batch number is: 6521.
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2.2.2. Drug models

Lustig et al. (1995) examined the influence of the water-solubility o f a drug on 

its ability to produce spheres in extrusion/spheronization. They found that as the 

water-solubility of a drug increases, the optimum water amount decreases. A 

fact that makes the soluble drugs difficult to extrude because o f low water 

quantities.

In this study, a family of non-water-soluble model drugs as similar as possible 

in their properties (Table 2-1) and with only small difference in chemical 

structure, was chosen (Fig 2-1). The idea behind this was to try to see if there is 

any influence o f the change in chemical structure to the way the material 

undergo the process, or the way the material reacts with the water.

The materials of choice were:

• p-hydroxy benzoic acid (4-HBA).

• Parabens (p-hydroxy benzoates methyl, propyl and butyl), which 

are well known and commonly used preservatives in the 

pharmaceutical and cosmetics industries.

• Propyl Gallate -  an antioxidant, which is very similar in chemical 

structure to the parabens.
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COOCH3

OHOH

Methyl Paraben Paraben

COOH
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p-hydroxy benzoic 
acid

OHOH
OH

Fig 2-1 : Model drugs’ chemical structure. (Pgrabea&jpg)

The p-hydroxy benzoic acid, which is the starting material for the parabens, 

occurs naturally, but it is produced commercially by several synthetic methods. 

One process involves a continuous liquid-phase oxidation of toluene in the 

presence of a cobalt catalyst at 150-200 °C and 5-50atm pressure to give a yield 

o f approximately 90% benzoic acid.
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Material
Mq

(gmof]
v„

[cm̂ moF*]
8d

[MPa*"]
5p

[MPa*"]
5h

[MPa*"]
S

[MPa*"]
CED
[Mpa]

H bonds 
ability^

Water
solubility*

4-hydroxy benzoic aci(f 138.12 95.26 17.18 12.67 17.48 27.60 761.6 2.3C 1 in 125
Methyl paraben* 152.12 108.66 17.40 11.11 16.37 26.35 694.1 2.36 1 1n 400
Propyl parabei^ 180.20 140.78 17.30 8.58 14.38 24.07 579.5 2.48 1 in 2000
Butyl paraben* 194.23 155.38 17.42 7.77 13.69 23.48 551.2 2.48 1 in 6500
Propyl Gallate* 212.20 155.57 13.54 10.93 21.02 27.29 744.6 2.82 1 in 286

 ̂Data taken from Newton et al. (1993).
 ̂ Values of solubility parameters and CED were calculated from the approach by Hansen 

(1967).

^ Calculated from the percentage that Ôh is from CED. The higher this value, the greater the 
ability to form hydrogen bonds.

 ̂Data taken from Wade et al.(1994).

Table 2-1 : Physiochemical properties of the drug models: Mq, molecular 
weight; Vm, molar volume; Ôd, dispersion solubility component; 5p, 

polar dispersion solubility component; 5h, hydrogen bonding solubility 
component; 5, total solubility parameter; CED, cohesive energy

density.

The parabens are manufactured by estérification of p-hydroxy benzoic acid with 

the following compounds:

• Methyl Paraben - with Methanol.

• Butyl Paraben - with n-butanol.

• Propyl Paraben - with n-propanol.

Propyl Gallate is manufactured by the estérification of gallic acid 

(3,4,5-trihydroxybenzoic acid) with n-propanol.

All the model drugs were manufactured by Nipa Laboratories, Pontypridd, Mid 

Glamorgan, UK. All powders used were of fine particle size (below 150pm).

The following materials and batch numbers were used:

• Methyl Paraben = Nipagin M, Lot: M20225.

• Butyl Paraben = Nipabutyl, Lot: N43 3.

• Propyl Paraben = Nipasol M, Lot: P7822.

• p-hydroxy benzoic acid ,Lot: 401251.

• Propyl Gallate = Progallin P, Lot: 4491.
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2.2.3. Characterisation of powders

2.2.3.1 Particle size

The different drug models were examined for their particle size which was 

measured using an image analyzer (SeeScan solitaire 512, Seescan, Cambridge, 

UK), fitted with a black/white camera (Sony XC-77 CE) which is mounted 

upon a microscope (Olympus BH-2) fitted with a 40.10 160/0.17 (x4) lens 

(Dapln). 512 particles from each material were examined and each Feret 

diameter is the largest of 36 values equally spaced around the particle. The 

results were expressed as the number average Feret diameter.

The following are results of the particle size analysis:

Number mean Standard
Material diameter (,,m) Deviation

Methyl Paraben 26.57 19.72
Butyl Paraben 44.12 29.97
Propyl Paraben 24.81 14.26
4-HBA 27.94 14.03
Propyl Gallate 31.66 18.08

Table 2-2 : Particle size analysis of model drugs.

2.2.3.2 Particle density

The apparent density measurements for the powders were performed using an 

Air comparison pyconometer (model: 930, Beckman Ltd., Irvine, California, 

USA). The density of each material was measured five times and the average 

value was calculated and used as the material’s density.

Material
Apparent particle 

Density(g/cm^)
Avicel 1.54
Methvl 1.361
Butvl 1.23(
Propvl 1.27
4-HBA 1.46^
ProDvl 1.35:

Table 2-3 : Apparent particle densities o f the different materials measured
using an air pyconometer.
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2.3. Methods

For each model drug, 20 different formulations were processed, each containing 

one o f the drug models, Avicel and water - at different ratios. The different 

formulations are listed in Table 2-4.

Formulation Parts by weight % w ater of % drug waterrM CC
Name D rug MCC W ater total weight of solid ratio

B 5 5 7 41.18% 50.00% 1.40
H 7 5 7 36.84% 58.33% 1.40
I 8 5 7 35.00% 61.54% 1.40
J 10 5 7 31.82% 66.67% 1.40
U 12 5 7 29.17% 70.59% 1.40
Y 14 5 7 26.92% 73.68% 1.40
C 5 5 8 44.44% 50.00% 1.60
K 7 5 8 40.00% 58.33% 1.60
L 8 5 8 38.10% 61.54% 1.60
M 10 5 8 34.78% 66.67% 1.60
T 12 5 8 32.00% 70.59% 1.60
X 14 5 8 29.63% 73.68% 1.60
D 5 5 9 47.37% 50.00% 1.80
N 7 5 9 42.86% 58.33% 1.80
O 8 5 9 40.91% 61.54% 1.80
P 10 5 9 37.50% 66.67% 1.80
V 12 5 9 34.62% 70.59% 1.80
z 14 5 9 32.14% 73.68% 1.80
E 5 5 10 50.00% 50.00% 2.00
Q 7 5 10 45.45% 58.33% 2.00
R 8 5 10 43.48% 61.54% 2.00
s 10 5 10 40.00% 66.67% 2.00
w 12 5 10 37.04% 70.59% 2.00
A 14 5 10 34.48% 73.68% 2.00

Table 2-4 : The different formulations used in this experiment.

2.3.1. Sieving

Using a 150pm sieve (BS410) and a mechanical sieve shaker (Endecott, 

London, UK) all the materials were sieved, to obtain a portion of material all in 

a fine particle size (below 150pm).

2.3.2. Mixing

The dry mixing of the MCC and one of the materials was carried out with a 

planetary mixer (N50, Hobart Ltd., London, UK) for 5 minutes with the speed
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set to 1 (140rpm). After that, deionised water was added. The full amount of 

water was added within 5 seconds and the wet mixture was mixed for a further 

10 minutes, again at speed 1. To achieve a homogenous mix, care was taken to 

avoid adherence of the mix to the sides and the bottom of the mixing bowel. 

This was achieved by stopping the wet mixing after the first 5 minutes and 

scraping the mixture fi'om the sides and bottom of the mixing bowl.

2.3.3. Extrusion

The stainless steel barrel (2.54cm internal diameter and approximately 20 cm in 

length) is fitted with a single-holed die, 4mm in length and 1mm in diameter -  

Fig 1-4.

The wet mass was packed into the barrel by pouring the mixture through a 

funnel into the barrel in 2 0 g quantities and after each portion, the mixture inside 

the barrel was compacted using a plastic piston (similar in size to the extrusion 

piston). A 5kg weight was placed on the plastic piston for about 10 seconds. 

After the barrel was full, a stainless steel piston was inserted into the barrel. The 

whole assembly was placed on a rigid metal C-piece. A load, driven at a 

constant speed of 200mm/min was applied on the piston by a 50kN load cell 

which was fitted to a MX-50 material testing machine (Lloyd instruments, 

Southampton, UK) - Fig 2-2. The press was programmed for a maximum load 

of 20kN. A computer connected to the MX-50 monitors the displacement and 

load. The computer was capable of producing a force-displacement and 

force-time profiles. The force-time profile was printed on paper and saved on a 

floppy disk.
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Fig 2-2 : Lloyd MX-50 press fitted with a stainless steel barrel, piston and die
(Ik w d jK )'

The extrudates were collected into a small plastic bag placed inside the C-piece.
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The plug was gently pushed out o f the barrel, weighed and then dried at 60 ° C 

overnight. The plug was dried in an oven with fan (hotbox size 1, Gallenkamp, 

London, UK).

For all the materials tested, the weight of the following objects were recorded: 

empty barrel, full barrel ready for extrusion, barrel after extrusion (with plug 

and piston), wet plug, dry plug. Also the height of the plug was measured and 

recorded.

2.3.4. Spheronization

The extrudates (approximately lOOg) were placed onto the plate of a 

spheronizer model: 120 (GB Caleva, Dorset, UK) fitted with a 21.25cm plate of 

a radial geometry rotating at 1883 rpm. The spheronization time was 15min. 

After 15min the pellets were collected through the collection tube.

2.3.5. Pellets drying

The pellets taken out of the Caleva spheronizer, were put into a fiuidised bed 

dryer (P.R.L. Engineering Ltd., Flintshire, UK) for 30 minutes at 60 °C.

2.3.6. Pellet size measurement

The pellets were sieved thorough a nested set of sieves (BS410), arranged in a

^|2 progression fi*om 0.5 mm to 2.8 mm for 10 minutes, using a mechanical 

sieve shaker (Endecott, London, UK). The pellets retained by each size fraction 

were collected and weighed.

The method o f sieving measures the minimum width o f the particle and not its 

actual diameter, therefore in a case of an ellipse or dumbbells the measured 

diameter would be their smaller diameter. In the case o f round pellets the 

sieving measurement should be accurate enough. This method of size 

assessment is sufficient for this evaluation as the aim is to obtain a rough idea of 

the size o f the pellets and most of the particles are nearly-rounded particles.
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From the weight collected in each size fraction the median particle size and the 

modal size fraction were derived.

2.3.7. Pellets shape evaluation

The shape o f the pellets was measured using an Image Analyzer (Seescan 

solitaire 512, Seescan, Cambridge, UK) fitted with a black & white camera 

(CCD-4 miniature video camera, Rengo Co. Ltd., Toyohashi, Japan) and a 

zoom lens (18-108/2.5, Olympus Co., Hamburg, Germany), A cold light source 

was used (Olympus Co., Hamburg, Germany) to illuminate the pellets from 

above against the black surface of a painted glass plate.

The image analyser will calculate the value of eccentricity ratio (Cr) which is a

shape factor that takes into consideration both deviation of shape from a circle 

and surface irregularities. This factor should equal 1.0 for a complete smooth 

and round particle, though in practice the projection o f the three dimensional 

particle onto two dimensional figure results in some shadow which translated by 

the computer as ellipticity. It was found that the shape factor which describes 

the perfect sphere, in the form of a 1 mm ball bearing, is 0.75. Shape factor 

below 0.75 describes a deviation from a circle shape or surface irregularity 

(Podczeck et al. 1994).

The eccentricity ratio ( C r )  is calculated using the following equation:

(2 .1)

Where: rg = the radius of an equivalent circle -  equation (2.2),

Pm = the measured perimeter o f the ellipse,

b = breadth of the ellipse,

/ = length of the ellipse.
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Because one assumes that the measured shape is non-circular, the radius o f an 

equivalent circle(rg) is determined for the equation (2 .1 ).

One can find the centre of gravity o f the shape examined using image analysis. 

The radius of the equivalent circle is the average o f the distances from the 

centre o f gravity to the perimeter in different directions (Podczeck et al. 1994):

(2.2)
n

Where: dx = the distance between the centre o f gravity and the

perimeter at an angle a . 

n = number of measurements (e.g. if  a = l° , n=360).

Podczeck et al. (1995) suggested adding a correction factor(/) to equation (2.1) 

because the elipticity of the shape itself leads to an apparent surface roughness, 

effect due to any systematic change in shape. They found that the effect of the 

elipticity on the apparent surface roughness can be described as a linear 

function:

(2.3) /  = 1.008-0.231(1- y )

Where: /  = the correction factor.
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Therefore, the corrected equation (2.1) will be the following:

2.3.8. Volume measurement within the barrel during extrusion

The volume of the compacted wet mixture at the point when reaching the steady 

state force (i.e. when the first extrudate comes out of the die) was compared to 

the theoretical volume of the powders and water. By comparing the actual 

volume o f the mixture and the volume of the powders and water, it is possible 

to examine if  there is another material present in the barrel, such as air.

Jerwanska et al. (1995) found that all the air escaped downward - fi'om the die 

and upward - fi*om the gap between the piston and the barrel before reaching the 

steady-state force.

Air trapped inside the barrel during extrusion would appear as small air bubbles 

and can affect the extrusion process by causing uneven distribution o f water, 

changes in the force profile, rough extrudates etc.

The volume o f the compacted mixture was calculated using the following 

equation:

( 2 - 5 )  ^compact -  ( ^ s s  ~  ^ e n d  +  ^ p lu g  ^

Where: = Displacement of piston upon reaching the steady-

state force(measured from the extrusion profile). 

^end ^  Displacement of piston at the end of extrusion

(measured fi*om the extrusion profile).

Hpiug = Height of the remaining plug.

r = Radius of barrel (1.27cm).
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Both of the displacement variables were obtained from the force-displacement 

profile.

The theoretical density of the powders of water was calculated using the 

following equation:

( 2 •  6 )  ^theoretical m + ^ A v  4 v + ^ w )

Where: = Density o f the material tested.

P„ = Parts o f material tested in mixture.

= Density o f Avicel.

= Parts of Avicel in mixture.

P  ̂ = Parts of water in mixture (water density assumed 

to be 1 .0  g/cm^).

The densities in the above equation were measured using an air pyconometer, as 

described in section 2 .2 .3.2 .

Using the value calculated by the previous equation {Dtheoreticaùi the theoretical 

volume of the mixture could be calculated using this equation:

^theoretical ~  full ^em p ty^  ^ ^theoretical

Where: = Weight of the barrel filled with the mixture.

êmpty ^  Weight of the empty barrel.

2.3.9. Analysis of data

To examine the correlation between the value measured in each experiment and 

the initial water content values, the correlation coefficient was calculated the 

following way:
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First, by calculating the covariance, C<9v(X,Y):

(2.8) Cov{x,y) - y )

From the covariance, the value of the correlation coefficient ( p  ) between two
x , y '

sets o f data (x,y) was calculated:

(2.9)

Where: cr = standard deviation.

As the absolute value of the correlation value approaches 1, the link between 

the two data sets (X,Y) becomes stronger. If the correlation is a negative value, 

this means that the link between the two data sets is one of a negative slope, i.e. 

when one value increases, the other decreases. If the correlation is a positive 

value, then there is a link between the two data sets of a positive slope, i.e. 

when one value increases, so is the other value.
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2.4. Results

Although each of the different formulations were processed, with some 

formulations no results were recorded. This happened when:

1) The 20kN load cell limit was reached before extrusion started -  in this case 

no result was recorded for this formulation.

2) The extrudates did not spheronize or spheronized to agglomerates -  in this 

case the shape factor and the pellet size parameters were not measured.

Large number of formulation containing 4-HBA did not spheronize or formed 

agglomerates, and therefore, in sections where pellets’ property is examined, the 

material’s results were not taken into account.

2.4.1. Moisture content in the remaining plug

The difference between the water content in the remaining plug after extrusion 

and the water originally added to the mixture (moisture differences) can give an 

idea of the extent of water movement occurring in the barrel during extrusion. 

Harrison et al. (1985a), Fielden et al. (1989) and Baert et al. (1992a) reported 

the phenomena that water moved faster than solids in the extrusion process. The 

following are the moisture differences in the different formulations. A negative 

value means that the plug was drier than the original formulation.
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Formulation % water Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Y 26.92% -6.7% -7.1% -5.9% -1.8% -0.40%
U 29.17% -7.2% -8.0% -9.1% -2.8% -1.01%
X 29.63% -8.8% -7.9% -6.2% -2.5% -1.34%
J 31.82% -8.1% -9.6% -8.6% -11.5% -0.85%
T 32.00% -7.8% -7.3% -10.7% -5.7% -1.33%
Z 32.14% -12.2% -8.7% -9.5% -5.0% -4.07%
A 34.48% -5.8% -13.2% -14.8% -8.2% -5.78%
v 34.62% -9.6% -9.4% -14.9% -8.6% -5.97%
M 34.78% -5.3% -10.9% -14.3% -7.8% -5.12%
I 35.00% -4.3% -10.0% -11.2% -8.3% -4.56%
H 36.84% -3.1% -12.3% -13.4% -11.3% -5.38%
W 37.04% -5.0% -12.2% -11.9% -11.9% -7.25%
P 37.50% -5.2% -10.7% -14.6% -12.9% -7.75%
L 38.10% -5.1% -13.2% -15.2% -13.1% -8.19%
K 40.00% -6.7% -12.7% -13.5% -14.9% -7.44%
s 40.00% -3.1% -11.1% -14.1% -14.9% -10.05%
O 40.91% -2.6% -9.0% -2.4% -16.3% -8.15%
B 41.18% -1.4% -2.9% -7.4% -13.3% -8.34%
N 42.86% -1.6% -5.5% -6.5% -16.4% -6.75%
R 43.48% -1.8% -6.3% -3.7% -25.5% -3.88%
C 44.44% 3.1% -2.1% -4.5% -18.3% -5.28%
Q 45.45% -1.0% -2.7% -3.8% -17.2% -3.71%
D 47.37% -0.3% -1.1% -3.2% -19.6% -3.41%
E 50.00% -0.2% -0.3% -1.2% -22.6% -1.62%
Average: ^.5% -8.1% -9.3% -12.1% -4.9%
Correlation coefficient: 0.825 0.553 0.454 -0.932 -0.348

Table 2-5 : Difference in moisture content between the plug and the 
formulation after extrusion at 200mm/min using a 1:4 die. Correlation 
between the initial water content and the difference in moisture content 
between the plug and the formulation is assessed as bold = significant 

at the 0.01 level, Italic = significant at the 0.05 level, small =  
non-significant.

Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Correlation 50.00% 0.058 0.998 0.992 -0.980 0.996

5833% 0.555 0.924 0.932 -0.960 0.406
61.54% 0.839 0.665 0.738 -0.968 0.076
66.67% 0.954 -0.840 - 0.781 - 0.641 -0.993
7039% 0.296 -0.860 -0.678 -0.998 - 0.942
73.68% - 0.066 - 0.886 -0.923 -0.960 -0.982

Slope 50.00% 0.113 3.330 1.453 -0.956 1.318
5833% 0.801 0.686 0.706 -1.362 0.915
61.54% 1.982 0.850 0.442 -0.485 0.120
66.67% 1.621 -4.377 -0.948 -0.755 -0.886
70.59% 0.529 -1.323 -0.934 -0.865 -1.002
73.68% -0.076 -1.055 -0.732 -1.077 -1.292

Average 50.00% 0.29% -1.61% -4.06% -18.45% ^.66%
5833% -3.10% -8.27% -9.30% -14.97% -5.82%
61.54% -3.45% -9.60% -8.13% -15.80% -6.19%
66.67% -5.43% -10.59% -12.91% -11.79% -5.94%
70.59% -7.43% -9.20% -11.66% -7.28% -3.89%
73.68% -8.40% -9.22% -9.10% -4.39% -2.90%

Table 2-6 : Values calculated for the moisture differences results grouped by 
% of drug in formulation. Correlation between the initial water content 

and the difference in moisture content between the plug and the 
formulation is assessed as bold = significant at the 0.01 level, Italic = 

significant at the 0.05 level, small = non-significant.
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The extent of the difference between the two water contents is related to the 

amount of water movement occurring during extrusion. When examining the 

different materials, it is obvious that the relation between the amount of water 

and the extent of water movement in each material is different.

With all the materials, the average of the moisture differences values (displayed 

in Table 2-5) is negative, i.e. water, on average, was moving more rapidly than 

solids, hence leaving the plug drier then the original formulation. In the case of 

4-HBA the greatest extent of water movement occurred, where with methyl 

paraben and propyl gallate, the least water movement takes place, when 

compared to the other materials.

Table 2-6 provides details of the correlation and slope values between the initial 

water content and the differences in moisture between the plug and the 

formulation.

5.0%

0 .0%

-5.0%

-15.0%

- 20 .0%

-25.0%

-30.0% J-----------
25.00%

Methyl Paraben

30.00% 35.00% 40.00% 45.00% 50.00%

Initial % water

Fig 2-3 : Water content differences between the plug and the original 
formulation -  methyl paraben. A - 50.00% drug, ■ - 58.33% drug, □ - 61.54% 

drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

Methyl paraben (Fig 2-3) demonstrates an overall positive slope between 

amount of water in formulation and extent of difference in water between plug 

and formulation and highly significant correlation between the two values. 

Though, when looking at the different sub groups of drug-load (Table 2-6), in



Chapter T w o Page 87

all sub groups except one, no significant correlation was found between the 

water content and the moisture differences. The relationship between the slope 

of each sub group and the drug-load is not the same through the whole range of 

drug-loads, as at first an increase in drug-load increases the slope, but after this, 

an increase in drug-load decreases the slope. This suggests that either above a 

certain drug-load (61.54%) or above certain moisture content (37.00%) the 

relationship between initial water content and water movement changes. When 

examining the average moisture differences in the sub-groups, it was noted that 

as the drug-load increases, the average plug becomes drier, i.e. more water 

movement occurs. When the overall average of moisture differences is 

compared for the different materials, the methyl paraben had the lowest value of 

all the other drug models.

5.0%

0 .0 %  - ài

-5.0% -

- 10 .0 %  -

-15.0% -

- 20 .0%

-25.0% -

-30.0% - I - - - - - - - - - - - - - -

25.00%

Propyl Paraben

40.00%30.00% 35.00% 45.00% 50.00%

Initial % water

Fig 2-4 : Water content differences between the plug and the original 
formulation -  propyl paraben. A- 50.00% drug, ■ - 58.33% drug, □ - 61.54% 

drug, 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

Propyl paraben (Fig 2-4) showed an overall positive slope between the initial 

water content and the moisture difference recorded, though a plateau is detected 

between 35%-40% initial water contents. A significant correlation between the 

two values was calculated. Though, here as well when examining the different 

drug-load sub groups (Table 2-6), in all sub-groups except for one, no
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significant correlation is recorded. The slope of each sub-group changes in 

different ways as the drug-load increases. At the lower drug-load groups there is 

a decrease in slope with an increase in drug-load, where the slopes recorded are 

positive. At half way in the drug-load range, an increase in negative slope is 

recorded with a further increase in drug-load. The average of moisture 

differences increases as the drug-load increases, though at the last two sub 

groups a relatively constant average moisture differences is obtained.

S  -5.0%

.5 - 10 .0%0
1 -15.0%

- 20 .0%

-25.0%

-30.0%
25.00%

Butyl Paraben

30.00% 35.00% 40.00%

In itial % w a te r

45.00% 50.00%

Fig 2-5 : Water content differences between the plug and the original 
formulation -  butyl paraben. A - 50.00% drug, ■ - 58.33% drug, □ - 61.54% 

drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

Butyl paraben (Fig 2-5) showed an overall complex relationship between initial 

water content and moisture differences. At the lower water contents, the extent 

of water movement decreases with an increase in water content. Between 

35%-40% water content there is little change of moisture differences when 

increasing the water content. At moisture contents above 40%, a further 

increase in water content results in less water movement. This complex 

behaviour can be explained when noting that the points on the graph are 

separated into the different sub groups, each different in its drug load, hence, 

each contributing in a different way to the relationship between water 

movement and initial water content. The overall correlation is significant at a 

0.05 level, though, when examining the correlation of the different sub groups
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(Table 2-6), in all groups except for one, no significant correlation is recorded. 

When looking at the way the slope of the different sub groups changes with the 

change of water content, a similar behaviour is noted as described above for 

propyl paraben; at lower drug-load a decrease in slope with an increase in 

drug-load is recorded, where the slopes recorded are positive. At half way in 

drug-load range, an increase in negative slopes can be noted with a further 

increase in drug-load. Because of the complex behaviour of the overall graph 

points mentioned earlier, it is not surprising that with an increase in drug-load 

the average water movement at first increases, then levels and after that 

decreases.

.5 - 10 .0 %

=  - 20 .0%  -j

-25.0% -

-30.0%

4-HBA

25.00% 30.00% 35.00% 40.00%

Initial % w a te r

45.00% 50.00%

Fig 2-6 : Water content differences between the plug and the original 
formulation -  p-hydroxy benzoic acid. A - 50.00% drug, ■ - 58.33% drug, □ 

61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

The 4-HBA results (Fig 2-6) demonstrate a negative slope with a highly 

significant correlation, which means that the more water is added to the 

formulation, more water moves during extrusion. This behaviour is surprising, 

as one would expect the opposite to be true. Normally, an increase in moisture 

content softens the wet mass, hence, makes it easier to extrude and therefore 

less force is needed for extrusion. In this case less water movement occurs. 

When comparing the average of moisture differences between the different 

materials, the 4-HBA has the highest values.
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This means that on average, more water movement occurred with 4-HBA than 

with all the other materials. When looking at the different sub groups, one can 

see that they all fall into the same linear line on the graph. From the separate 

correlation values (Table 2-6), 4-HBA is the only material which showed a 

significant correlation between water content and moisture differences in all the 

sub groups, except one. The slopes of the different sub groups are relatively 

constant and all of negative value. The average water content of the different 

sub groups change in a relatively constant manner, with increasing drug loads, 

less water movement occurs.

5.00%

0 .00%

B  -5.00%

.£  - 10 .00%
a>g
S -15.00%

I1  - 20 .00%  

-25.00%

-30.00%

Propyl Gallate

25.00% 30.00% 35.00% 40.00%

Initial % water

45.00% 50.00%

Fig 2-7 : Water content differences between the plug and the original 
formulation -  propyl gallate. A- 50.00% drug, ■ - 58.33% drug, □ - 61.54% 

drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

The overall propyl gallate results (Fig 2-7) are similar to some extent to those of 

butyl paraben. As the initial water level in the formulation increases, there is an 

increase then a relatively constant and then a decrease, in water movement. 

Though, the values of moisture differences recorded, on average, are lower. 

Propyl gallate is the only material, out of the five, which showed a insignificant 

correlation between water content and moisture differences. When looking at 

the correlation within the sub groups, in half of the sub groups a significant 

correlation was found. Though, the significant correlated sub groups are not in 

any logical order. An increase in slope values is noted with the increase in drug 

load, though the slope value changes its sign from a positive slope to a negative
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one. The negative average of each sub group is at first increasing with higher 

drug loads, until a certain point from which it starts to decrease.

2.4.2. Volume measurements

The actual volume of the wet mass inside the barrel prior to extrusion and the 

theoretical volume the components should have occupied have been measured 

as described in section 2.3.8.

The values o f the volume differences recorded for the various formulations are 

provided in Table 2-7. The correlation and slope values between the difference 

in volume and the initial water content, and the average volume difference for 

each sub-group are presented in Table 2-8.

Formulation % Water Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Y 26.92% 0.10% 0.27% -0.43%
U 29.17% 2.46% -0.59% 2.54%
X 29.63% 2.49% -0.23% -1.65%
J 31.82% 4.11% -1.79% 3.29%
T 32.00% 1.21% -0.22% 1.74% -0.99%
Z 32.14% 1.79% 1.09% -0.43% -1.97%
A 34.48% 1.09% 2.98% 0.21% -3.13% 6.05%
V 34.62% 0.53% -0.68% 5.87% -2.50%
M 34.78% 1.93% -0.21% 6.03% 1.94% 4.93%
I 35.00% 1.69% -0.42% 0.13% -7.45% 5.11%
H 36.84% 0.75% 0.59% 0.31% -3.54% 5.78%
W 37.04% 1.54% 2.08% 1.78% -0.38% 6.73%
P 37.50% 0.15% -0.86% -0.28% -0.89% 6.52%
L 38.10% -0.35% -0.13% 5.59% -2.36% -4.06%
K 40.00% 2.23% -0.18% 2.35% -2.53% 5.80%
S 40.00% 1.67% 1.68% -0.88% 0.74% -5.42%
0 40.91% 0.10% 0.76% 9.90% -1.24% 4.02%
B 41.18% 2.67% 3.18% 1.76% 1.57% 3.75%
N 42.86% 0.07% -0.15% 2.42% -1.07% 4.97%
R 43.48% 0.66% 0.66% 4.32% -0.86% 4.90%
C 44.44% -0.53% 0.49% 2.03% -0.37% 7.12%
Q 45.45% -0.16% 0.33% 1.98% -0.07% 4.28%
D 47.37% -0.53% 1.81% 0.21% -1.81% 4.43%
E 50.00% -0.66% 0.28% -0.44% -8.04% 2.22%

Average: 1.04% 0.45% 2.01% -1.75% 3.95%
Correlation: -0.564 0.294 0.095 -0.090 -0.076

Table 2-7 : Volume comparison results for the different drug models.
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Value % drug Propyl Gallate
Correlation 50.00% -0.418

58.33% -0.931
61.54% 0.191

66.67% -0.317

70.59% 0.754

73.68% 0.756

Slope 50.00% -0.775
58.33% -4.740
61.54% 0.158
66.67% -0.207
70.59% 0.759
73.68% 0.813

Average 50.00% 0.044
58.33% 0.052
61.54% 0.025
66.67% 0.015
70.59% 0.017
73.68% 0.015

Table 2-8 : Values calculated for the volume differences results grouped by 
% of drug in formulation. Those values were calculated only for propyl 

gallate, as only for this material were volume differences found. 
Correlation between the initial water content and the volume difference 
is assessed as bold = significant at the 0.01 level, Italic = significant at 

the 0.05 level, small = non-significant.

For all materials, except Propyl Gallate, small differences in volumes were 

recorded, which can be explained as experimental error (Table 2-7). Therefore, 

these volume differences can be neglected and allow the conclusion that no air 

is present in the barrel during extrusion (as reported by Jerwanska et al. 1995). 

In that case, it is not surprising that low levels of correlation were found 

between the water content and the presence o f air, in those materials. With 

Propyl Gallate, the volume differences were consistently higher than with the 

other materials. This can be because of a variety of particle shapes, influencing 

the way the material is packed. Though, when looking at the average volume 

differences in Table 2-8 it is surprising to find that the highest volume 

differences occur in the subgroups of low propyl gallate amounts.

Because no correlation between the water content and the volume differences 

was found, the graphs of the results in this section were not plotted.
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2.4.3. Steady-state extrusion force

The steady-state extrusion force values which were recorded for the different 

formulations are listed in Table 2-9. The correlation and slope between 

extrusion force and initial water content, and the average extrusion force for 

each sub-group are presented in Table 2-10.

Formulation % Water Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Y 26.92% 8.14 7.66 11.28
U 29.17% 8.29 6.09 11.95
X 29.63% 6.21 7.78 7.39
J 31.82% 6.49 5.31 10.42 6.52
T 32.00% 5.03 5.23 9.43 18.79
Z 32.14% 3.50 5.62 4.28 17.06 19.14
A 34.48% 2.75 3.77 3.73 10.69 12.10
V 34.62% 2.95 3.46 5.86 12.22 12.14
M 34.78% 4.05 5.46 8.49 11.55 13.09
I 35.00% 5.70 6.56 11.40 13.60 14.54
H 36.84% 4.48 4.60 3.81 7.62 13.83
W 37.04% 2.16 3.33 3.14 7.11 8.53
P 37.50% 2.40 4.99 4.24 5.11 7.90
L 38.10% 2.91 3.34 7.23 5.07 5.50
K 40.00% 4.28 3.46 5.03 4.01 7.27
S 40.00% 1.81 3.56 3.18 4.50 5.50
0 40.91% 1.73 3.62 3.42 3.50 6.29
B 41.18% 3.50 4.24 3.81 4.50 6.64
N 42.86% 1.57 2.99 4.13 4.01 4.91
R 43.48% 1.49 2.44 3.30 1.30 4.72
C 44.44% 2.04 2.40 2.83 2.28 4.79
Q 45.45% 0.83 2.44 2.56 3.38 3.93
D 47.37% 1.02 1.42 1.57 1.38 3.10
E 50.00% 0.79 0.87 0.94 2.04 1.97
Average: 3.50 4.19 5.56 6.96 8.21
Correlation coefficient: -0.856 -0.904 -0.803 -0.822 -0.892

Table 2-9 : Steady state extrusion force (kN) results for the different 
formulations recorded while extruding at 200mm/min using a 1:4 die. 
Correlation between the initial water content and the extrusion force is 

assessed as bold = significant at the 0.01 level, Italic = significant at the 
0.05 level, smaii = non-significant.
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Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Correlation 50.00% -0.970 -0.978 -0.995 - 0.817 -0.998

5833% - 0.942 -0.984 -0.554 - 0.868 - 0.944
61.54% ■0.938 -0.887 -0.958 - 0.936 - 0.831
66.67% -0.976 - 0.827 -0.977 - 0.484 0.301
7039% -0.974 -0.962 -0.997 0.271 0.797
73.68% -0.984 - 0.928 -0.967 0.759 0.762

Slope 50.00% -0.030 -0.025 -0.029 -0.023 -0.019
5833% -0.019 -0.040 -0.020 -0.017 -0.008
61.54% -0.018 -0.018 -0.009 -0.006 -0.007
66.67% -0.016 -0.033 -0.010 -0.005 0.002
70.59% -0.012 -0.024 -0.009 0.001 0.004
73.68% -0.013 -0.016 -0.009 0.003 0.003

Average 50.00% 1.838 2.230 2.289 2.550 4.127
5833% 2.790 3.372 3.881 4.756 7.487
61.54% 2.957 3.989 6.337 5.866 7.762
66.67% 3.685 4.829 6.583 6.922 6.622
70.59% 4.608 4.528 7.595 9.530 5.168
73.68% 5.149 6.209 6.672 6.937 7.811

Table 2-10 : Values calculated for the steady-state extrusion force results 
grouped by % of drug in formulation. Correlation between the initial 

water content and the extrusion force is assessed as bold = significant at 
the 0.01 level, Italic = significant at the 0.05 level, smau =  

non-significant

As mentioned before, in the extrusion process the water acts as a lubricant, both 

by lowering the particle-particle shearing stress and by forming a layer near the 

die walls which eases the flow of the paste through the die. Therefore, a 

negative slope link between the water content and the extrusion force would be 

excepted. When looking at the slope of the all the data points, all materials 

demonstrated this expected behaviour.
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Fig 2-8 : Extrusion force results -  methyl paraben. A - 50.00% drug, ■ - 
58.33% drug. □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

Methyl paraben (Fig 2-8) data points, fall into a linear line of a negative slope. 

On average, methyl paraben recorded the lowest extrusion force from all five 

materials. A significant correlation was found between the water content and 

the steady-state extrusion force, when looking at all the formulations. When 

examining the correlation within the different drug-load sub groups (Table 

2 - 1 0 ) in the majority of sub groups (all except of one) significant correlation at 

a level of 0.05 was found. The influence of water changes within the 

formulation on the extrusion force, evaluated by the value of the slope, is 

relatively constant in all the sub groups, though, the major trend is that with an 

increase in drug-load, the slope is decreasing. On the other hand, the amount of 

drug within the formulation has an obvious effect on the average extrusion force 

recorded within each subgroup. As one increases the drug-load, the steady-state 

extrusion recorded generally increases.
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Fig 2-9 : Extrusion force results -  propyl paraben. A - 50.00% drug, ■ - 
58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

Propyl paraben steady-state extrusion force results (Fig 2-9) also demonstrated 

a linear behaviour with a negative slope. The average extrusion force 

throughout all the different water contents was low relatively to the other 

materials, although they were higher than those recorded for methyl paraben. A 

significant correlation was found between the water content and the extrusion 

force, when looking at all the water formulations. When looking at the 

correlation in the different subgroups (Table 2-10), the values in half of the 

subgroups were found to be significantly correlated at a level of 0.05, were the 

other half was found to be insignificantly correlated. The slopes of the different 

subgroups were relatively similar in all the subgroup and changed with no 

obvious trend in relation to the drug-loading. The average extrusion force at 

each of the subgroups increases with an increase in the drug-load.
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Fig 2-10 : Extrusion force results -  butyl paraben. A - 50.00% drug, ■ - 
58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

The extrusion forces recorded while extruding the butyl paraben (Fig 2-10) 

showed a significant correlation between water content and the extrusion force. 

The average extrusion force value of all the water levels was in the middle of 

the ranking between the five drug models. When looking at the results from the 

different drug-load subgroups, all subgroups, except for one, showed a 

significant correlation between water level and extrusion force. The extent of 

the slope o f each subgroup seems to decrease with an increase in the drug-load, 

though it reaches a relatively constant slope (-0.09) in the four highest 

drug-loads. The average extrusion force in each of the subgroups increases with 

an increase in the drug-load, although the subgroup with the highest drug-load 

recorded a lower average value than the subgroup before it.
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Fig 2-11 : Extrusion force results -  p-hydroxy benzoic acid. A - 50.00% drug, 
■ - 58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  -

73.68% drug.

The values for the extrusion force of 4-HBA mixtures (Fig 2-11) on average, 

are relatively high; only propyl gallate’s average extrusion force exceeds the 

4-HBA’s. The correlation between the extrusion force and the water content in 

the formulation is significant. When examining the correlation in the different 

subgroups, none of the subgroups showed a correlation. The slope of the 

different subgroups increases. The average extrusion force at each of the 

subgroups increases with an increase of the drug-load, except for the subgroup 

with the highest drug-load, where a decrease in the average force is noted, when 

compared to the previous subgroup.
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Fig 2-12 : Extrusion force results -  propyl gallate. À- 50.00% drug, ■ - 
58.33% drug, □ - 61.54% drug. — - 66.67% drug, A - 70.59% d ru g ,| - 73.68%

drug.

From the propyl gallate mixtures (Fig 2-12) a significant correlation between 

the water content and the extrusion force was recorded for all the different water 

contents. The average extrusion force of all data points was the highest of all the 

materials. No significant correlation was noted when looking at the different 

subgroups (Table 2-10) except for the subgroup with the least drug-load 

(50.00%). The slope of the subgroups increases with an increase in drug-load. 

Three of the subgroups recorded a negative slope, where the three subgroups 

with the high drug-loads had positive slopes. The average extrusion of each 

subgroup increases with an increase in the drug-load in the first three 

subgroups, though in the three subgroups with the high drug-load, the change in 

average extrusion force is not constant.
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% drug vs. extrusion force (WaterMCC ratio = 1.4)
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Fig 2-13 : Steady state extrusion force to percentage of drug in the formulation 
for formulation with water:MCC ratio of 1.4.
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Fig 2-14 : Steady state extrusion force to percentage of drug in the formulation 
for formulation with water:MCC ratio of 1.6.
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% drug vs. extrusion force (WaterMCC ratio = 1.8)
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Fig 2-15 : Steady state extrusion force to percentage of drug in the formulation 
for formulation with water: MCC ratio of 1.8.
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Fig 2-16 : Steady state extrusion force to percentage of drug in the formulation 
for formulation with water:MCC ratio of 2.0.

An alternative way of considering the results is to divide them into subgroups of 

similar water-to-MCC ratio, it is possible to compare the steady-state extrusion 

forces of the different materials (Fig 2-13 to Fig 2-16). From this comparison, it 

is obvious that both 4-HBA and propyl gallate recorded higher extrusion forces 

than the other three drug models. This difference is increasing with an increase 

in the amount of drug model in the formulation.
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2.4.4. Pellets size

The pellets size was measured by sieving as described in section 2.3.6.

Because of the small number of size fractions into which each batch of pellets 

was divided into, it is not possible to assess if the distribution is guassian and 

therefore the use of average size would be an inappropriate measure. Therefore, 

three values were examined and compared:

1) The median pellet width -  determined from a cumulative frequency 

graph.

2) The modal fraction, i.e. the size fraction whose total weight is the 

greatest.

3) The range of particle size fractions.

Formulation % water Me Paraben Pro Paraben Bu Paraben 4-HBA Pro Gallate
Y 26.92% 1.43 2.24 1.91
IJ 29.17% 0.92 3.10 1.74
X 29.63% 1.23 3.02 2.59
J 31.82% 1.07 3.07 1.81
T 32.00% 1.51 1.85 1.89 2.52
Z 32.14% 1.85 2.56 3.23 1.69
A 34.48% 3.57 1.54 1.52 1.83
V 34.62% 2.19 1.85 1.58 1.82
M 34.78% 1.80 1.86 1.51 2.20 1.79
I 35.00% 1.53 1.61 1.80 1.83
H 36.84% 1.56 1.57 1.74 1.82
W 37.04% 1.86 1.88 1.81
P 37.50% 1.64 1.61 1.73
L 38.10% 2.10 1.68 1.74 1.79
K 40.00% 1.58 1.77 1.79 1.81
S 40.00% 1.89 1.87 H/2.96:::: 1.76
0 40.91% 1.57 2.47 1.77
B 41.18% 2.19 1.70 1.54 1.80
N 42.86% 2.23 2.03 2.20 1.68
R 43.48% 2.49 1.85
C 44.44% 3.07 2.58 1.83
Q 45.45% 1.87
D 47.37% 2.50
E 50.00%
Coefficient of Variation: 37.2% 27.0% 22.8% 20.5% 9.5%
Correlation Coeffcient: 0 .4 1 1 -0 .3 3 1 0 .0 8 0 -0107 0.507

Table 2 - 1 1  : Median pellet size results in mm. Correlation between the 
initial water content and the median pellet size is assessed as bold = 

significant at the 0.01 level, Italic = significant at the 0.05 level, small =

non-significant.
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The results for median pellet size are presented in Table 2-11. The correlation 

and slope between the median pellet size and the initial water content, and the 

average median pellet size for each sub-group are presented in Table 2-12.

Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Correlation 50.00% -0.802 - 0.695 - 0.723 - 0.802 - 0.539

58.33% -0.889 - 0.536 - 0.660 0.894 - 0.005
61.54% - 0.798 - 0.763 0.876 4)798 0.151
66.67% - 0.724 - 0.778 0.180 0.561 0.787
70.59% - 0.258 - 0.792 0.102 - 0.237 0.892
73.68% 0.836 - 0.500 - 0.060 0.908

Slope 50.00% -0.028 -0.018 -0.022 -0.039 -0.019
58.33% -0.036 -0.021 -0.026 0.026 -0.002
61.54% -0.027 -0.034 0.078 -0.032 0.154
66.67% -0.029 -0.042 0.038 0.013 0.031
70.59% -0.009 -0.043 0.023 -0.006 0.029
73.68% 0.026 -0.026 -0.003 0.029

Average 50.00% 0.547 1.192 1.029 0.387 1.531
58.33% 0.783 1.391 1.391 1.102 1.794
61.54% 0.908 1.215 2.125 0.461 1.811
66.67% 0.719 2.116 1.698 1.291 1.319
70.59% 1.154 2.165 1.771 0.631 0.907
73.68% 2.019 2.341 2.312 0.880

Table 2-12 : Values calculated for the median pellet size results grouped by 
% of drug in formulation. Correlation between the initial water content 
and the median pellet size is assessed as bold = significant at the 0 .0 1  

level, Italic = significant at the 0.05 level, smau = non-significant.

From previous work published on extrusion/spheronization it is expected that as 

the water content in the formulation increases, so do the median pellet width. 

Pellets o f width in the range of 0.71-1,7 can be used to be filled into a capsule 

or pressed to the form of a tablet.
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Formulation % water Me Paraben Pro Paraben Bu Paraben 4-HBA Pro Gallate
Y 26.92% 100.00% Agg 72.97% N.E.
U 29.17% 73.34% Agg 82.10% I; N.E.
X 29.63% 96.07% Agg Agg : : / N.E.
J 31.82% 96.22% Agg 96.72% N.E.
T 32.00% 97.51% 97.60% 78.60% # # g & - N.E.
Z 32.14% 2.61% Agg Agg Dty 100.00%
A 34.48% Agg 100.00% 100.00% 100.00%
V 34.62% Agg 97.58% 97.07% Dry 100.00%
M 34.78% 24.09% 91.98% 99.46% 100.00%
I 35.00% 100.00% 100.00% 91.18% 100.00% 96.99%
H 36.84% 96.39% 100.00% 100.00% ! - , Dry#Kx: 99.30%
W 37.04% Agg 93.63% 81.47% 98.84%
P 37.50% Agg 100.00% 100.00% ■ Drym :: 100.00%
L 38.10% Agg 100.00% 100.00% 100.00%
K 40.00% 84.23% 100.00% 100.00% 100.00%
S 40.00% Agg 80.76% 88.79% 100.00%
O 40.91% Agg 100.00% Agg Dry X 100.00%
B 41.18% 21.51% 100.00% 100.00% 100.00% 100.00%
N 42.86% Agg Agg 46.14% Agg 100.00%
R 43.48% Agg Agg Agg Dry 96.75%
C 44.44% Agg Agg Agg Agg 100.00%
Q 45.45% Agg Agg Agg 0.54% 88.52%
D 47.37% Agg Agg Agg mAgg:::"' Agg
E 50.00% Agg Agg Agg Agg Agg

Table 2-13 : The percentage of pellets from the total pellets produced which 
are in the desired size range by the pharmaceutical industry 

(0.71-1.7mm median size). N.E. = No extradâtes. Dry = Formulation 
was too dry to make spheres, Agg = Agglomeration occurred.

The coefficient of variation was calculated for this set of results in order to 

evaluate the way change in water content affects the median pallet size. An 

ideal material for extrusion/spheronization should have the minimum 

coefficient of variation and therefore would be a water-tolerant material, from 

the size of the final pallets point of view.
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Fig 2-17 : Pellets median size (mm) -  methyl paraben. A - 50.00% drug, ■ -
58.33% drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

From the analysis of the methyl paraben (Fig 2-17) results, no significant 

correlation was found between the water content in the formulation and the 

median pellets size, when examining all of the water contents. This material had 

the largest value of coefficient of variation, in comparison to all the other four 

drug models. When looking at the values calculated for the different drug-load 

subgroups (Table 2-12), the correlation was insignificant for all the subgroups. 

The slope calculated is a negative one and does not seem to have any obvious 

pattern of change once the drug-load is increasing. The average median pellet 

size increases with an increase in drug-load.

As for the percentage of pellets within the desired size fractions (0.71-1.70mm) 

most of the formulations did not produce a majority of pellets at this size range 

(Table 2-13). The ones that did, were at the lower end of the initial water in 

formulation range.
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Fig 2-18 : Pellets median size (mm) -  propyl paraben. A - 50.00% drug, ■ - 
58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

Propyl paraben values of the median pellet size (Fig 2-18) again show an 

insignificant correlation between water content and the median pellet size. The 

coefficient of variation is again high when compared to the other drug-models. 

When looking at all the data points for the different water contents, a parabolic 

shape can be seen, where at first an increase of water content decreases the 

median pellet shape. Between 35% to 40% water content there is little change in 

the median pellet size, where after a sharp increase in size is recorded. From the 

analysis of the subgroups (Table 2-12) the correlation calculated is still 

insignificant. The slope of the different drug-load subgroups increases with an 

increase of the drug-load, except for the subgroup with the highest drug-load. 

The average median pellet size within each subgroup increases with an increase 

in drug-load.

The formulations at the mid-range of the initial water content (32.00%-41.18%) 

produced pellets of the desired size (Table 2-13). Reducing the water content 

led to too small pellets, where on the other hand, increasing the water content in 

the formulation produced larger pellets than the desired pellet range.
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Fig 2-19 : Pellet median size (mm) -  butyl paraben. A - 50.00% drug, ■ - 
58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% d ru g ,| - 73.68%

drug.

The results from butyl paraben (Fig 2-19) of all the different water contents also 

result in a parabolic shaped graph with the same trend as mentioned previously 

for propyl paraben. Butyl paraben, again showed an insignificant correlation 

between water content and median pellet size. The coefficient of variation is 

still relatively high. When examining the different subgroups (Table 2-12), the 

correlation calculated is still insignificant for all the subgroups. The slope for 

each subgroup changes in a non specific manner. Half of the slope values are 

negative and half are positive. The average value of each subgroup is increasing 

with an increase in drug-load in the first three subgroups, after which there is a 

steep decrease in the average value, after which another increase in average 

values with an increase in drug-load is recorded in the rest three subgroups.

Most of the formulations with initial water content of up to 41.18% produced 

pellets of which the majority of were in the desired size range (0.71-1.70mm). 

Formulations with more than 41.18% water produced pellets larger than 

1.70mm in median size (Table 2-13).
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Fig 2-20 : Pellet median size (mm) -  propyl gallate. A - 50.00% drug, ■ -
58.33% drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.

When examining the propyl gallate results (Fig 2-20) a significant correlation in 

the level of 0.05 was calculated between water content and the median pellet 

size in all the different formulations. The coefficient of variation for the propyl 

gallate values of median pellet size was the lowest of all the drug-models, i.e. a 

change of water content in the formulation had the minimum change in pellet 

size, in comparison to the other drug models. This is not surprising, as when 

looking at Fig 2-20 a steady plateau can be seen throughout all the range of 

different water contents. When examining the values at the different subgroups, 

the correlation within each subgroup was found to be insignificant, though an 

increase in the value of correlation with an increase in drug-load was noted.

All the propyl gallate formulations, apart from the wettest two with water 

content of above 45.45%, produced pellets which size fall in the desired median 

size range (Table 2-13). At a lower part of the water range, formulations were 

too dry to produce pellets.
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Formulation % water Me Paraben Pro Paraben Bu Paraben 4-HBA Pro Gallate

Y 26.92% 1.0-1.4 1.7-2.0 1.4-1.7
U 29.17% 0.5-0.71 2.36-2.80 1.4-1.7
X 29.63% 0.71-1.00 2.36-2.80 2.36-2.80
J 31.82% 0.5-0.71 2.36-2.80 1.4-1.7
T 32.00% 1.0-1.4 1.4-1.7 1.4-1.7 2.00-2.36
Z 32.14% 1.4-1.7 2.00-2.36 2.36-2.80 1.0-1.4
A 34.48% 2.36-2.80 1.00-1.4 1.00-1.4 1.4-1.7
V 34.62% 1.7-2.0 1.4-1.7 1.00-1.4 1.4-1.7
M 34.78% 1.4-1.7 1.4-1.7 1.00-1.4 1.7-2.0 1.4-1.7
I 35.00% 1.0-1.4 1.0-1.4 1.4-1.7 1.4-1.7 1.4-1.7
H 36.84% 1.0-1.4 1.0-1.4 1.4-1.7 1.4-1.7
W 37.04% >2.80 1.4-1.7 1.4-1.7 >2.80 1.4-1.7
P 37.50% >2.80 1.0-1.4 1.00-1.4 1.4-1.7
L 38.10% 1.7-2.0 1.0-1.4 1.4-1.7 1.4-1.7
K 40.00% 1.0-1.4 1.4-1.7 1.4-1.7 1.4-1.7
S 40.00% >2.80 1.4-1.7 1.4-1.7 2.36-2.80 1.4-1.7
0 40.91% >2.80 1.0-1.4 2.00-2.36 1.4-1.7
B 41.18% 1.7-2.0 1.4-1.7 1.0-1.4 1.0-1.4 1.4-1.7
N 42.86% >2.80 1.7-2.0 1.7-2.0 1.7-2.0 1.0-1.4
R 43.48% >2.80 >2.80 2.00-2.36 1.4-1.7
C 44.44% >2.80 2.36-2.80 2.00-2.36 >2.80 1.4-1.7

Q 45.45% >2.80 >2.80 >2.80 1.7-2.0 1.4-1.7
D 47.37% >2.80 >2.80 >2.80 >2.80 2.00-2.36
E 50.00% >2.80 >2.80 >2.80
Coefficient o f Variation: 44.0% 34.6% 30.8% 30.2% 11.2%
Correlation Coeffcient: 0.775 0 . 3 6 7 0 .4 1 9 0.426 0 . 4 5 8

Table 2-14 : Modal fraction results - fraction range in mm. Correlation 
between the initial water content and the modal fraction is assessed as 

bold = significant at the 0.01 level, Italic = significant at the 0.05 level,
small = non-significant.

The results for the modal size fraction are displayed in Table 2-14. The 

correlation and slope between modal size fraction and the initial water content, 

and the average modal fraction size for each sub-group are displayed in Table 

2-15.
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Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Correlation 50.00% 0 .8 0 2 0 .9 3 4 - 0 .2 4 4 0 .8 0 2 -0 .5 3 6

58.33% 0 .8 9 3 0 .9 0 4 0 .8 3 7 0 .8 9 3 -0 .2 8 2

61.54% 0.951 0 .7 5 0 0 .8 9 3 - 0 .7 9 8

66.67% -0 .7 7 8 -0 .0 3 8 0 .5 7 5 0 .7 9 6

70.59% 0.973 - 0 .7 9 5 -0 .2 7 8 0 .5 8 2 0 .8 9 3

73.68% 0 .8 0 1 -0 .4 6 0 -0 .1 2 7 0 .9 2 5

Slope 50.00% 0.044 0.045 -0.006 0.031 -0.020
58.33% 0.029 0.038 0.039 0.029 -0.070
61.54% 0.035 0.028 0.086 -0.034
66.67% 0.026 -0.044 -0.008 0.014 0.033
70.59% 0.029 -0.049 -0.063 0.012 0.031
73.68% 0.034 -0.025 -0.006 0.033

Average 50.00% 3.035 2.815 1.785 2.885 1.440
58.33% 2.390 2.120 2.195 1.000 1.625
61.54% 2.540 1.895 2.030 0.425
66.67% 2.293 1.900 1.550 1.200 1.275
70.59% 1.873 1.975 1.625 1.435 0.850
73.68% 1.725 2.140 2.175 0.775

Table 2-15 : Values calculated for the modal fractions results grouped by % 
of drug in formulation. Correlation between the initial water content 
and the modal fraction is assessed as bold = significant at the 0.01 
level, Ita lic  = significant at the 0.05 level, smaii = non-significant.
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Fig 2-21 : Modal fraction (mm) -  methyl paraben. A - 50.00% drug, ■ -
58.33% drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.
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The coefficient of variation value calculated from the modal fraction values of 

the different formulation containing methyl paraben (Fig 2-21) is the highest of 

all five drug models (Table 2-14). A significant correlation of a 0.01 level was 

found between the water content and the modal fraction values. When looking 

at the different subgroups it can be noted that each subgroup’s first formulations 

with the low amount of water within the group produce a good sized pellets, 

though the wettest formulations in each subgroup are becoming bigger. Because 

the largest sieve used for sieving was 2.80, all the pellets above 2.80 were

considered to be of an average size between 2.80 and the next sieve in the >/2 

progression, hence 3.4. Therefore, all big pellet fractions are considered to be of 

3.4 mm size, though in practice some of them may be larger than that. When 

looking at the different values calculated for the different subgroups (fable 

2-15) three of the six subgroups show a significant correlation of 0.05 level 

between the water content and modal fraction. On the other hand, the other 

three subgroups did not show any correlation between those two values. The 

slope of each subgroup changes irrespectively of the drug-load. The average 

modal fraction generally decreases with an increase in the drug-load.
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Fig 2-22 : Modal fraction (mm) -  propyl paraben. A - 50.00% drug, ■ -
58.33% drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68%

drug.
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The propyl paraben results (Fig 2-22) form a parabolic shaped curve, where at 

the beginning an increase in water content decreases the size of the modal 

fraction. A plateau in the modal fraction value is recorded between 35%-40% 

water content, after which an increase in modal fraction is recorded with an 

increase in water content. The average modal fraction value of all the 

formulations is lower than of methyl paraben, though, it is still higher than of all 

the other three drug models. An insignificant correlation is recorded between 

water content and modal fraction. The correlation within the different subgroups 

(Table 2-15) between drug-load and modal fraction is also insignificant in all 

six subgroups. The slope value of each subgroup is decreasing with an increase 

in drug-load, with an exception of the subgroup with the highest drug-load.
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Fig 2-23 : Modal fraction (mm) -  butyl paraben. A- 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

Butyl paraben (Fig 2-23) demonstrated a relatively constant modal fraction 

(except in the subgroup with the highest drug-load) until 42% water content 

from which a steep increase in modal fraction value can be noted. The average 

modal fraction has the middle ranking between the five drug models. The 

correlation between the water content and modal fraction is significant to the

0.05 level. On the other hand, no significant correlation within any of the
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subgroups can be recorded (Table 2-15). The slope and average values of each 

of the subgroups are changing without a specific pattern in relation to drug-load.
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Propyl Gallate Initial % w ate r

Fig 2-24 : Modal fraction (mm) -  propyl gallate. A - 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68% drug.

Looking on propyl paraben modal fraction values (Fig 2-24) it is obvious that 

water content has very little influence on the modal fraction, as the modal 

fraction is constant (1.4-1.7) in all formulation which produced pellets, except 

for the wettest and the driest ones. Therefore, it is not surprising that the 

coefficient of variation of the different modal fraction is the lowest of all 

materials and that there is no significant correlation between water content and 

modal fraction. The correlation between water content and modal fraction is 

insignificant within all of the subgroups as well (Table 2-15). Because of the 

constant value of modal fraction it is not surprising that the slope o f the 

different subgroups does not change irrespectively the drug-load. The average 

modal fraction decreases with an increase in drug-load.
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The values for the range of particle size fractions are presented in Table 2-16. 

The correlation and slope between the initial water content and the range of 

particle size fractions, and the average particle size range for the different 

sub-groups are displayed in Table 2-17.

Formulation % water Me Paraben Pro Paraben Bu Paraben 4-HBA Pro Gallate
Y 26.92% 0.70 0.80 0.96
U 29.17% 1.50 2.09
X 29.63% 1.29 1.02 1.02 Î k!

J 31.82% 1.29 1.02 0.96
T 32.00% 1.00 0.66 0.66 1.80
Z 32.14% 0.60 0.80 . 1.00
A 34.48% 1.02 1.00 1.00 0.60
V 34.62% 0.80 0.96 1.36 1.00
M 34.78% 0.60 0.96 1.29 0.80 1.00
I 35.00% 0.70 0.60 1.65 0.60 1.65
II 36.84% 0.60 1.00

A CiU
1.00 
n nü

1.00 
1 T/:W

P
37.04%
37.50%

U.VO

0.60
U.VO

1.00
I. J o  

1.00
L 38.10% 0.66 0.60 1.00 1.00
K 40.00% 0.60 0.60 1.00 1.00
S 40.00% 0.66 0.96 0.58 , 1.00
o 40.91% 0.60 0.80 0.60
B 41.18% 1.10 0.60 0.70 " 1.00 1.00
N 42.86% 0.80 1.10 0.36 0.60
R 43.48% 0.80 0.96
C 44.44% 1.02 0.96 0.60
Q 45.45% 0.66 0.66
D 47.37% 1.38
E 50.00%
Coefficient of Variation: 
Correlation Coeffcient:

34.6%
- 0 .3 8 4

22.4%
-0 .2 8 1

30.9%
- 0 .3 7 9

29.8%
-0.296

30.0%
- 0 .2 3 6

Table 2-16 : Range of particle size fractions in mm. Correlation between the 
initial water content and the range of pellet size is assessed as bold = 

significant at the 0.01 level, Italic = significant at the 0.05 level, small =

non-significant.
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Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl Gallate
Correlation 50.00% - 0 .8 0 2 -0 .7 1 7 - 0 .7 9 6 -0 .8 0 2 - 0 .4 6 3

58.33% - 0 .8 9 3 -0 .8 2 5 - 0 .6 9 5 0 .9 3 4 -0 .8 5 5

61.54% - 0 .9 0 7 - 0 .7 5 0 - 0 .9 0 0 - 0 .7 9 8 -0 .7 5 7

66.67% -0.951 - 0 .8 8 7 - 0 .2 0 8 0 .3 0 4 0 .7 9 6

70.59% -A 967 0 .9 2 1 -0 .5 7 8 -0 .2 3 7 0 .9 3 5

73.68% 0.117 0.406 -0.251 0.745
Slope 50.00% -0.055 -0.055 -0.062 -0.061 -0.030

58.33% -0.096 -0.071 -0.050 0.109 -0.147
61.54% -0.084 -0.091 -0.082 -0.097 -0.063
66.67% -0.055 -0.148 -0.046 0.026 0.056
70.59% -0.053 0.069 -0.032 -0.020 0.045
73.68% 0.012 0.109 -0.016 0.049

Average 50.00% 0.275 0.405 0.415 0.250 0.745
58.33% 0.300 0.600 0.775 0.255 0.815
61.54% 0.340 0.450 1.063 0.150 1.053
66.67% 0.473 0.810 1.053 0.345 0.750
70.59% 0.825 0.645 1.268 0.200 0.590
73.68% 0.903 0.905 0.745 0.400

Table 2-17 : Values calculated for the range of pellet size fractions results 
grouped by % of drug in formulation. Correlation between the initial 

water content and the range of pellet size is assessed as bold = 
significant at the 0.01 level, Italic = significant at the 0.05 level, smaii =

non-significant
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% •f? 00
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25.00% 30.00% 35.00% 40.00%

Initial % water

45.00% 50.00%

Methyl Paraben

Fig 2-25 : Range of pellet size fractions in mm -  methyl paraben. A- 50.00%
drug, ■ - 58.33% drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |

- 73.68% drug.
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Fig 2-26 : Range of pellet size fractions in mm -  propyl paraben. A - 50.00% 
drug, ■ - 58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |

- 73.68% drug.
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Fig 2-27 : Range of pellet size fractions in mm -  butyl paraben. A - 50.00% 
drug, ■ - 58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |

- 73.68% drug.
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Fig 2-28 : Range of pellet size fractions in mm -  propyl gallate. A - 50.00% 
drug, ■ - 58.33% drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |

- 73.68% drug.

The range of pellet size fractions show a similar behaviour to the previous two 

size properties examined. The propyl paraben, butyl paraben and propyl gallate 

show a wide optimum water content range in which no or little change in the 

range of particle size fractions is seen (Fig 2-26, Fig 2-27 and Fig 2-28).

2.4.5. Pellets shape factor

The results for the pellets shape factor are presented in Table 2-18. The 

correlation and slope between the initial water content and the shape factor, and 

the average shape factor for the different sub-groups are presented in Table 

2-19.
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Formulation % water Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl GaDate
Y 26.92% 0.64 0.68 0.47
U 29.17% 0.60 0.63 0.54
X 29.63% 0.64 0.63 0.64
J 31.82% 0.63 0.63 0.63
T 32.00% 0.62 0.63 0.66 0.70
Z 32.14% 0.64 0.64 0.62 0.70
A 34.48% 0.63 0.63 0.63 0.73
V 34.62% 0.65 0.64 0.65 0.70
M 34.78% 0.61 0.62 0.64 0.68 0.71
I 35.00% 0.66 0.62 0.58 0.60
H 36.84% 0.65 0.64 0.60 0.46
W 37.04% 0.56 0.64 0.63 ,,0.57i- 0.68
P 37.50% 0.65 0.62 0.60 0.69
L 38.10% 0.62 0.61 0.65 0.67
K 40.00% 0.65 0.63 0.65 0.69
S 40.00% 0.59 0.63 0.63 0.64 0.71
O 40.91% 0.59 0.60 0.63 0.72
B 41.18% 0.65 0.65 0.62 0.67 0.68
N 42.86% 0.60 0.64 0.63 0.62 0.69
R 43.48% 0.54 0.58 0.63 0.66
C 44.44% 0.60 0.64 0.63 0.56 0.71
Q 45.45% 0.45 0.58 0.59 0.61 0.69
D 47.37% 0.51 0.53 0.58 0.52 0.66
E 50.00% 0.44 0.50 0.61 0.60
Average: 0.60 0.62 0.62 0.62 0.67
Correlation Coefficient: -0.700 -0.724 0 .2 6 4 -0,676 -0 .0 7 6

Table 2-18 : Shape factor results. Blank spaces represent either that no 
pellets were formed or that agglomerates were created. Correlation 
between the initial water content and the shape factor is assessed as 

bold = significant at the 0.01 level, Italic = significant at the 0.05 level,
small = non-significant.

All five materials gave pellets with an average shape factor (6 r) values, which

were close to the value of 0 .6 , which represents a shape factor of a good sphere, 

as described in chapter one.
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Value % drug Methyl Paraben Propyl Paraben Butyl Paraben 4-HBA Propyl GaDate
Correlation 50.00% -0.990 -0.939 -0.777 -0.465 -0.786

5833% -0.861 -0.812 -0.204 0.892 0.798
61.54% -0.995 -0.982 0.543 -0.798 0.649

66.67% -0.478 -0.094 -0.436 0.426 0.795
70.59% -0.192 0.891 0.622 0.351 0.887
73.68% -0.180 -0.806 0.752 0.900

Slope 50.00% -0.403 -0.487 -0.097 -0.275 -0.634
5833% -0.347 -1.030 -0.266 0.093 0.254
61.54% -0.763 -2.345 0.632 -0.085 0.454
66.67% -0.628 -0.524 -0.842 0.039 0.080
70.59% -0.175 16.863 0.393 0.032 0.075
73.68% -1.494 -1.159 0.300 0.071

Average 50.00% 0.548 0.581 0.457 0.589 0.662
5833% 0.587 0.622 0.620 0.307 0.631
61.54% 0.602 0.604 0.623 0.172 0.663
66.67% 0.619 0.623 0.626 0.330 0.527
70.59% 0.609 0.636 0.619 0.317 0.346
73.68% 0.637 0.645 0.592 0.357

Table 2-19 : Values calculated for the shape factor results grouped by % of 
drug in formulation. Correlation between the initial water content and 

the shape factor is assessed as bold = significant at the 0.01 level, Italic 
= significant at the 0.05 level, smaU = non-significant.

The material which formed the roundest sphere was propyl gallate, where no 

influence o f the water content in the formulation on the shape of the pellet was 

detected (correlation = -0.076). Both methyl paraben and propyl paraben 

demonstrated a significant correlation o f a negative slope, i.e. the more water 

added to the formulation, the pellet begins to be less round. This phenomena 

occurs especially in the 6-7 wettest formulations and is not surprising, as we 

would expect that as the pellets are getting larger (because o f high water content 

in the formulation), they would be less round. In the case o f butyl paraben, no 

correlation between the water content and the shape factor was apparent.

When examining the different values calculated for the different drug-load 

subgroups (Table 2-17), for all materials in the majority of the subgroups an 

insignificant correlation between water content and shape factor was found. 

Two o f the six subgroups have shown significant in the case o f methyl paraben 

and propyl paraben respectively. The slope values o f the different subgroups are 

change without any visible relationship to the drug-load (Table 2-19). When 

examining the average shape factor values within each subgroup, in the case of 

methyl, propyl and butyl paraben (Fig 2-29, Fig 2-30 and Fig 2-31), a general 

trend o f an increase in water content with an increase in drug-load can be noted.
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The opposite is happening in the case of propyl gallate, where the average shape 

factor is seem to decrease with an increase in drug-load.

0.65

0.60

0.50

25.00% 30.00% 35.00% 40.00%

Initial % water

45.00% 50.00%

Methyl Paraben

Fig 2-29 : Shape factor results -  methyl paraben. A - 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.
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Fig 2-30 : Shape factor results -  propyl paraben. A- 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.
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Fig 2-31 : Shape factor results -  butyl paraben. A - 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, — - 66.67% drug, A - 70.59% drug, |  - 73.68% drug.
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Fig 2-32 : Shape factor results -  propyl gallate. A - 50.00% drug, ■ - 58.33% 
drug, □ - 61.54% drug, 66.67% drug, A - 70.59% drug, |  - 73.68% drug.
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2.5. Discussion

Methyl Paraben: All the formulations extruded and spheronized, though 10 

formulations produced agglomerates (width > 2.80mm). Compared with the 

other materials tested, the overall water movement is the lowest. It is notable 

that as the amount of water in the formulation increases, the extent o f water 

movement decreases (Fig 2-3). This can be explained that by increasing the 

water content in the formulation, the wet mass becomes softer and therefore less 

force to force the wet mass through the die is needed, hence less water 

movement occurs. As more drug exists in the formulation, on average more 

water movement occurs. This suggests, that methyl paraben allows more water 

to move. There are negligible volume differences, hence we can assume that no 

air is trapped in the barrel prior extrusion (Table 2-7). A significant correlation 

between water content and steady-state extrusion force is apparent and when 

compared with the other materials, the methyl paraben has the lowest overall 

average of steady-state extrusion force (Table 2-9). An increase in drug-load in 

the formulation decreases the sensitivity of water on the extrusion force 

recorded. This can be seen by the value of the slope of the different subgroups 

decreasing with an increase in drug-load (Table 2-10). This can suggest that 

methyl paraben is less sensitive to water changes, from the extrusion force point 

o f view. An increase in drug-load results in an increase in the average extrusion 

force, hence, methyl paraben is a material which requires extrusion forces 

higher than MCC. There is a relation of a positive slope between water content 

and pellets’ median width, as expected if agglomeration occurs. Though, the 

methyl paraben has the largest coefficient of variance value for median width 

(Table 2-12), i.e. the impact of change of water content in the formulation on 

the particle width is the greatest among the materials tested. An increase in 

drug-load results in an increase in the average median pellet size, which can 

suggest that methyl paraben is influencing the formulation to produce larger 

pellets. Furthermore, when looking at the modal size fraction, there is no 

specific size range which is readily achieved over a range of water contents. 

Only the formulation at the lower range of the water content produced pellets
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which can be used for pharmaceutical formulations. Increasing the water 

content led to pellets o f median size larger than 1.70mm.

Methyl paraben, although producing spheres, would be a material that is hard to 

formulate. It demonstrated relatively large changes in pellets size for relatively 

small changes in moisture content and it did not yield a steady pellet size over a 

range o f water contents, but demonstrated a behaviour which can be described 

as ‘moody’ or ‘jum py’ were pellets size is concerned. When compared to the 

other drug models, methyl paraben did not reach an optimum range of water 

contents in any o f the properties measured (a range where a change in initial 

water content in the formulation result in little or no change in the property 

measured). As far as the extrusion process is concerned, methyl paraben 

processes readily, providing minimum water movement and steady-state 

extrusion forces were recorded when compared to the other materials, but 

because o f problems in spheronization, these benefits did not transfer to the 

final pellets. From the extrusion point of view, an increase in the amount of 

methyl paraben in the formulation results in higher extrusion forces and in 

higher extent of water movement. As for spheronization, methyl paraben 

produce pellets of reasonable average size until a drug-load of 66.67% after 

which a steep increase in pellet size is recorded. Therefore, when a reproducible 

product is to be produced fi*om this model-drug, it is very important that the 

moisture content in the formulation is controlled accurately throughout the 

process

Propvl Paraben: With propyl paraben all the formulations extruded and 

spheronized with only 4 formulations producing agglomerates. Water 

movement occurs while extruding this material, and when its extent is 

compared to the other materials, it puts it in the middle. When looking at the 

influence o f increasing water content on the extent o f water movement, a 

complex behaviour can be observed. At first an increase in water content 

decreases the extent of water movement until a point where the extent of water 

movement begins to rise as water is added to the formulation (Fig 2-4). This can 

imply that other factors, in addition to water content might be influencing the 

way water moves, such as packing of material etc. The other factor could well 

be the amount o f drug in the formulation. When increasing the drug-load, at
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first an increase in the average water movement is recorded, though, above 

61.54% of drug in the formulation the water movement is relatively constant 

which further increase in the drug-load. The small volume differences imply, 

here also, there is no air present inside the barrel. When looking at steady-state 

extrusion forces, a highly significant correlation and a link of a negative slope 

can be detected between water content and the steady-state extrusion force 

recorded (Table 2-10). The average extrusion force for each drug-load subgroup 

increases with an increase in drug-load. There is a big variation in pellet size 

due to water changes in the formulation (Fig 2-18). As with the water 

movement, also here a parabolic curve represents the relation between water 

levels and pellets’ size, which once again implies a multi-factorial influence, 

though this could be from a direct influence of the varying extent of water 

movement. This additional factor might be again the drug-loading, as it is 

possible to see that with an increase in drug levels the median pellet size 

increases. Furthermore, there is a tendency for the slope of each subgroup to 

increase with an increase in drug-load, this suggests that as the level o f propyl 

paraben in the formulation increases, the influence o f water levels on the 

median pellet size increases. Only the formulations at the middle o f the water 

content range produced pellets within the desired size (Table 2-13). As for the 

modal fraction, it is possible to see that a wide range o f formulations with water 

content ranging from 34.62% to 41.18% yield in size fractions o f a usable size, 

i.e. this material is less sensitive to water content were final size o f pellet is 

concerned. It is quite surprising that the reverse influence of drug-load on the 

modal fraction is detected when compared to the influence on the median size. 

Here, with more drug in the formulation the modal fraction size decreases. 

Furthermore, in the three low drug-load subgroups a positive slope is recorded 

(Fig 2-22), hence, an increase in water levels causes an increase in modal 

fraction size, which is excepted if  agglomeration occurs. On the other hand, 

above 61.54% of drug, an increase in water content results in a decrease in the 

modal fraction size. This must be a characteristic of propyl paraben which 

above a certain level overcomes the other ingredients, in this case MCC.

Propyl paraben goes through both extrusion and spheronization relatively well 

and a sensible pellet size can be achieved over a range o f water contents.
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Though, it was noted that both the extent of water movement and pellets size 

are influenced by more than just water content, probably by the amount of 

material in the formulation. This means that the task o f finding the right 

formulation to yield the desired pellets size could be more complicated, though, 

once this formulation is decided upon, propyl paraben is a relatively tolerant 

material towards water quantities. This is demonstrated by the optimum range 

o f water content found in all the properties, except the volume changes. 

Nevertheless, one must remember that if  an extruder other than a ram extruder 

is used, the variation in water movement could either minimised or disappear. 

When coming to formulate propyl paraben for extrusion/spheronization, one 

should consider the desired drug loading, as it has been shown that the amount 

o f this drug in the formulation has an effect on extent of water movement, 

extrusion force and pellet size.

Butyl Paraben: All formulations were extruded and spheronized successfully, 

apart from the three wettest ones which yielded agglomerates. There was a high 

extent o f overall water movement when compared to the other materials. When 

looking at the relation between the water movement and water content, the 

result is a parabolic curve (Fig 2-5), which suggests that two factors or more are 

influencing the ability for water to move. When looking at the different 

drug-load in the different formulations, one can see that the value of the slope of 

the water movement vs. water content graph is changing its sign from positive 

to negative above 61.54% of drug in the formulation (Fig 2-5). After this point, 

an increase in water content follows a decrease in the extent o f water 

movement. The average water differences within the different subgroups also 

change in a parabolic way, in respect to the drug-load. As for air in the barrel, 

low values o f volume differences suggest that no air is present. A strong 

relation o f a negative slope and o f highly significant correlation between water 

content and steady-state extrusion force is demonstrated (Table 2-10). An 

increase in drug-load makes the formulation less sensitive to water content, 

from the respect o f extrusion force. Furthermore, an increase in drug-load leads 

to an increase in extrusion force. In the median pellet width results, an influence 

of two factors or more is seen from the parabolic curve (Fig 2-19). The median 

pellet size does not seem to change in any regular manner with the drug-load in
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the formulation (Fig 2-19), the same is true for the modal fraction results (Fig 

2-23). Nevertheless, most of the formulations (up until water content of 

41.18%) produced pellets within the desired size range (0.71-1.70mm).

Butyl paraben demonstrated behaviour similar to propyl paraben, and therefore 

the conclusions are similar, i.e. goes through both stages well and yields a 

sensible pellet size over a range of water content, in this case, over a wider 

range o f water contents when compared to propyl paraben. Several factors 

influence both the extent o f water movement and pellet size. Similarly to propyl 

paraben, butyl paraben demonstrated optimum range o f water contents in most 

of the properties examined. When looking on the influence of the amount of 

butyl paraben within the formulation, it can be seen that the extrusion force is 

the only property on which a constant influence from the drug can be reported,

i.e. the more drug in the formulation the higher the steady state extrusion force.

p-hvdroxv benzoic acid (4-HBA): This material did not extrude at the 3 lowest 

water levels, and did not spheronize well in many of the formulations, therefore, 

results which are pellet-related were not analysed for 4-HBA. The extent of 

average overall water movement was the highest of the materials tested. 

Significant correlation and a linear relationship between water content and 

extent o f water movement can be observed, though it is quite surprising when 

looking at the curve to see that it is o f a positive slope, where a negative slope is 

expected (Fig 2-6). When increasing the drug-load in the formulation, less water 

movement occurs. This implies that 4-HBA has a characteristic which prevents 

water movement from occurring. Again no trapped air is assumed to be present 

in the barrel, because of low values of volume difference. As for extrusion 

steady-state forces, the expected relation o f negative slope is detected (Fig 

2 - 1 1 ), though the curve is of an exponential nature, which suggests that more 

then one factor (water content) influences the steady-state force. When 

examining the influence o f drug-load on the extrusion force, from the slope 

values it can be noted that with increasing drug levels in the formulation, a 

change in water has less influence on the extrusion force. Above 66.67% of 

drug in the formulation, it seems that a change in water content does not affect 

the extrusion force at all. The average extrusion force increases with an increase 

in drug-load.
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4-HBA did not perform well either in extrusion or spheronization. During 

extrusion large water differences were recorded with an unexplained, opposite 

than expected link between water content and the extent of water movement. 

Furthermore, in contrast to all the other materials, it looks as if 4-HBA prevents 

water movement better than MCC. This conclusion was derived from the fact 

that an increase in the 4-HBA levels (at the expense of MCC) reduced the 

extent o f water movement occurring. Also the influence o f water on the 

extrusion force is not straightforward as with the other materials. As with the 

other materials, addition of 4-HBA to the formulation increases the extrusion 

force. As for spheronization, this material produced agglomerates in many of 

the formulation with no obvious relation between agglomerates and water 

content as would be expected.

No optimum range o f water contents was detected in any of the properties 

measured, making this material very hard to control while extruding and 

spheronising.

Propyl Gallate; The material did not extrude for the 5 driest formulations. The 

average overall water movement, which occurs is the lowest extent compared to 

the other materials, with a weak correlation between water movement and the 

water content. A parabolic relation between the two values suggests a complex 

behaviour. The propyl gallate stands out from the other materials where larger 

volume differences were recorded (Table 2-7). This can be explained by the 

presence o f trapped air inside the barrel, though it would be surprising to find 

air trapped in one material and not in the others. Though, this explanation does 

not explain why an increase in drug-load results in a decrease in volume 

differences. The average extrusion force for all formulations was the highest of 

all the drug models (Table 2-9). The extrusion force of formulations above 

61.54% of drug seem to be little influenced by the water content. This material 

demonstrated relatively wide optimum range of water contents, especially when 

looking at the size o f the resulting pellets (Fig 2-20). The size o f pellets is 

relatively constant overall the range of different water contents and in most 

cases fall within the desired size range.
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2,6, Conclusion

All of the materials produced spheres in at least a few o f the formulations. 

Though, in spite of their similar properties and similar molecular structure, each 

material behaved differently during extrusion/spheronization. The biggest 

differences are seen between the parabens (methyl, propyl and butyl paraben), 

which behaved similarly, and propyl gallate and 4-HBA, which behaved 

differently, and in some way opposite to the expected, for which no clear 

answer found.

The different formulations, varied in drug-load from 50.00% to 73.68%, 

demonstrated different behaviour when undergoing extrusion/spheronization. 

When looking at the pellet size values measured it is possible to see that the size 

of the pellet is related more to the water content in the formulation than to the 

drug-load. Hence, when looking at the median size results, all drug-load 

subgroups consist a few formulations which provide pellets in the desired size. 

They were the majority o f formulations of butyl paraben and propyl gallate, but 

only the minority o f formulations of methyl paraben and propyl paraben. The 

different drug models differed in the position and range o f water content which 

produce the desired size o f pellets.

The pellets vary in their size, even though they were all created from extrudates 

emerging from a 1mm die. This suggests that the diameter o f the die does not 

completely control the diameter o f the resulting pellets. This is mainly because 

the water content in the extrudates. The greater the amount of water in the 

extrudates, more agglomeration occurs, hence, ensure a large increase in the 

size of the resulting pellets.

This could involve variations in extrudates diameter, the length to which the 

extrudates are chopped and the spheronizer plate and rounding process and arise 

due to variation in the consistency of the wet powder mass.
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3. Chapter Three: Water m ovem ent investigation

3.1. Introduction to Water movement in extrusion

In the majority o f extrusion formulations water movement occurs. Nevertheless, 

the understanding o f the reason water moves more extensively in one 

formulation and less in the other is still lacking. Water movement can be crucial 

in some formulation, can lead to shark-skinned extrudates (when the extrudates 

becoming too dry because all the water has moved down the barrel) or results in 

extrudates with different water content which turn into spheres which vary in 

size on the spheronizer plate. Therefore, it is very important to understand, 

evaluate and control, if  possible, the water movement during extrusion.

Many workers noted this phenomena occurring and many workers tried to 

evaluate the extent of water movement in different ways:

Fielden et al.(1992), Knight(1993) and Boutell(1995) used a pressure membrane 

apparatus to measure the movement o f liquid through powder beds used in 

extrusion/spheronization formulations. They applied pressure to a paste 

supported on a membrane using nitrogen gas and measured the amount o f water 

leaving the sample chamber with time. This experiment was repeated under 

different pressures, increasing and decreasing pressures to evaluate the “drying” 

and “wetting” o f the paste. They showed that powder beds o f different 

structures or of different mean particle size demonstrated different levels of 

saturation and different absorption and release o f water.

Burbidge et al.(1995) examined the water migration while consolidating wet 

ceramic pastes using a membrane filter instead of a die.

Chen et al.(1997) looked at water migration in carbohydrate pastes by 

centrifuging the paste and looking at the amount o f water the paste lost during 

centrifugation and the amount o f water the paste was able to retain. The use of 

centrifugal force to measure the amount of water separated from a sample had 

been used previously, both in soil-mechanics (Ronday 1997) and in the food 

industry (Rhee et al. 1981). The advantage of this method over other methods of 

investigation of water movement are: a) its small scale -  an important fact
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especially when examining expensive or toxic materials, b) the relatively simple 

and readily available equipment used.

Harrison (1982), Baert et al.(1992a) and Knight(1993) examined the extent of 

movement o f water during the extrusion process using a ram extruder by 

evaluation o f the water content o f the extrudates. They collected fractions of 

extrudates and dried them to constant weight. They found that in most cases the 

first extrudates are wetter than the last ones and that the extrudates are normally 

wetter than the remaining plug in the barrel.

The centrifuge method and the extrudate collection method will be applied in 

this chapter.

3.1 Materials

As previously described in chapter two.

3.2 Methods

3.2.1 Centrifugation method

The five different model drugs and microcrystalline cellulose were each mixed 

with four different water contents. Binary components o f microcrystalline 

cellulose and one o f the five model drugs were also prepared in a 5:7 ratio, drug 

to MCC. Three different water contents were added to each one o f the binary 

components.

The powder/s examined were mixed with the water and hand-mixed using a 

pestle and mortar for 5 minutes. Specially prepared 25mm diameter plastic caps 

were perforated with 1mm holes. A filter membrane o f 0.2microns pore-size 

(Whatman’s Cyclopore membranes -  25mm diameter) was placed at the bottom 

of the cap. Four caps were filled with typically 5g of wet sample and placed 

inside a special prepared carrier. The four carriers were placed inside a 

centrifuge (BR401, Denley, Sussex, UK) and centrifuged for 30 minutes at 

three different speeds with the corresponding centrifugal force values in
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brackets: 5500rpm (3050G), 4125rpm (1715G) and 2750rpm (762G), all at 

room temperature.

Fig 3-1 : Schematic diagram of the cap and carrier used, a -  cap, b- carrier, c- 
wet powder, d- membrane filter, e- perforated bottom, f- spacers, g- water 

collection region/g(.ô nf%e.ep>)'

After centrifugation, the caps were weighed and oven dried at 50°C using an 

oven with fan (Hotbox, Gallenkamp, London, UK) until they reached constant 

weight (typically for 3 days), when they were weighed again. Using the 

following equation, the Moisture Retention Capacity (MRC) is calculated (Rhee 

et al. 1981):
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W
(3.1) M RC=— ^ - 1 0 0

^ p o s t

Where: Wpost = Weight of moisture before centrifugation (% of
dry mass).

Wpre = Weight of moisture after centrifugation (% of dry 

mass).

The slope o f the graph of the MRC values versus water content in the 

formulation was also calculated and was used as a way to estimate the 

sensitivity o f the ability o f the powder/s to retain water to the amount o f water 

in the formulation.

3.2.2 Extrudate fractions analysis

Binary mixes o f microcrystalline cellulose and each o f the model drugs in a 5:7 

ratio, respectively, were mixed using a planetary mixer (N50, Hobart, London, 

UK) for 5 minutes. To each type of binary mix three different water contents 

were added and mixed for additional 10 minutes. The wet components were fed 

into a stainless steel barrel (2 cm internal diameter and approximately 2 0 cm in 

length) o f an ACER2000 extruder (Polymer Laboratories, Belton Park, 

Loughborough) fitted with a 5mm in length and 1mm in diameter and 60° entry 

angle die.

Each formulation was extruded once at 20mm/min and once at 200mm/min. By 

changing pre-weighed, numbered beakers below the die, extrudates factions 

were collected. For the slow piston speed (20mm/min) the beakers were 

changed every 20 seconds. For the fast piston speed (200mm/min) the beakers 

were placed on a specially made wooden tray and were changed every 3 

seconds. Because some of the extrusion procedures were stopped before 

completion when reaching the 20kN load safety-limit, the number o f fractions 

collected varies between the different formulations.
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Fig 3-2 : A photograph of the ACER2000 extruder(aMrjpgp

The beakers were than weighed and placed into an oven with fan (Hotbox, 

Gallenkamp, London UK) to dry to constant weight at 50°C (typically for 3 

days). After drying the beakers were weighed again.

The ACER extruder was used to perform this experiment instead of the Lloyd 

press used in the previous chapter because it allowed easier access to the 

die-exit area, which was needed for the quick collection of the extrudates.
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A computer program was used to analyse the data files produced by the 

extruder’s computer system and which divided the extrusion profile to fractions, 

corresponding to the fractions collected, and calculated the area under the curve 

(AUC) for each curve section. Using Pearson coefficient correlation analysis the 

correlation between the water content in the extrudates and the pressures 

recorded whilst extruding the fraction (represented by the AUC value) was 

examined and its significant was calculated. The Pearson coefficient correlation 

is a method that is applied when there is a linear relationship between the two 

factors, hence, significant correlation means that such a linear relationship 

exists.

To quantify the extent of water movement measured by this method the 

following parameters were calculated:

1) Cov -  Coefficient o f variation. This parameter describes the 

fluctuations in water content in the different fractions.

2) Av-Init -  The initial water content (%) subtracted from the average o f 

water contents in the different fractions. This parameter measures the 

“water lost” during the process through the die.

3) Av4-Av4 -  TTie difference between the water average of the first four

fractions to the average o f the last four fractions. This parameter 

represents the extent of the water gradient created because o f water 

movement along the barrel.

4) Av4-Init -  The initial water content (%) subtracted from the average

o f water content of the four first extrusion fractions. This parameter 

describes the extent of the initial water movement, i.e. the extent o f 

water moved down the barrel while compression occurred and during 

the first 24-40mm of piston displacement.
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3.3 Results

3.3.1 Centrifugation method

The centrifuge method produced reproducible results with coefficient of 

variation for the MRC value o f typically not more than 10%.

3.3.1.1 Single components

From examination of the single components, different MRC and solid water 

ratio values were recorded for the different materials (Table 3-1 and Fig 3-3 to 

Fig 3-5). The MCC’s values were largely higher than o f the other materials, 

showing that the MCC is capable o f retaining much more water than the other 

materials. From examination of Fig 3-3 to Fig 3-5, it is noticeable that the drug 

models were divided into two groups in all centrifugation speeds. 4-HBA and 

propyl gallate had greater MRC values than the three other drug models (methyl 

paraben, propyl paraben and butyl paraben) which had similar MRC values. 

When comparing the results from the different centrifugation speeds, it is 

possible to see that with the slowest centrifugation speed, at lower water 

contents the differences between the materials becomes less clear. At low water 

content all materials recorded relatively high MRC values. When looking at the 

slopes o f the MRC values as a function of initial water content, the MCC had 

the lowest value from the six materials examined, hence showed the lowest 

sensitivity of MRC to water content in the formulation.
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Material (speed) 20% 30% 40% 50% 60% 100% 140% 180% Average Slope
MCC(5500) 9 2 .9 % 93 .1 % 6 6 .5 % 5 5 .1 % 5 2 .0 % 7 1 .9 % -0  3 4
MePara(5500) 37 .2 % 2 2 .1 % 14.5% 12.6% 2 1 .6 % -0 .8 1
ProPara(5500) 39 .7 % 26 .7 % 16.5% 13.5% 2 4 .1 % -0 .8 9
BuPara(5500) 4 6  5% 3 3 .3 % 2 4 4 % 16.1% 3 0 .1 % -1 .0 0
4-HBA(5500) 8 7 .7 % 71 .6 % 54 .0 % 4 3 .4 % 6 4  2% -1 .5 0
ProGal(5500) 9 0 .9 % 8 1 .2 % 6 4 .0 % 4 8 .6 % 7 1 .2 % -1 .4 4

MCCI4125) 9 4 .5 % 9 5 .7 % 72 .1 % 6 0 .0 % 4 5  8% 73 .6 % -0  4 0
MePara(4125) 39 .6 % 2 6 .2 % 1 4.8% 17.6% 2 4 .5 % -0 .7 7
ProPara(4125) 6 0 .3 % 2 9 .9 % 13.7% 9.5% 2 8 .4 % - 1 .6 9
BuPara(4125) 6 6 .6 % 3 3 .5 % 21 .9 % 2 2 .5 % 3 6 .1 % -1.44
4-HBA(4125) 9 3 .3 % 8 3 .9 % 5 8 .5 % 4 4 .9 % 7 0 .1 % - 1 .7 0
ProGal(4125) 9 5  0% 9 0 .3 % 77.9% 6 3 .1 % 8 1 .6 % - 1 .0 8

MCC(2750) 9 5 .7 % 9 6 .3 % 8 6 .1 % 76.1% 6 6 .3 % 8 4 .1 % - 0 2 5
MePara(2750) 8 4 .3 % 4 3 .4 % 3 5 .6 % 2 5 .8 % 4 7 .3 % -1 .8 3
ProPara(2750) 6 2 .9 % 3 1 .0 % 1 8.3% 2 1 .2 % 3 3 .4 % - 1 .3 8
BuPara(2750) 8 1 .4 % 5 5 .9 % 34 .1 % 2 0 .1 % 4 7 .9 % - 2 0 5
4-HBA(2750) 8 1 .5 % 9 2 .5 % 8 2 .0 % 70 .9 % 8 1 .7 % -0  4 3
ProGal(2750) 9 4 .2 % 9 3 .8 % 8 4 .9 % 71 .6 % 8 6 .1 % -0 .7 7

Table 3-1 : MRC values recorded for the different water content in the 
single component formulation, overall average and the slope of the 

relationship between MRC and the initial water content

Single components ( SSOOrpm)
100.0%

80.0%

60.0%

40.0%

2 0 .0 %

0 .0%

0% 50% 100% 150% 200%

♦  MCC

■ Methyl Paraben 

▲ Propyl Paraben

♦  Butyl Paraben

♦  4-HBA

— Propyl Gallate

Initial % w ater

Fig 3-3 : Results of the MRC values for the different single components after
centrifuging at SSOOrpm.
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Single components (4125rpm)

'à

100.0%
» . ♦  ♦

80.0%
♦

♦ ♦  MCC

60.0% - I .
■ Methyl Paraben

A Propyl Paraben

40.0%
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■ #  Butyl Paraben

I ♦  4-HBA

20.0% - — Propyl Gallate

▲

0.0% -
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Initial % w ater
200%

Fig 3-4 : Results o f the MRC values for the different single components after
centrifuging at 4125rpm.

Single components ( 2750rpm)
1 0 0 .0 %

80.0%

60.0%

2 0 .0%

♦  MCC

■ Methyl Paraben 

▲ Propyl Paraben

♦  Butyl Paraben

♦  4-HBA

— Propyl Gallate

50% 100% 150%

Initial % water
200%

Fig 3-5 : Results of the MRC values for the different single components after
centrifuging at 2750rpm.

When looking at the influence of centrifuge speed on the MRC value of the 

different materials (Fig 3-7 to Fig 3-12), it is not surpming^that with an increase 

in the centrifugation speed the MRC value decreases. This is because more 

pressure is applied on the wet mass and therefore more water is extracted from 

the mass.

When looking at the influence the speed makes on the MRC values it is possible

to notice that with MCC, 4-HBA and propyl gallate, the change of speed, with
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the formulations with low water content, does hardly change the MRC values, 

which are above 90%. With an increase in water content in the formulation, the 

increase in centrifuge speed decreases the MRC value. This suggests that the 

first amount of water going into those specific materials are tightly bound, 

hence, with the three centrifuge speeds applied in this work, no water is 

extracted. The suggested relationship between the MRC values and the initial 

water content for various centrifuge speeds is demonstrated in Fig 3-6. When 

the water content reaches a certain value (point a in Fig 3-6), a second water 

phase, which is looser bound than first one is being created. Only at this point, 

will a change in centrifuge speed will lead to change in MRC value. This point 

for MCC is between 40% to 60% of water and for 4-HBA and propyl gallate is 

between 20% to 30%. With the three parabens this point is at water content 

lower than the minimum water value at the water range (20%), hence, at low 

amounts of water only the faster speeds can extract the water, though as the 

amount of water is increased the slowest speed (2750rpm) succeeds in 

extracting more and more water, and eventually is able to extract a similar 

amount o f water as the other two speeds. This suggests that as more water is 

added to those formulations, the water is bound less strongly, hence, more 

available to be extracted upon the application of external force. In the case of 

methyl paraben both the two fastest speeds extract the same amount of water 

implying that a certain threshold of force needs to be exceeded in order to fi"ee 

the water fi"om the structure in which they are held. This threshold is different 

for each material. With propyl paraben only the fastest speed exceeded this 

threshold. With butyl paraben this threshold is not as clear as with the other two 

parabens, hence, a gradient of water is released with the increase o f the force 

applied. The wettest formulation tested (50%) seems to be near the point at 

which if  any more water added is not bound to the solids, hence, can be 

extracted easily by all three centrifuge speeds (point b in Fig 3-6). This point is 

not reached with the MCC, 4-HBA and propyl gallate.
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■ 2750rpm  
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■ SSOOrpm

Fig 3-6 : Suggested schematic relationship between the MRC values and the 
initial water content at different centrifuge speeds.

Microcrystalline cellulose (MCC)
100% 
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Fig 3-7 : Different MRC values recorded at different speeds of centrifugation
for MCC.
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Ü 60%
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Z 40%

♦  SSOOrpm 
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27S0rpm
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% intiial water

Fig 3-8 : Different MRC values recorded at different speeds of centrifugation
for methyl paraben.
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Propyl Paraben

O 60% ♦  SSOOrpm 
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27S0rpm
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% initial water

Fig 3-9 : Different MRC values recorded at different speeds of centrifugation
for propyl paraben.

Butyl Paraben
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Fig 3-10 : Different MRC values recorded at different speeds of centrifugation
for butyl paraben.
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Fig 3-11 : Different MRC values recorded at different speeds of centrifugation
for 4-HBA.
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Propvt Gallate
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Fig 3-12 : Different MRC values recorded at different speeds of centrifugation
for propyl gallate.

3.3.1.2 Binary components

When MCC was added to the model drugs, although in a lower portion by 

weight than the model drug, the components demonstrated similar behaviour, in 

term of MRC values (Table 3-2 and Fig 3-13 to Fig 3-15). 4-HBA and propyl 

gallate still had the largest MRC and ratio values, though the differences in 

MRC values between them and the other three model drugs were much smaller 

in magnitude when compared to the differences reported for the single 

components (Table 3-1 and Fig 3-3 to Fig 3-5). The addition of the MCC into 

the components also resulted in the formation of a uniform rate of change of 

MRC with initial water content.

Material (speed In rpm) 36.84% 40.00% 45.45% Average Slope
MePara(5500) 54.3% 47.9% 41.2% 47.8% -1.49
ProPara(5500) 50.8% 43.1% 36.5% 43.5% -1.61
BuPara(5500) 51.1% 46.2% 39.4% 45.6% -1.35
4-HBA(5500) 62.4% 54.7% 49.7% 55.6% -1.41
ProGal(5500) 68.0% 61.7% 51.8% 60.5% -1.87
MePara(4125) 53.98% 51.57% 45.57% 50.37% -0.99
ProPara(4125) 60.42% 55.73% 38.83% 51.66% -2.57
BuPara(4125) 55.77% 49.65% 43.62% 49.68% -1.38
4-HBA(4125) 54.49% 62.74% 49.71% 55.65% -0.76
ProGal(4125) 67.85% 71.00% 59.34% 66.06% -1.11
MePara(2750) 74.24% 75.14% 75.48% 74.95% 0.14
ProPara(2750) 73.39% 61.35% 57.11% 63.95% -1.77
BuPara(2750) 66.86% 62.37% 51.29% 60.18% -1.83
4-HBA(2750) 83.26% 81.90% 71.57% 78.91% -1.42
ProGal(2750) 85.02% 76.72% 72.37% 78.03% -1.40

Table 3-2 : MRC values recorded for the different binary components with 
different water contents (model-drug:MCC - 7:5), overall average and 
the slope of the relationship between MRC and initial water content.
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Fig 3-13 : MRC values recorded for the binary components centrifuged at 
5500rpm (model drug : MCC - 7 : 5 ) .

Binary components (4125rpm)
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Fig 3-14 : MRC values recorded for the binary components centrifuged at 
4125rpm (model drug : MCC - 7 : 5 ) .
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Fig 3-15 : MRC values recorded for the binary components centrifuged at 
2750rpm (model drug : MCC - 7 : 5 ) .

When examining the influence of centrifuge speed on the MRC values recorded 

for each of the binary components formulation (Fig 3-16 to Fig 3-20), 

throughout all the water range the expected decrease in MRC value with the 

increase o f the centrifuge speed is found.

Methyl Paraben

K 60%

20%

♦  SSOOrpm 

■  4125tpm 

27 SO rpm

30% 40%

% initial water

50%

Fig 3-16 : Different MRC values recorded at different speeds of centrifugation
for methyl paraben:MCC (7:5).
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30% 40%
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Fig 3-17 : Different MRC values recorded at different speeds of centrifugation
for propyl paraben:MCC (7:5).

Butyl Paraben
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Fig 3-18 : Different MRC values recorded at different speeds of centrifugation
for butyl paraben:MCC (7:5).
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Fig 3-19 : Different MRC values recorded at different speeds of centrifugation
for 4-HBA:MCC (7:5).
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Fig 3-20 : Different MRC values recorded at different speeds of centrifugation
for propyl gallate:MCC (7:5).

3.3.2 Extrudate fractions

From each run, a graph of the extrusion fraction number against the percentage 

of water content from the total weight within each beaker was plotted. From 

each material all 3 formulations at the two different speeds were processed, with 

the exception of 4-HBA. The 4-HBA was unextrudable in the slower speed 

(20mm/min). When trying to extrude this material in the slow extrusion speed, 

the extrusion force exceeded the 20kN limit before reaching the steady-state 

force. This could be because of an excessive water movement occurring prior to 

extrusion, as water drops were seen dripping out of the die during the 

compression stage.

In all formulations and speeds, a decrease in water content in the extrudates 

fraction with time can be seen. Hence, the first extrudate fractions are usually 

wetter and the last extrudate fractions are normally drier than the original water 

content in the formulation. This observation was previously reported by 

Harrison(1982), Baert et al.(1992) and Knight(1993).

The water percentage in the different extrudates fractions recorded for the 

different formulations are displayed in Table 3-3 to Table 3-7 and Fig 3-21 to 

Fig 3-25.
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Fraction #
F o rm u la tio n (sp e e d )

H(200) H(20) K(200) K(20) Q(200) Q(20)
1 38.3% 42.6% 42.3% 43.2% 45.8% 45.2%
2 38.4% 49.6% 42.9% 48.1% 45.4% 46.0%
3 38.0% 46.5% 39.6% 43.7% 45.3% 44.0%
4 37.2% 40.8% 40.4% 42.1% 45.7% 43.6%
5 37.3% 45.8% 40.6% 42.3% 45.4% 43.9%
6 37.0% 44.0% 42.2% 49.7% 46.6% 45.3%
7 35.5% 45.5% 40.7% 50.9% 46.3% 46.5%
8 36.2% 48.3% 41.5% 47.0% 46.4% 46.5%
9 38.7% 42.2% 41.0% 44.6% 45.3% 45.2%

10 37.9% 44.3% 40.9% 42.8% 46.0% 45.0%
11 37.6% 42.3% 40.9% 36.0% 45.2% 46.5%
12 37.3% 40.7% 35.9% 44.9% 45.9%
13 35.8% 41.2% 40.6% 46.2% 44.7%
14 33.5% 39.3% 41.6% 46.0% 45.9%
15 34.0% 39.4% 42.8% 45.7% 47.8%
16 33.8% 38.4% 35.4% 45.1% 49.7%
17 32.9% 37.3% 34.7% 44.5% 49.1%
18 33.6% 35.5% 37.4% 45.8% 45.7%
19 35.6% 35.8% 45.8% 44.6%
20 35.7% 46.0% 46.6%
21 34.3% 45.9%
22 34.3% 41.5%
23 33.8% 45.0%
24 35.3% 45.9%
25 47.0%
26 45.7%
27 45.5%
28 44.5%
29 45.5%

Table 3-3 : Water content in extrudates fractions of methyl paraben, 
produced with different initial water contents, model drugiMCC ratio

and extrusion speed

70.0%
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60.0%

3 50.0%

g  40.0%

30.0%

 H200
 H020

K200
 K020
 Q200
 Q020
- - - - H init. water 
 K init. water
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% of extrudates

80.0% 100.0%

Fig 3-21 : Extrudate fractions results for methyl paraben -  water content as
function of % of extrudates collected



Chapter Three Page 147

Fraction #
Formulation (speed)

H(200) H(20) K(200) K(20) Q(200) Q(20)
1 39.6% 54.8% 42.5% 51.1% 45.3% 47.8%
2 39.7% 53.7% 41.0% 45.5% 45.5% 49.0%
3 40.0% 54.1% 41.6% 44.6% 45.5% 46.8%
4 39.1% 49.6% 39.4% 45.8% 45.3% 46.5%
5 39.2% 48.7% 41.4% 49.5% 46.1% 45.4%
6 38.9% 51.6% 42.4% 44.2% 46.9% 45.4%
7 38.8% 53.7% 42.3% 45.3% 46.6% 48.5%
8 37.9% 49.7% 40.8% 47.7% 46.0% 48.1%
9 38.2% 49.6% 40.6% 49.9% 45.0% 48.7%

10 37.6% 46.9% 40.5% 46.9% 44.8% 48.3%
11 38.9% 41.5% 40.7% 41.5% 46.3% 48.9%
12 38.3% 51.5% 42.4% 42.0% 46.0% 48.0%
13 37.3% 33.0% 41.2% 44.7% 46.5% 48.5%
14 36.6% 39.4% 40.4% 44.1% 45.1% 47.1%
15 35.7% 45.5% 40.7% 42.5% 44.7% 43.7%
16 35.0% 36.4% 40.0% 40.1% 45.8% 44.0%
17 34.7% 34.6% 39.6% 37.7% 46.2% 47.6%
18 32.6% 39.6% 41.9% 44.9% 41.4%
19 29.5% 39.1% 46.2% 45.2% 44.0%
20 29.0% 39.6% 34.6% 46.7% 46.0%
21 30.3% 26.2% 46.1%
22 29.2% 31.2% 45.3%
23 28.6% 30.9% 42.9%
24 27.9% 31.0% 43.6%
25 29.6% 33.2% 43.7%
26 28.1% 35.3% 43.6%
27 27.2% 32.0% 40.3%
28 27.1% 34.2% 42.0%
29 26.3%

Table 3-4 : Water content in extrudates fractions of propyl paraben, 
produced with different initial water contents, model drug:MCC ratio

and extrusion speed

70.0%
Propyl Paraben

60.0%

50.0%
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—  K020
—  Q200
—  Q020
— -H init water 
■ •••K init. water

- - - -Q init. water

0.0% 20.0% 40.0% 60.0%

% of extrudates
80.0% 100.0%

Fig 3-22 : Extrudate fractions result for propyl paraben -  water content as
function of % of extrudates collected
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Fraction #
Formulation (speed)

H(200) H(20) K(200) K(20) Q(200) Q(20)
1 42.5% 59.4% 41.9% 51.6% 45.0% 46.4%
2 42.1% 55.0% 41.4% 50.7% 45.0% 46.4%
3 42.9% 57.9% 42.3% 48.4% 44.7% 45.5%
4 42.7% 53.4% 42.1% 48.8% 44.6% 44.5%
5 42.6% 49.0% 41.7% 51.6% 45.4% 45.1%
6 42.2% 55.9% 41.4% 52.7% 45.4% 43.4%
7 42.5% 56.2% 41.3% 52.2% 45.3% 47.5%
8 41.3% 49.6% 41.4% 45.2% 35.1% 49.5%
9 41.8% 48.8% 41.2% 46.7% 44.4% 47.8%

10 40.3% 51.3% 40.5% 51.4% 44.3% 45.8%
11 41.7% 47.3% 40.7% 48.3% 45.1% 46.1%
12 41.7% 29.2% 41.1% 47.9% 45.6% 47.4%
13 42.4% 21.7% 40.3% 40.4% 45.6% 44.8%
14 42.4% 22.3% 40.7% 25.2% 45.0% 45.7%
15 41.9% 22.6% 39.9% 26.6% 43.9% 47.4%
16 43.1% 23.4% 38.9% 29.9% 43.9% 47.9%
17 43.3% 24.7% 39.9% 33.6% 45.1% 47.0%
18 42.6% 30.3% 40.1% 35.5% 44.7% 46.5%
19 43.3% 30.9% 40.2% 37.5% 44.7%
20 39.1% 30.2% 38.9% 36.3% 45.9%
21 34.5% 30.5% 39.4% 35.5% 44.0%
22 37.6% 29.3% 37.5% 43.0%
23 36.1% 28.3% 35.7% 42.7%
24 37.7% 26.9% 34.4% 45.4%
25 37.9% 26.3% 34.5% 43.2%
26 30.8% 25.3% 33.0% 35.3%
27 30.8% 32.5%
28 31.1%
29 32.5%

Table 3-5 : Water content in extrudates fractions of butyl paraben, 
produced with different initial water contents, model drugiMCC ratio

and extrusion speed.

70.0%
Butyl Paraben

60 .0%  '

50.0%
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•H init. water 
K init. water 

•Q init water

0.00% 20.00% 40.00% 60.00%

% of extrudates
80.00% 100 .00%

Fig 3-23 : Extrudate fractions results for butyl paraben -  water content as
function of % of extrudates collected.
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Fraction #
F o rm u la tio n  (speed )

H(200) H(20) K(200) K(20) Q(200) 0(20)
1 51.2% 46.9% 48.2%
2 48.1% 47.3% 48.5%
3 46.9% 45.5% 47.6%
4 46.0% 46.2% 47.1%
5 45.3% 44.0% 48.2%
6 42.7% 46.9% 47.6%
7 44.1% 43.7% 47.6%
8 40.4% 44.4% 46.7%
9 41.5% 43.0% 45.7%

10 41.1% 42.9% 48.7%
11 37.2% 43.2% 47.0%
12 44.2% 46.2%
13 40.8% 47.3%
14 42.0% 45.6%
15 42.2% 45.4%
16 38.6% 46.2%
17 33.0% 46.1%
18 44.5%
19 44.8%

Table 3-6 : Water content in extradâtes fractions of 4-HBA, produced with 
different initial water contents, model drug:MCC ratio and extrusion

speed.

4-HBA

70,0%

60.0%

2 50.0%

40.0%

30.0%

 H200
—  K200 

 Q200
- - - - H in it. water 
 K in it. water
- - - -Q init water

20 .0%

0.0% 20.0% 40.0% 60.0%

% of extradâtes

80.0% 100.0%

Fig 3-24 : Extrudate fractions results for 4-HBA -  water content as function of
% of extradâtes collected.
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F r a c t io n  #

F o r m u la tio n  (s p e e d )

H(200) H(20) K(200) K(20) 0 ( 2 0 0 ) 0 ( 2 0 )

1 41.8% 6 4 .0 % 4 3 .7 % 6 1 .3 % 4 6 .7 % 5 0 .7 %

2 4 2 .7 % 5 8 .4 % 4 4 .8 % 6 0 .6 % 4 7 .0 % 4 9 .7 %

3 4 1 .6 % 5 8 .4 % 4 3 .4 % 5 9 .5 % 4 6 .4 % 4 9 .2 %

4 4 1 .8 % 5 7 .9 % 4 3 .8 % 5 6 .5 % 4 6 .0 % 4 8 .3 %

5 4 1 .4 % 5 7 .4 % 4 3 .6 % 5 6 .9 % 4 5 .3 % 49.8%
6 3 9 .7 % 5 5 .8 % 4 3 .0 % 5 5 .6 % 4 6 .6 % 5 0 .7 %

7 3 9 .2 % 5 3 .7 % 4 2 .4 % 5 4 .5 % 4 6 .7 % 5 2 .3 %

8 3 8 .5 % 5 4 .6 % 4 2 .2 % 5 8 .1 % 4 6 .5 % 5 0 .9 %

9 3 8 .1 % 5 0 .7 % 4 1 .2 % 5 4 .9 % 4 6 .6 % 5 0 .2 %

10 3 8 .1 % 4 7 .6 % 42.9% 5 8 .7 % 4 6 .1 % 5 0 .8 %

11 3 6 .7 % 4 6 .1 % 4 0 .7 % 5 5 .6 % 4 7 .0 % 4 9 .4 %

12 3 5 .8 % 4 4 .0 % 4 1 .3 % 5 0 .7 % 4 6 .1 % 4 7 .0 %

13 3 4 .6 % 4 3 .0 % 4 0 .2 % 4 9 .2 % 4 6 .1 % 4 6 .6 %

14 3 3 .8 % 4 1 .9 % 3 9 .4 % 4 9 .3 % 4 5 .4 % 5 1 .6 %

15 3 3 .9 % 4 0 .6 % 3 8 .4 % 4 6 .9 % 4 5 .5 % 4 9 .7 %

16 3 2 .2 % 3 7 .5 % 4 5 .2 % 4 6 .5 % 4 7 .6 %

17 3 6 .8 % 4 3 .9 % 4 6 .2 % 4 7 .2 %

18 4 5 .9 % 4 4 .5 % 48.0%
19 3 8 .9 % 4 5 .0 % 4 5 .7 %

2 0 3 8 .2 % 4 4 .9 % 46 9%
21 4 0 .5 % 4 5 .7 % 4 9 .5 %

22 3 1 .6 % 4 6 .1 % 4 9 .5 %

23 4 8 .4 %

24 4 7 .2 %

25 4 6  5%

26 4 3 .6 %

27 4 4 .5 %

28 4 5 .7 %

29 4 7 .5 %

30 45.9?4
31 4 0 .3 %

32 39.7%

Table 3-7 : Water content in extradâtes fractions of propyl gallate, 
produced with different initial water contents, model drugiMCC ratio

and extrusion speed.
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20 .0%  

0 .0% 20.0% 40.0% 60.0%
% of extradâtes

80.0% 100 .0 %

Fig 3-25 : Extrudate fractions results for propyl gallate -  water content as
function of % of extradâtes collected.
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When comparing the different water distribution levels in each of the materials 

(Table 3-3 to Table 3-7 and Fig 3-21 to Fig 3-25), a different behavior of water 

distribution between the two extrusion speeds can be noted. It is clear that the 

extradâtes from the faster speed are much more uniform in their water content 

throughout the barrel. The inspection o f the extradâtes produced by the slower 

extrusion speed showed a gradient of water contents along the barrel. Where in 

the case of the faster speed this gradient was either smaller in magnitude or did 

not exist at all. The typical differences in water distribution between the two 

speeds throughout the barrel are demonstrated in Fig 3-26. When looking at the 

different parameters calculated to quantify the extent of water movement (Table

3-8, Table 3-9, Table 3-10), larger values normally are listed for the slower 

speed than for the faster, implying also that greater water movement occurs. 

This phenomenon can be explained by that when extruding at slower extrusion 

speeds, more time is given for the water to find the way of least resistance 

through the voids between the particles. This difference in the extent of the 

water gradient between the two extrusion speeds is minimized in the wettest 

formulation (formulation Q), where the moisture contents from the two 

extrusion speeds follow very similar patterns.

70.0%

60.0% -

 H200
1 50.0% -

H020

- - W a te r  in 
fo rm u la tio n

S 40.0%

30.0% -

20 .0%

0 .0% 20 .0% 40.0% 60.0% 
% of extradâtes

80.0% 100.0%

Fig 3-26 : Results from propyl paraben -  demonstrating the typical water 
distribution differences between the two extrusion speeds.
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CoV H200 K200 Q200 H020 K020 Q020
MePara 5.4% 5.1% 1.1% 6.1% 13.2% 3.4%
ProPara 4.3% 2.6% 1.5% 26.8% 16.8% 5.4%
BuPara 9.0% 2.4% 53% 3&2% 21.5% 5.9%
4-HBA 9.0% 8.1% 2.6%
ProGal T2% 5.5% 1.5% 16.1% 15.9% 63%

Table 3-8 : Coefficient of variation results calculated from the extrusion
fractions results.

Av-Init H200 K200 Q200 H020 K020 Q020
MePara 0.4% 0.0% 0.2% 7.9% 0.3% 0.2%
ProPara 2.1% 0.8% 0.3% 2.5% 0.7% 0.3%
BuPara 4.4% 0.7% -1.1% 1.1% 0.3% -0.1%
4-HBA 8.2% 3.2% 1.3%
ProGal 27% 1.5% 0.6% 13.6% 10.6% 2.4%

Table 3-9 ; The difference between the average water content in the 
extrudate fractions collected and the initial water content. A positive 
value means that extrudates in average were wetter than the initial

water content.

Av4-Av4 H200 K200 Q200 H020 K020 Q020
MePara 4.4% 4.6% 0.0% 0.6% 9.9% -0.6%
ProPara 4.1% 1.7% -0.4% 25.9% 13.1% 5.1%
BuPara 8.3% 23% 0.4% 29.7% 17.6% 4.0%
4-HBA 8.0% 7.5% 2.4%
ProGal 7.4% 5.9% 1.1% 20.2% 22.2% 6.1%

Table 3-10 : The difference between the first four extrudate fractions to the 
last four in water content. A positive value suggests that the first 

extrudates were wetter than the last.

Av4-init: H200 K200 Q200 H020 K020 Q020
MePara 1.2% 1.3% 0.1% 8.0% 43% -0.7%
ProPara 23% 1.1% -0.1% 16.2% 6.7% 2T%
BuPara 5.7% 1.9% -0.6% 19.6% 9.9% 0.2%
4-HBA 11.2% 6.5% 2.4%
ProGal 5.1% 3.9% 1.1% 22.8% 19.5% 4.0%

Table 3-11 : The difference between the first four extrudate fractions to the 
initial water content. A positive value suggests that the first extrudates 

were wetter than the initial wet mass.

This observation that an increase in water content in the formulation leads to a 

decrease in the extent of water variation throughout the barrel can be easily
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detected by examining the values in Table 3-8Table 3-9 Table 3-10 (CoF, 

Av-Init and Av4-Av4). A decrease in those values is seen when increasing water 

levels in the formulations in both extrusion speeds.

The results from the Pearson coefficient correlation between the extrusion force 

and the water going through the die (represented by the water found in a 

specific extrudates fraction) showed, in most cases, a highly significant negative 

correlation. This means, as expected, that when the wet mass going through the 

die is wetter, there is less force needed to push it through the die. As mentioned 

before, the fact that a significant correlation was found in most cases implies the 

relationship between the two factor is linear.

Pearson H200 K200 Q200 H020 K020 Q020
MePara -0.72 -0.85 -0.03 -0.40 -0.90 -0.16

ProPara -0.84 -0.85 -0.02 -0.97 -0.91 -0.72
BuPara -0.80 -0.66 0.02 -0.93 -0.97 -0.86
4-HBA -0.92 -0.77 -0.82
ProGal -0.98 -0.90 -0.48 -0.80 -0.84 -0.62

Table 3-12 : Pearson coefficient correlation results between water in an 
extrudates fraction and the force needed to extrude it. Bold = significant 

at the 0.01 level, Italic = significant at the 0.05 level, small =  
non-significant.

It is clear from the results that in the wettest formulation (Q), when extruded at 

the fastest speed (200mm/min), all three parabens (methyl, propyl and butyl) 

did not show a significant correlation between water content and extrusion 

force, neither did the wettest formulation of methyl paraben when extruded in 

the slowest speed. This can be due to the lack o f water gradient developing 

throughout the barrel, resulting in a very soft mass for which the extrusion force 

needed is not related to the relatively constant water content. In the slower 

speed, some water movement is initiated resulting in influence o f water on the 

extrusion force.
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3.3.3 Comparison between the results of the two methods

To find relationships between the MRC generated from the centrifuge system 

and the actual extent o f water movement during extrusion, a comparison 

between those values and the values calculated for the extrusion fractions 

technique will be made. The extrusion fractions technique is a simple technique 

which is measuring water movement directly.

As mentioned before, from the MRC results it is clear that the five model drugs 

are divided into two sub-groups different in the extent o f water they retain. 

Propyl gallate and 4-HBA retained more water than methyl paraben, propyl 

paraben and butyl paraben.

When comparing the extent o f water movement measured by the extrusion 

fractions collection, the same general trend is seen. Usually, propyl gallate and 

4-HBA formulation produced higher values calculated from the water 

distribution in the different fractions. Out of the four o f those values calculated, 

this trend is greater for Av-Init and Av4-Init, which are the two variables which 

compare the water content with the initial water content. Those two values, as 

described above, represent the initial water movement occurring and the 

average “water lost” through the die.

If this is the case, than its implications are that higher water retention leads to an 

increase in water movement during extrusion. This relation is the opposite of 

what one would expect to find. One would assume that if  a material has the 

ability to hold its water tighter, then less water movement under the forces of 

extrusion would occur. Hence, this finding can only be explained by the 

possibility that retaining more water, the material can carry more water through 

the die. This explanation is strengthened when looking at the steady-state 

extrusion forces reported in the second chapter (Table 2-9). The average 

extrusion forces observed for both propyl gallate and 4-HBA, are the highest 

average values for the five drug models. The explanation for this relation is 

similar to the previous suggestions, when a material has the ability to retain 

water strongly, it prevents water from leaving the material and migrating to the 

die’s wall. Therefore, there is no lubricating layer o f water at the die’s walls 

which increases the extrusion force.
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When comparing the water retention values measured by the centrifuge system 

and the ability o f the different materials to make hydrogen bonds (Table 2-1), a 

force which is taking part in water retention, the same ranking between the 

different sub-groups is noted. Hence, the ôh values o f both propyl gallate and 

4-HBA were higher than the three other drug models.

3.3.4 Statistical analysis

The water retention values, acquired from the centrifugation method, were 

compared to the extrudate fractions results and to different values measured in 

chapter two, which represent the way each material went through the extrusion 

or the spheronisation process, such as: moisture in remaining plug, size of 

pellets, shape o f pellets and extrusion force.

In order to find if  there is a correlation between the water retention values and 

the other properties, a Spearman’s correlation coefficient analysis was 

performed. This method measures how rank orders are related between the 

different properties, and although appropriate to the kind o f comparison 

required, it is not capable of comparing the whole set o f results. The result had 

to be divided into three sub-sets, each set representing results from different 

initial water content. Furthermore, as there are only five materials in the 

comparison, if  one o f the materials changes ranking, the correlation will be 

insignificant. In the current case, where methyl paraben, propyl paraben and 

butyl paraben had very close water retention values, a change o f ranking occur 

quite often. It is therefore not surprising that Spearman correlation analysis did 

not give significant relationship between any o f the two properties.
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3.4 Conclusions

Centrifugation method:

The method o f centrifugation for the measurement o f water retention capacity 

was reported to be used for the investigation o f water migration in different 

kinds o f materials, such as: soil, a-alumina and more. This method is used here 

first on pharmaceutical pastes, which normally allow some water mobility.The 

centrifugation method produced different water retention values (MRC) for the 

different materials tested.

High MRC values were recorded for the MCC, in comparison to the other 

materials tested. In addition, the MCC showed the smallest variation in MRC 

values with change o f levels of water in the formulation. When mixing the 

MCC with drug models, which separately showed different water retention 

values, the differences in those values o f the binary components were reduced 

extensively, although the MCC is the minor material in the formulation, in 

terms o f weight fraction. This implies that although the MCC is not the major 

ingredient in the formulation, its influence on controlling the water movement is 

larger than o f the other ingredient. The above observations could be the reason 

that MCC is such a valuable and essential material in the 

extrusion/spheronisation process, and is in accordance to the MCC “sponge 

model” theory (Fielden et al. 1988).

The centrifugation technique was sensitive enough to measure different values 

between materials of similar chemical structure and properties. 4-HBA and 

propyl gallate had larger values in comparison to the other three drug models, 

both on their own, mixed with water and in a combination with MCC.

At the lowest speed (2750rpm), the MRC values recorded for the single 

component formulation with low amount o f water were considerably higher 

than what recorded at higher speeds and the differences between the five model 

drugs, which were obvious in faster speeds, were minimised in this case. This 

could lead to a conclusion that in this case all the water in the formulation were 

tightly bound, hence, there was no free water to be freely extracted from the wet
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mass at the low speed. Therefore, in this specific case, the 2750rpm speed was 

the minimum speed that could be used to extract water.

Until a certain critical water level is reached, no water leaves the specimen. This 

level was dependent on the centrifuge speed. The lower the speed, the higher 

the critical water level. This suggests that as the water content increases, from a 

certain water level the water is more free to move.

E xtrudate fractions method:

In all formulations and in both the two extrusion speeds, water movement 

occurred. This resulted in the first extrudates emerging from the die being 

wetter then the initial moisture content. With time, the water content in the 

extrudates declines until the last extrudates are normally drier than the original 

water content. This happens in most pharmaceutical formulations because that 

water finds the path of least resistance moving down the barrel faster than the 

solids (Harrison 1982, Baert et al. 1992 and Knight 1993). The water 

distribution throughout the barrel in the faster speed is much more uniform than 

in the slower speed, a trend previously reported by Knight(1993). This happens 

because when extruding faster, the water has less time to move efficiently down 

the barrel. When the water content within the formulation was increased, it was 

seen that the gradient o f water developing throughout the barrel decrease up to a 

point where the differences in water movement when extruding at different 

speeds are no longer detectable. Jerwanska et al.(1995) reported that an increase 

in water content facilitates the extrusion process by reducing the 

particle-particle interactions. Hence, the wetter paste becomes softer and less 

force is needed for extrusion. This decrease in extrusion force reduces the 

pressure that moves the water down the barrel.

As expected, a negative correlation between water content in extrudates and the 

force needed to extrude them was found. The correlation values calculated by 

Spearman’s coefficient correlation analysis were found significant except for 

the three parabens when extruding the wettest formulation at the faster speed. 

This is because, for the wettest formulations, no water movement occurs.
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Comparison between the water retention values to other properties:

As previously mentioned, the major trend found from the water retention values 

was the division of the five model drugs into two subgroups, propyl gallate and

4-HBA with stronger and methyl paraben, propyl paraben and butyl paraben 

with weaker water retention capabilities. When looking manually on the values 

calculated from the extrudate fractions results, a similar trend was found. From 

this relationship it emerges that when a material has a stronger retention 

capacity, more water moves during the extrusion process. This observation can 

be explained by the fact that when a material retains its water more strongly 

then it will hold more water within its structure, which results in wetter 

extrudates. The steady state extrusion forces recorded in chapter two also 

demonstrated the same trend. Hence, stronger water retention resulted in higher 

extrusion forces. This is because less water can migrate to the die walls, hence, 

less lubrication exists.

The ranking o f the hydrogen bonding solubility component values (ôh) matched 

the ranking of the water retention values. This suggest that hydrogen bonding 

plays a role in retention of water in our systems.

When taking into account that in chapter two it was demonstrated that all the 

above formulations, except the ones containing p-hydroxy benzoic acid, 

produced good and round pellets, one can come to the conclusion, that the 

spheronisation process in some cases could be tolerant to some amount o f water 

movement during the extrusion process. Nevertheless, an extensive water 

movement would not be suitable and would not spheronise. No data is available 

to date as to what extent of water movement is considered to be extensive.



Chapter Four Page 159

4. Chanter Four: Water m ovem ent stu d ies  usina  

M agnetic R eson an ce Imaging fMRh

4.1 Introduction

The extrusion process involves a major contribution from the liquid component 

in the system, normally water. The liquid acts as a lubricant, hence the higher 

the water content in the formulation, the lower the force required to push the 

wet mass through the die. In addition, an increased water content decreases the 

plasticity, reducing the force necessary to extrude the paste (Harrison et al. 

1985b). It is known that water moves at a higher rate than the solids, usually 

resulting in extrudates, which are wetter than the original wet mass (Fielden et 

al. 1989, Baert et al. 1992). Due to the high pressures involved; steel equipment 

is required which makes it difficult to observe what happens to the liquid during 

the process.

In the introduction for chapter three, a review of the work done by researchers 

on the evaluation o f the extent of water movement during the extrusion process 

was presented.

Gotz and Buggisch(1993) used MRI to examine water movement in the 

extrusion barrel of a ram extruder while extruding a ceramic paste, glass spheres 

and glass powder. Fyfe and Blazek (1997) used MRI to look at the penetration 

o f water and the formation of a hydrogel in HPMC tablets. Fahie et al. (1998) 

used MRI to look at drug release rates from a sustained release tablets.

MRI has also been used to visualise flow. Sinton and Chow (1990) studied the 

flow o f solid-rocket motor propellant. Gullberg et al.(1990) looked at flow of 

blood through blood vessels that are unreachable to standard visualisation 

methods. In both cases, velocity maps o f 2D slices were produced.

In the last few years, papers on visualising of flow in extrusion using MRI have 

been published, especially in the food industry. Agemura et al.(1995) used MRI 

to compare the flow fields between two different types of screw-extruders.
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The method commonly used to look at flow in such systems is the time-of-flight 

method, which detects the displacement of “tagged” spins between excitation 

and signal intensity measurement (Pope and Yan 1993).

Flow visualisation using MRI is more appropriate for steady state flows 

(Gladden 1994), which is not the case with extrusion where convergence is a 

common phenomena near the die (Fielden et al. 1989 and Harrison et al. 1984). 

Hyde et al. (1995a) reported a way of using MRI as a quantitative tool, in which 

case the magnetic relaxation processes exhibited by a sample must be taken into 

consideration.

The extrusion process is used in many areas such as: chemical engineering, food 

industry etc. All the disciplines share the same objective, which is to minimise 

the extent o f water movement occurring during the process. Hence, the 

extrusion process in the pharmaceutical industry is more complex than in any 

other industry, because considerations must be taken to ensure that the material 

has the properties required for both extrusion and spheronization. 

Unfortunately, different physical properties are needed for a material to 

successfully undergo the two-stage process. For example, a material that 

extrudes well should have appropriate plasticity, whereas a degree o f brittleness 

of the extrudates is required if  they are to break on the spheronizer. These 

chopped length extrudates should be of sufficient plasticity to round to spheres. 

Using a non-invasive method on the plug (the compacted wet mass remaining in 

the barrel after the process is over or stopped) can produce information on the 

water movement within the barrel before the extrudates are formed. On the 

other hand, the MRI process has its limitations: 1) it is relatively slow, hence, it 

can be used only to examine a static extrusion experiments, 2) the interpretation 

and the quantification of the results is a complex procedure.

4.1.1 Introduction to Nuclear Magnetic Resonance (NMR):

The description o f the fundamentals of MRI is taken from Callaghan (1993a). 

One o f the fundamental principles o f quantum mechanics is that the total 

angular momentum of any isolated particle may take only discrete values. The
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magnitude o f the angular momentum, P, is specified in terms o f a quantum 

number, 7, as follows:

(4.1)
LK

where: h

I

Planck’s constant. 

Quantum number (K, -%)

Only nuclei with non-zero nuclear spin are NMR active, in which case the 

following relationship between the angular momentum, P, and the magnetic 

moment o f the nucleus, is:

(4.2) M = r P

where: y the gyromagnetic ratio.

When no magnetic field is applied upon the sample, the energy o f the isolated 

nucleas is independent of the quantum number, 7. Hence, when applying a 

magnetic field of strength Bq the magnetic moment, //, acquires an energy, 77, 

given by:

(4.3) H - - /u B q — 7 B

As a result o f the magnetic field applied upon the nucleus, it develops (21+1) 

energy levels. Transitions between these energy levels may be induced by the 

electromagnetic radiation of energy, hv, where v is the resonance firequency of 

the nucleus. The shift in energy levels upon application of magnetic field is 

known as the Zeeman interaction.



Chapter Four Page 162

In the following section the behaviour of the hydrogen nucleus ( /  = V2) will be 

considered. Such a nuclei can take only two values of spin quantum number, V2 

and -!4,alleigning to the parallel and the anti-parallel of the static magnetic field, 

Bo, respectively. The total magnetisation, M, of the sample is the vector sum of 

the individual moments (p) and is therefore proportional to the difference 

between the populations o f the spin states.

At equilibrium, the magnetisation of the sample will be aligned along the z 

direction and will have a magnitude of Mq which can be calculated by summing 

the z components of all the nuclei in the sample.

The magnetisation moves in a processional manner about the static magnetic 

field Avith an angular frequency, <x>o, known as Larmor frequency, where:

(4.4)

In order to induce transitions between spin states, a sinusoidal pulse of 

electromagnetic radiation in the radio frequency (RF) is applied which excites 

spins from the low to the high energy states and therefore generates a linearly 

polarised magnetic field (25 j cos(ruO)* While generating the RF pulse, the 

magnetisation simultaneously processes about the static field Bq and the RF 

field Bi.

Relaxation processes:

After the application of the RF pulse, the nuclear spin system has excess energy. 

The system, while trying to reach to thermal equilibrium state o f the spin 

system, redistribute this excess energy in a way knovm as relaxation.

In order for a spin system to equilibrate, the existence o f a local fluctuating 

magnetic field interacting with the excited spin system and acting as an energy 

sink is essential. Such a fluctuating magnetic field can be generated from the 

random tumbling of molecules within the sample.

The non-equilibrium distribution of nuclear spins following an RF pulse gives 

rise to components of both transverse and longitudinal magnetisation relative to



Chapter Four Page 163

the equilibrium vector, Mq (also referred to as the Boltzmann equilibrium 

nuclear magnetisation). The recovery o f the longitudinal component of the 

magnetisation, Mz, to its equilibrium value is known as spin-lattice relaxation, 

and assuming exponential behaviour is described by the following differential 

equation

(4.5) dM ,
dt r,

where: Tj = Spin-lattice (or longitudinal) relaxation time,

and its solution is:

‘Lattice’ in this case is used as a general term for the nuclear environment. The 

spin-lattice relaxation process can be also explained as relaxation o f the over 

energised resonating spin system by transferring its excess energy to it’s 

surrounding thermal reservoir. This flow of energy occurs between the nuclear 

spin system and the other degree of freedom in the system, “lattice”. The 

spin-lattice relaxation time, Ty, at room temperature is typically in the range of 

0.1 to 10 seconds.

Thermal equilibrium in the xy plane is described by the time constant T ,̂ known 

as the spin-spin relaxation (or transverse) time:

(4 7) dM ^ ^
dt dt fj

Relaxation o f Mx and My are caused by direct interactions between the spins of 

different nuclei. The spin-spin relaxation time, T ,̂ is usually in the range of
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lOjis to lOs. The relationship between the two time constants is a complex one, 

though it has been shown that normally T2 < 7 / in solids (Callaghan, 1993a).

The two relaxation phenomena, although described by two different time 

constants, are occurring simultaneously.

The integrated form of equation (4.7) is as follows:

This exponential behaviour applies were the interactions responsible for 

relaxation in the transverse direction are weak. However, for solids undergoing 

very slow motions the decay is more complicated than this.

Ti and T2  processes are o f great importance in NMR experiments and when 

designing an NMR experiment, consideration to their effect should be taken. 

For example, if  the “recycle delay” (the time between the RF pulses) is less than 

five times, Ty then the equilibrium magnetisation will not recover along the z 

axis between the pulses, resulting in the magnetisation vector being less than 

M q. This vWll result in the signal acquired being non-quantitative.

The spin-spin relaxation characteristics should also be taken into consideration, 

as they determine for how long the magnetisation takes to lose phase coherence 

in the xy plane after the application of the RF pulse. Only when the 

magnetisation vector exists in the xy plane, can it be manipulated. In systems of 

short 72, sometimes there is insufficient time to complete the desired pulse 

sequence.

Signal averaging

In order to improve signal-to-noise ratio, it is customary to co-add signals from 

a number o f successive experiments, because signals are added coherently while 

the noise is added randomly. This addition results in a reduction of noise levels, 

in comparison to signal levels which stay the same. As mentioned before, once 

performing successive excitations, it is important to note that the nuclear spin
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system is given enough time to recover its z axis magnetization between 

experiments. This recovery usually requires a time delay of five Ti relaxation 

times.

Obtaining spatial information:

Until now it was assumed that the static field, Bq, was homogeneous throughout 

the sample. In order to take spatial information into consideration, an additional 

magnetic gradient should be applied. If, for example, the gradient, G, is applied 

across the z plane (G^), the resulting field B would be:

(4,9) f - 0 .

In this case the angular frequency across the z plane (cDz) as a function of 

position across the z direction would be:

(4.10) cô  =r(Bo+G^z)

The resonance fi*equency is now varying linearly with position (z). Using 

“frequency encoding” of the FID, the spatial information is obtained. This 

experiment results in a ID projection of the sample along the z direction. In 

order to achieve fully spatial resolved information, different pulse sequences 

and field gradients in the three spatial directions (x,y,z) are used.

Selective slice excitation:

Selective excitation involves applying an RF pulse which affects only a specific 

region of the NMR firequency spectrum, hence, only nuclei o f a certain 

chemical shift may be disturbed.

Efficient and precise selective excitation is a vital component o f most NMR 

imaging techniques.
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Practically, a specific slice can be selected by applying a narrow RF field and a 

gradient, G ,̂ simultaneously. The gradient along the z  direction spreads the 

resonance frequencies, resulting in the excitation o f only the spins that resonate 

within the bandwidth of the RF frequency, Aœ. Hence, only the spins within the 

slice defined by Az are examined. Changing the variables Aco and G  ̂ will 

change the width of the selected slice. A narrower RF signal bandwidth or a 

stronger gradient would lead to a selection of a thinner slice. The following 

relationship between these parameters holds:

(4.11) Az=—
rG ,

In order to define the excited slice as well as possible, a consideration should be 

made to the shape of the RF pulse. The basic rectangular pulse (hard pulse) 

results in a frequency with strong side-lobes (Fig 4 -la). In this case, while the 

majority of the excitations is close to the central frequency, extensive excitation 

occurs also over a wide bandwidth, which will result in poor definition o f the 

slice. This is an undesirable feature because this could induce a weak excitation 

in a second resonance, usually the one under observation. If we assume that the 

excitation spectrum is approximately the Fourier transform of the pulse 

envelope, side-lobes will be created because of the sharp steps at the beginning 

and the end of the pulse (Freeman 1988). By smoothing the rise and fall of the 

pulse envelope, the side-lobes could be avoided. This can be achieved by 

generating a Gaussian shaped pulse (soft pulse), which gives a Gaussian shaped 

frequency response and which solves the side lobes problem (Fig 4 -lb).
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Fig 4-1 : Soft pulses and their frequencies responses: a) rectangular pulse, b)
Oaussian pulse (skidobes.jpg)*

Using a soft RF pulse, although has its advantages as stated above, has also a 

disadvantage. The application of a soft RF pulse results in a net phase shift, 

yCj^zT , which means that the phase shift will vary across the slice. Therefore a 

refocusing method is needed. One of the common methods used to elegantly 

solve this problem is the gradient-reversal sequence. In this sequence a gaussian 

shaped RF pulse is applied in the presence of a gradient GsUce- This selectively 

excites a slice within the sample that is perpendicular to the direction of the 

gradient (z). Because the application of the guassian RF pulse normally results 

in an unfocused pulse the slice gradient’s sign is reversed to refocus the pulse. 

By stepping the frequency of the RF pulse, a series of contiguous slices can be 

sampled. Spatial information in the directions of Gread and Gphase is encoded 

within the NMR signal by application of gradients Gread and Gphase respectively. 

In this method, reversing the polarity of the read gradient produces the echo 

(Fig 4-2). The spatial information is unravelled by performing a 2D Fourier 

Transformation (2DFT) of the data acquired from each slice thus giving a series 

of 2D images.
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RF t
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Gread

G  phase

Gsliice
Fig 4-2 : Gradient-reversal imaging pulse sequence (dl = relaxation time [s], 
pi = pulse duration [ps], te = echo time [ms], at = acquisition time [ms]). The 

horizontal scale represents the timing of the experiment. The three gradients are 
perpendicular to each other. onnexppfoMie.ers).

Three-dimensional imaging

In cases where T2  values are quite short, the two- dimensional imaging approach 

has its disadvantages, where one needs to wait finite time for the selective 

excitation process.

In three-dimensional imaging, the entire sample is excited by a hard pulse for a 

short period of time in which no transverse relaxation occurs.

Consideration involving quantification:

It is important to realise that what is actually being measured in these 

experiments is the intensity of the NMR signal at time te (echo time), which, in 

general, is a function of the relaxation times Ti (spin-lattice relaxation time 

constant) and T2  (spin-spin relaxation time constant) as well as the proton 

concentration. The intensity of the observed magnetisation generated 

immediately after the 90° excitation pulse (Jo) is proportional to the proton 

concentration when the repetition time, tr, is sufficiently long to allow full 

relaxation of the NMR signal. When tr does not allow complete relaxation, then 

the NMR signal becomes saturated and the intensity of the observed
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magnetisation generated immediately after the 90° excitation pulse has intensity 

Is, where Is < Iq.

The equilibrium value o f Ig immediately following a pulse in a train of identical 

90° pulses separated by time r is  given by (Callaghan 1993b):

l - e x p ( ^ )
(4.12) / , = / „ ---------------- ^

l + exp(^)exp(^)

In a train of identical 90° pulses all that happens during time r  is that the 

magnetisation relaxes in the presence of the main magnetic field B q only. In the 

MRI experiment used in this study, r  corresponds to the (tr -  te), since at the 

time te after the initial 90° excitation pulse, the net magnetisation points in 

exactly the same direction as immediately after the initial 90° excitation pulse, 

the only difference being in magnitude, which, as a result o f T2  relaxation, has 

decayed according to:

(413) / „ = / „ e x p ( ^ )

The observed intensity after time te is, therefore, given by:

(4.14) 4  -  4  e x p ( ^ )

To all intents and purposes the observed intensity in the MRI experiment is, 

therefore, given by re-evaluating equation (4.12) in the t»T2  limit and 

substituting the result into equation (4.14) with T, I.e.
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(4.15) he ~ 0̂
— T -  te^

l - e x p ( — )
_

exp( )
^2 _

Hence, this gives a tool in evaluating the quantification of the MRI data.

4.1.2 Introduction to Percolation

To understand what is percolation one must imagine a large array of squares, 

like the one shown in Fig 4-3(a). For the purpose of this explanation, an 

assumption is made that this array is so large that any effects from its 

boundaries are negligible. Such an array is called by physicists a ‘square 

lattice’.

(a) (b) ( c )

#
• fés

\
• # ;

#
e #

X # #
e #

Fig 4-3 : Definition of percolation and its clusters: (a) empty square lattice 
ip=0), (b) the clusters are encircled when a cluster consist of more than one full 

square (p=0.26), (c) one cluster extends from one side of the lattice to the
opposite side (p^O.43),

In Fig 4-3(b) a certain fraction of the squares are filled with a black dot, where 

the rest of the squares are left empty. A cluster is defined as a group of 

neighbour squares occupied by a black dot, which have one side in common. 

Each cluster in Fig 4-3(b) is encircled with a dotted line. The professional term 

in physics for such squares are ‘nearest neighbour sites on the square lattice’. 

Hence, all sites within one cluster are connected to each other by one unbroken 

chain of nearest neighbours. When examining the location of the black dots 

within the whole square lattice, one could come to the right conclusion that the 

black dots were placed randomly. In such a case, P is defined as the probability
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of a site being occupied by a black dot. Hence, if  there are N  sites, therefore, pN  

of these sites are occupied, and (l-p)N  are empty.

In Fig 4-3 (c) there are more sites filled with a black dot, hence P is larger. At 

this value o f P  a continuos cluster exists which connects one side of the square 

lattice to the opposite side of the lattice. Such a cluster is also called a spanning 

cluster (Stauffer 1994). One can describe such a phenomena as the cluster is 

percolating through the lattice. Percolation threshold (Pç) is therefore describes 

as the minimum value of P in which a percolating cluster exists. In our example 

in Fig 4-3, Pc = 0.43. If all sites are equivalent then for a given (infinite) lattice 

the percolation threshold would be the property o f the lattice.

Historically, one of the first people to use this concept practically were Flory 

and Stockmayer (Stauffer 1994), who during World War 2 used the percolation 

theory to describe how small branching molecules form larger and larger 

macromolecules if  more and more chemical bonds are formed between the 

original molecules. Another practical use for the percolation theory is, for 

example, the simulations of forest fires. By applying the percolation principles 

one can simulate the behavior of a forest fire and to calculate how long will a 

fire take until it either penetrate the forest or be extinguished. The percolation 

theory is also used to simulate diffusion, fluid dynamics, or more generally as it 

is used in this work, as an image analysis technique which can quantify the 

existence o f structures within a sample.

Arbabi and Sahimi (1991) used the percolation theory to simulate catalyst 

deactivation which occurs due to site coverage and pore blockage. Kraub 

andHofinann (1994) used a cubic lattice to simulate the packing in a model of a 

trickle bed. Gladden et al. (1995) used this theory as one o f the image analysis 

methods used to investigate structural inhomogeneities within porous pellets.

4.2 Materials

As previously described in chapter two.
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4.3 Methods

4.3.1 Plug experiments

Each drug model was mixed with microcrystalline cellulose (Avicel PH -101, 

FMC, Cork, Ireland) in the proportion o f 7 parts to 5 parts to which water was 

added (formulation K: 40% of the total mass and formulation Q: 45.45% of the 

total mass). The wet mass was extruded using a ram extruder (2.54 cm diameter 

barrel) fitted with a single-hole die 1mm diameter and 4mm in length (Ovensten 

et al. 1968) at a speed of 200 mm/min and 20 mm/min, driven by a mechanical 

press (Lloyds MX-50, Southhampton, UK). From each formulation four 

different plugs were examined, produced by stopping the extrusion process after 

5.5, 13.5, 21.5 and 29.5 mm of piston displacement. The plugs were wrapped in 

a plastic bag to prevent dehydration. The plugs were examined, within one hour 

fi'om extrusion, using MRI experiments which were performed using a 

SISCO-200 (Varian-Siemens, Palo Alto, California, USA) NMR imaging 

spectrometer equipped with an Oxford 200/330 Mkll 33 cm horizontal bore 

superconducting magnet with maximum gradient strength of 10 G/cm(Oxford 

Instruments, Oxford, UK) and Oxford 15 channel shims (Oxford Instruments, 

Oxford, UK). Data was acquired with Varian's VnmrX_5.1a software on a 

Super Workstation 5 (SPARC5 clone) and analyzed with XDISPUNC image 

processing software (UCLH - UCL Hospitals NHS Trust, London, UK). The 

parameters used for data acquisition, as shown in Fig 4-2, were set to the 

following values: delay(dl) = 0.041 s, repetition time (tr) = 2.4 s, echo time(te) 

= 2.5 ms, pulse duration(pl) = 1000 ps and acquisition time(at) = 2.6 ms. The 

echo time o f 2.5 ms was achieved by reducing the strength o f the initial 

dephasing gradient lobe in direction Gread- This had the desired effect of forcing 

the NM R signal to refocus earlier in the acquisition window (Kinchesh et al. 

1992). It is not possible to shorten the echo time employed as the experiment is 

at the limits imposed by hardware constraints. Furthermore, at longer echo 

times, the resulting magnetisation becomes indistinguishable from the noise. As 

such, it is not possible to obtain quantitative 2D results generated from an 

exponential fit o f each pixel to 2D data acquired at several echo times (Hyde et
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al. 1995). In order to demonstrate that 2D data obtained at a single echo time 

can be quantified, relaxation measurements were performed spectroscopically to 

determine bulk sample relaxation characteristics. T2  measurements were 

performed using a standard Carr-Purcell-Meiboom-Gill(cpmg) sequence (Carr 

et al. 1954), and Ti measurements with a standard inversion recovery sequence. 

2D image data sets were subsequently acquired with an in-plane spatial 

resolution o f approximately 0.6mm x 0.6mm, a slice thickness of approximately 

1mm with no gap between the slices, and 128 accumulations.

The image processing software was used to define five concentric rings of equal 

thickness in the each of the horizontal slices, as dipicted in Fig 4-4 and to 

calculate the accumulative signal intensity from the water in each o f the five 

rings, A relative numerical value is calculated for each ring, which is a 

representative value o f the relative amount of water to results fi’om other slices 

within the same sample.

As each MR! experiment took nearly 12 hours to perform, a series of 

preliminary experiments were performed to check the reproducibility of the 

MRI experiment and to ascertain whether there is additional water movement in 

the sample during the 11 hours and 15 minutes experiment. A plug from each 

material underwent eight 30 minutes MRI experiments one after the other, 

followed by three experiments of four hours. The results from the different 

experiments were compared.
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\

Fig 4-4 : A diagram describing the subdivision to slices and rings of the plug.

4.3.2 Extradâtes experiments

4.3.2.1 MRI experiments

For these experiments, because of the limited MRI machine time available, only 

two of the drug models were examined: Methyl paraben and Propyl paraben. 

Each of the two drug models were mixed with microcrystalline cellulose 

(Avicel PH-101, PMC, Cork, Ireland) in the proportion of 7 parts to 5 parts to 

which water was added (formulation K: 40.00% of the total mass and 

formulation Q: 45.45% of the total mass). The wet mass was extruded using a 

ram extruder (2.54 cm diameter barrel) fitted with a single-hole die 2mm 

diameter and 8mm in length (Ovensten et al. 1968) at a speed of 200 mm/min 

and 20 mm/min, driven by a mechanical press (Lloyds MX-50, Southhampton, 

UK). The die’s diameter used was twice the normal in order to get a better 

resolution. Hence, the length was also doubled in order to keep the radius to 

length ratio the same. Once a steady-state was formed the extrudates were 

collected for 3 seconds for the 200mm/min extrusion speed and for 30 seconds 

for the 20mm/min speed. Five extrudates were randomly picked using a forceps 

and paced inside a small glass tube which is hermetically sealed at the bottom
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and was sealed at the top using a Teflon tape. The first extrudate out o f the five 

taken was analysed within two hours from extrusion.

All MRI experiments were performed on a Bruker Spectrospin DMX 200 

spectrometer operating at a frequency of 199.7 MHz. Samples for MRI were 

placed in a 5mm NMR tube and lowered via an air bearing mechanism into a 5 

mm saddle coil. Typical pulse parameters were as follows: 90 degree pulse

= 3.5 ps; 180 degree pulse = 7.0 ps; recycle time = 3.0 s. Spatial resolution was 

achieved using a 3 orthogonal axis (x,y,z) shielded gradient system surrounding 

the sample. For three dimensional volume imaging a 128 x 32 x 32 data matrix 

was acquired where the gradient strengths used were: Gz(read) = 23.52 Gcm'^ 

and Gxy(phase) = 12.25 G cm '\ The field of view for all 3D-volume imaging 

was 10 X 3.5 X 3.5 mm yielding a plane pixel resolution of 109 pm. The echo 

time (te) was 1.90 ms. One dimensional profiles were taken before and after a 

three dimensional volume image. The first extrudate examined in the series o f 5 

had another ID profile taken at the end o f the 5 experiments to determine if 

there was greater water loss during the 10 hours that the 5 experiments took 

place. Ti and T2 profiles were acquired to investigate relaxation heterogeneities 

over the length of the sample. The pulses sequence to achieve T1/T2 profiles are 

simple modifications of the basic ID profiling sequence. For Ti profiles a 90 

degree saturation pulse followed by a homospoil gradient o f duration 5 ms and 

strength 24.5 G cm'^ and then a variable delay was used prior to the ID profile 

sequence. In this way it is possible to obtain a series of T 1 weighted profiles 

which may then be fitted to equation (4.6). T2 profiles were acquired using a 

CPMG(Carr et al. 1954) preconditioning pulse train prior to the ID profile 

sequence. Again a series o f T2 weighted profiles were obtained which were 

subsequently fitted to equation (4.8).

Prior to Fourier transformation the data was zero filled in the xy dimensions to 

yield a data matrix size of (128 x 64 x 64) and thus an improved albeit 

smoothed in plane resolution of approximately 55 pm.

4.3.2 2 Percolation analysis

As this work is done on a cylindrical sample, a spanning cluster is a one that 

joins the top and the bottom of the extrudate. Furthermore, because each pixel
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(site) in the resulting image is not either empty or full, but can have water 

intensity from a range of values, each image should be gated to define what is 

considered to be an empty site (0) and what is considered to be a full site (1). It 

is important that for comparison reasons the same gating value would be used 

on all the samples.

Transformed data for percolation analysis was processed using in-house 

software on a Sun Sparc 20 workstation. The percolation threshold for each 

image was calculated. This software picks randomly an increasing number of 

the full sites and would examine whether a spanning cluster is formed. The 

percolation threshold would therefore be the minimum fraction of full sites 

needs to be used in order to find a spanning cluster.
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4.4 Results

4.4.1 Plug experiments

The T1,T2  and the root mean square signal to noise ratio values recorded for 

the plugs are displayed in Table 4-1. From the relaxation time experiments it 

was found that the data fitted very well to a single exponential decay with both 

relaxation times experiments. Signal to noise ratio values corresponded to 

typical images used in this study. It therefore seems sensible to assume that the 

relaxation properties are approximately uniform throughout the sample.

Material Ti(sec) Talms)
nms

signal/nolse
StDev
Wlo

StDev rms 
signal/noise

Methyl Paraben 1.585±0.0074 6.39710.1357 0.50910.0011 16.95 0.5% 6%
Propyl Paraben 1.754±0.0054 6.00910.1118 0.47310.0009 23.68 0.4% 4%
Butyl Paraben 1.80010.0052 5.65210.0844 0.45410.0009 26.62 0.4% 4%
4-HBA 1.23610.0070 5.20510.0366 0.51510.0007 14.01 0.3% 7%
Propyl Gallate 1.57310.0057 5.55610.0852 0.48110.0008 16.32 0.4% 6%

Table 4-1 ; TI, T2 and root mean square o f signal to noise ratios recorded 
for the different plugs and its standard deviation. Ite/Io is calculated 

using equation (4.15) with x=2.216sec and te=2.5ms and its standard 
deviation is displayed. From those values the variation in signal to noise 

ratio and Ite/Io are calculated.

The percentage variation in Ite/Io is significantly lower than the noise levels in 

the data to the extent that variations in image intensity resulting from spatial 

variations in relaxation times are negligible with respect to the noise levels in 

the data. As such, it is concluded that the data are quantitative within the limits 

of experimental error. The observed trends in intensity measurements are, 

therefore, expected to reflect the water concentration distribution within the 

samples.

The formulations tested, with the exception of 4-HBA, have been shown in 

chapter two to be capable o f the production of spherical pellets by the process 

o f extrusion/spheronization and therefore represents a ‘good’ formulation.
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The experiments performed to look at the reproducibility of the MRI and to 

examine whether there is water movement during the 12 hours experiment, 

showed a low coefficient of variation (3.2% in average). This suggests that no 

or negligible water movement is occurring in the one-hour gap between 

extrusion and MRI examination. Based on the assumption that such a water 

movement, if it exists, would be due to diffusion, in comparison to the extensive 

water movement occurring while extruding when a large stress is applied on the 

sample. Therefore it would be right to assume that no water movement is 

occurring during the measurments.

A typical set of images is shown in Fig 4-5. The numbers starting from one, 

represent slices from the bottom to the top of a plug sample. When looking at 

the moisture content along the length of the plug, clear differences in the 

distribution of water between the concentric ring subdivisions are observed.

Fig 4-5 : 2D slices from Methyl-Paraben/MCC 13.5mm displacement plugs. 
White dots represent the presence of water. Slice 1 is at the bottom of the barrel

(near the die).
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Water movement was quantified from these figures in two ways: the number of 

non-uniform slices along the plug and the average of the difference in water 

intensity of the wettest ring and the driest ring in each slice.

The number of non-uniform slices can be determined by examination of the 

graphs of the water intensity of the different rings of the different slices (Fig 

4-6).

-©—Ring 1 

^ R i n g  2 
-•—Ring 3 

-A- Ring 4 

G -  Ring 5

Slice #

24 non-uniform slices

Fig 4-6 : A sample graph for Propyl Paraben, formulation K that was extruded
at 200mm/min and stopped after 21.5mm of piston displacement. The line 
marks the point from which the slices are beginning to become uniform.

From the first slices the lines representing the water intensity at the different 

rings are normally scattered, until they reach a point from which all the lines are 

converged. This point, marked on Fig 4-6 by a dotted line, is the point from 

which all the slices are relatively uniform in water distribution. Examining the 

coefficient of variation of each slice can also identify this point, where a steep 

decline in the coefficient of variation value is recorded, in most cases from 

levels of 20%-40% to below 10%.

With 4-HBA and propyl gallate, the shortest displacement (5.5mm) was not 

extensive enough to initiate water movement, hence, none of the three values 

could be calculated. This could be explained by the higher water retention 

capacity recorded for those two materials comparing to the other three. MRI is
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looking at free water, hence, when water is strongly held, the signal intensity is 

lower.

As the extrusion process was allowed to continue further, it was noted that the 

number o f slices which had large differences of water content between the 

different rings (i.e. non-uniform slices) was larger.

Furthermore, through all the non-uniform slices, the most inner ring is much 

drier than the other rings. The above phenomenon is related to water movement 

in two directions: a) Vertical movement -  when water is moving down the 

barrel towards the die and b) Radial movement -  when water is moving from 

the centre o f the barrel towards the walls o f the barrel, which leaves the inner 

ring relatively dry.

When looking at the bottom slices (i.e. near the die) a dramatic increase in 

water content at the outer rings is recorded. This probably occurs due to water 

trapped at the sides of the die and accumulating there. This can occur because of 

the convergence at the sides o f the die, a phenomenon which was first reported 

in extrusion of low-density polymers by Tordella (1969) and later was observed 

to occur also in extrusion of pharmaceutical pastes (Fielden et al. 1989). When 

the extrusion process was stopped at a later stage for the slower speed, the plug 

examined is much drier, hence the plugs produced after 29.5mm of piston 

displacement were too dry for the water to be detected by MRI. The results 

from the 29.5mm displacement were, therefore, are not taken into account. 

4-HBA plugs produced after a 21.5mm displacement were also too dry to be 

examined using this method.

When comparing the results for the two different extrusion speeds, a difference 

in the extent of the water movement can be seen in both formulations. In the 

case o f the faster speed (200 mm/min) the water moves more rapidly vertically 

(by examining the number of non-uniform slices -  Fig 4-7 to Fig 4-11).
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Fig 4-7 : Number of non-uniform slices found in methyl paraben plugs for
formulations K and Q.

30.0

25.0

20.0

15.0

10.0 

5.0 

0.0

Propvl Paraben

□  K 200mm/mln
□  K 20mm/mln
□  Q 200mm/min
□  Q 20mm/min

5.5mm 13.5mm
Piston displacment

21.5mm

Fig 4-8 : Number of non-uniform slices found in propyl paraben plugs for
formulations K and Q.
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Fig 4-9 : Number of non-uniform slices found in butyl paraben plugs for
formulations K and Q.
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Fig 4-10 : Number of non-uniform slices found in 4-HBA plugs for 
formulations K and Q.
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□  Q 20mm/min

5.5m m  13.5mm
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Fig 4-11 : Number of non-uniform slices found in propyl gallate plugs for
formulations K and Q.

In the case of the slower speed (20 mm/min) the water moves faster in the radial 

direction, as indicated from the average of the difference between the maximum 

and minimum water intensity in each slice represented in Fig 4-12 to Fig 4-16.
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5.5mm 13.5mm
Piston displacment
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Fig 4-12 : The average difference between minimum and maximum water 
intensity from the non-uniform slices in methyl paraben plugs.
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Fig 4-13 : The average difference between minimum and maximum water 
intensity from the non-uniform slices in propyl paraben plugs.
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Fig 4-14 : The average difference between minimum and maximum water 
intensity from the non-uniform slices in butyl paraben plugs.
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Fig 4-15 : The average difference between minimum and maximum water 
intensity from the non-uniform slices in 4-HBA plugs.
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Fig 4-16 : The average difference between minimum and maximum water 
intensity from the non-uniform slices in propyl gallate plugs.
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Die Piston

Fig 4-17 : The difference in water movement between the two extrusion speeds 
demonstrated by looking only at the value of the minimum and the maximum 
water intense ring at each slice. The above results are from examining Methyl 
Paraben/MCC plugs with 40% of water when stopped after displacement of

13.5 mm.

The difference of direction of water movement between the two extrusion 

speeds can be related to the fact that extrusion at slow speed allows the water 

more time to spread in the radial direction and fill all the space between the 

particles, whereas at the faster speed the water does not have time to move and 

therefore the space is filled by water coming down from the top layers of the 

barrel.

4.4.2 Extrudates experiments

From examination of the ID profiles produced for the first extrudate examined 

from each sub-group of extrudates before the experiment and after all the five 

extrudates from its sub-group were analysed, it was found that negligible water 

loss had occur during this time (1.4%). The comparison between the ID profile 

taken before and after the 3D experiment of each extrudate resulted in less 

variation than 1.4%.
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The Ti value across the profile showed good homogeneity with an average 

value of 1.8 s. The average value of T2 across the whole profile showed good 

homogeneity with a value of 25 ms.

A sample for the circular slices produced from a sample extrudates’ 3D profile 

are demonstrated at Fig 4-18. In contrast to the obvious water differences that 

were easily seen from the slices produced from the plug samples, the extrudates 

were seen to be relatively homogeneous in water contact without any wetter or 

drier regions. A graph of water intensity as a function of distance along the 

diameter was constructed for each slice (Fig 4-19). The water level in all of the 

samples was relatively consistent along the diameter without any obvious 

differences across the slice. This is in contradiction to the expected higher 

concentration of water near the die wall that should result in wetter extrudates 

near the circumference.

y
Fig 4-18 : 2D slices from the 3D image from an extrudate produced by 

extruding a mixture of methyl paraben/MCC with 40% water at 200mm/min. 
White dots represent the presence of water.
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A
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Fig 4-19 : The graph of water intensities (y axis) as a function of the position 
(x axis) along the white line marked across the sample.

When examining the percolation thresholds calculated for the different 

extrudates, displayed at Table 4-2, higher values were recorded for the 

extrudates produced using the slow extrusion speed (20mm/min) than the ones 

produced by extruding at 200mm/min. Furthermore, higher percolation 

threshold values were measured for the extrudates produced from formulation Q 

(45.45% water) than for the ones produced from the formulations containing 

40.00% of water.

Higher percolation threshold values suggest that the water inside the sample is 

less structured than water in a sample with lower percolation values.

Perc Th. Perc Th. Extrusion
Material % water Ex speed Average CoV Force (kN)

40 20 0.322 3.0% 1.20
Methyl 40 200 0.291 1.2% 3.76
Paraben 45 20 0.350 2.5% 0.51

45 200 0.297 8.4% 1.33
40 20 0.338 2.5% 1.03

Propyl 40 200 0.268 2.1% 2.80
Paraben 45 20 0.357 2.6% 0.64

45 200 0.314 0.8% 1.22
Table 4-2 : Percolation thresholds averages and coefficient of variation, and 

extrusion force recorded for the different formulations.

From past experience and from the results reported from the extrudates fraction 

experiments in chapter three, one would expect extrudates produced from 

slower extrusion speeds or with more initial water in the formulation to be
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wetter than extrudates produced at faster extrusion speeds or lower initial water 

content. Therefore, a link between wetter extrudates and higher percolation 

threshold values (less water structure) is suggested to exist from these results. 

An explanation for this relationship could not be suggested at this time.

A negative correlation of -0.811 at a level of 0.05 significance was found 

between the percolation threshold calculated and the extrusion force recorded 

while producing the extrudates investigated. This implies that the water 

distribution inside the extrudates was more structured with an increase in the 

extrusion force. This correlation is logical, because an increase in extrusion 

force, increases the amount of water movement, hence, more paths o f water 

should be found in the extrudate structure.
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4.5 Conclusions

The magnetic resonance imaging (MRI) method was demonstrated to be a 

valuable tool in mapping water distribution. This technique was sensitive 

enough to distinguish between two different water movement, different in their 

direction from examination o f wet plugs. It was found that at the low speed, the 

water moved more in the radial direction, where as in the case of the high speed, 

water moved more down the barrel towards the die.

From examination o f extrudates, no differences in water distribution was found 

between the extrudates produced at different speeds and from different water 

content in the initial formulation. Hence, a difference in the amount of water 

structure within the extrudates was found, though, no explanation could be 

offered at this time as to the origin of this change in structure. A negative 

correlation between extrusion force and percolation threshold was found which 

suggests that higher extrusion force accelerates the paths of water forming 

inside the extrudate.
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5. Chapter Five: R heoloav

5.1. Introduction

A  way to simulate the way a material undergoes the extrusion process is by 

using a capillary rheometer. This will allow the determination o f the rheological 

characteristics o f the wet powder masses. Nevertheless, this is not a precise 

simulation o f extrusion as no account is taken for the effect o f die wall slip and 

the vortex near the die.

Investigating the elastic or plastic behaviour of the materials could be a useful 

tool in solving problems such as: surface defect or extrusion profile with 

extensive forced-flow. Bagley et al. (1969) measured the elastic recovery of 

materials by calculating their swelling ratios, which is a quantitative 

measurement o f the extent of recoverable deformation imposed on the material 

as it enters the die which could be recovered once it leaves the die. Harrison 

(1984) suggested, on the other hand, that “stick-slip” phenomenon might be 

more related to extrusion defects, such as shark-skinning.

The rheological characteristics of a material could be also crucial to whether a 

material can successfully spheronise.

By using controlled-stress rheometery, a range o f materials can be tested by 

using different probes, such as: cone and plate, concentric cylinder, parallel 

plates etc. Both creep and oscillation experiments can be performed.

The difference between a low strain rate rheometer and a capillary rheometer is 

that the use o f a capillary rheometer is a destructive method which involves 

high shear rates and hence water movement occurs. By using a low strain-rate 

rheometer lower shear rate can be applied with no or little destruction of the 

sample.
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5.1.1. Creep

Creep involves the time dependent deformation and fracture o f materials (Kraus 

1980). This method is extensively used in soil-mechanics mainly to check the 

ability of soils to withhold enormous pressures that are applied upon them from 

heavy objects, e.g. buildings etc. Creep testing is a rheological technique that 

provides information of the behaviour of materials under the influence of 

applied controlled-stress and the behaviour o f the material tested once the 

pressure is removed. The advantage of using a creep experiment is that the 

shear rates and stresses required are relatively low and hence do not destroy the 

structure o f the material under investigation (Anonymous 1989). Though, in a 

case o f a material with a strong structure, high shear rates and stresses may be 

needed.

During a creep experiment constant stress is applied upon the sample for a 

certain period of time, during which the strain is recorded. Than the stress is 

withdrawn. This is called the recovery stage, during which the strain of the 

sample is again monitored.

5.1.1.1. Hooke’s Law

After a constant stress (r) is applied on a purely elastic material, an immediate 

deformation in the material will occur. Hence, a certain strain will be recorded. 

After removing the stress the material will immediately completely recover and 

return to its initial dimensions, i.e. 0% strain (Fig 5-1).
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Time
T removedT applied

Fig 5-1 : Application and removal of stress on a purely elastic material(htK)fejM)* 

Hooke’s law for an elastic response describes this behaviour as follows:

(5.1) r  — G y

Where:

r
G

Stress.

Strain.

Shear modulus.

The higher the value o f the shear modulus, the more rigid the material is. The

model for a Hooke law’s model is a spring (Fig 5-2a).
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Fig 5-2 : Schematic drawings of elastic and viscous elements: (a) The elastic 
Hooke’s spring, (b) The viscous Newtonian dashpot(spH«a„pf>tj|ig)‘

5.1.1.2. Newton’s law

When the material tested is not a purely elastic body, the constant stress applied 

behaves like a shear stress. When a material is Newtonian then under constant 

stress, the material will flow as long as this stress is applied. The rate o f flow is 

proportional to the stress applied. When the stress is removed, the material will 

immediately stop flowing and vsdll remain permanently strained at its current 

state (Fig 5-3).
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Time
T removedT applied

Fig 5-3 : Application and removal of stress on a purely viscous material
(NcvFioïâanjpg)*

This kind o f behaviour is described by Nevvton’s law for viscous response: 

(5.2) r = r i f

Where: /
T|

strain rate.
Newtonian viscosity.

The model for a Newtonian viscous flow is a dashpot, represented by a piston 

moving down into a cylinder full o f liquid (Fig 5-2b).

0
%

Fig 5-4 : A typical strain vs. time graph o f a creep experiment.
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Though, most material will not behave as simple Newtonian fluid does. The 

creep curve o f such a viscoelastic material is illustrated in Fig 5-4.

Such a material is immediately deforming under the stress applied. This is 

called the instantaneous compliance o f the material (Jo).

5.1.1.3. Voigt model (Kelvin model)

The Voigt model, which is also known as the Kelvin model is the simplest 

model describing viscoelastic response of a material.

The curved graph, in Fig 5-4, can be theoretically divided into individual 

visco-elastic components, which are called Voigt units. Each unit is constructed 

out o f both the Hooke’s spring and the Newtonian dashpot. The two models, in 

this case, are thought to be parallel to one another (Fig 5-5).

Fig 5-5 ; Schematic diagram of the models involved in a Voigt unit (paraSdLjpg).
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The ratio o f the strengths of the two models is relative to the rate that the Voigt 

unit is moving at. This ratio is called the Retardation time. Under a constant 

stress, the Voigt unit with the shortest retardation time will reach equilibrium 

first and then will cease to move. Depending on the magnitude o f the stress, 

more Voigt units will equilibrate until the structure o f the material is beginning 

to break and the material is beginning to flow.

This model defines the constant stress applied as the sum of both the elastic and 

viscous components:

(5.3) T =  G y  +  rfy'

The compliance is defined as:

(5.4) = -  = ^
r  Lr

The retardation time is:

Using the three equations above, the degree and the rate o f the deformation at 

any given time can be described. Because of the nature o f the model, where 

both dashpot and spring models are in parallel to one another(Fig 5-5), the 

strain is acting on each element is equal at all times. Hence, for this model the 

total stress, a; is equal to the sum of the stresses in each element:

(5.6) a  =  a ^ + < j y

Where: (Te = Stress on the spring (elastic) model.
CTv = Stress on the dashpot (viscous) model.
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As mentioned before, material’s réponse to stress applied can be divided into 

more than one Voigt units, A viscoelastic model with two Voigt units is 

illustrated in Fig 5-6.

Fig 5-6 : Schematic diagram of a viscoelastic model with two Voigt units

When more than one Voigt unit is used in order to describe a rheological 

behaviour, this suggests that more than one type of bonding is breaking during 

the deformation o f the material. Although more units could be used to describe 

deformation, in practice three Voigt units is usually enough (Instruction manual 

for the TA instruments CSL^ controlled stress rhemoeter, TA instruments press, 

1989).

From the above models, one can see how creep can give valuable information 

regarding the way a material deforms under stress with time. When coming to 

evaluate such a behaviour over a long time scale, when comparing to the 

retardation time, the materials Newtonian viscosity, tjo> is important. On the 

other hand, when looking at shorter time scales, the elasticity o f the material, Jq, 

and the compliance for each o f the Voigt units are dominant.

5.2. Materials

As described previously in chapter two.
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5.3. Methods

One and a half grams of microcrystalline cellulose were mixed with 2.1 g of one 

of the drug models using a pestle and mortar. Water, the amount o f which is 

dependent on the formulation as described in Table 5-1, was added to the 

powder mixture.

Formulation % of water Water (g)
BB 33.33% 1.8
H 36.84% 2.1
L 38.10% 2.2
K 40.00% 2.4
N 42.86% 2.7
Q 45.45% 3.0

AA 47.82% 3.3
Table 5-1 : The amount o f water added to 1.5g o f MCC and 2.1 g o f drug

model in each formulation.

The wet mass was inserted to the stainless steal barrel described and used in 

chapter two, with the only difference being that a blank die was fitted at the end 

o f the barrel. The stainless steal piston was inserted into the barrel and was 

driven by a mechanical press (Lloyds MX-50, Southhampton, UK) at a speed of 

50 mm/min. Because a blank die was fitted, the maximum force applied by the 

load cell was set to 5kN and the load cell was programmed to stop after a set 

displacement. The force limit was set to prevent the blank die from breaking 

under the pressure applied. When the force is released the blank die is removed 

and the plug was manually pushed out of the barrel using the piston. This 

procedure resulted in a plug of typically 1cm in height. The plugs were placed 

between two parallel plates of a Carrimed CSL 500 Rheometer (TA 

Instruments, Surrey, UK). Both plates had a crosshatched roughened end to 

ensure that the sample would be properly gripped (Fig 5-7). The temperature 

was maintained at 25°C using the Peltier temperature control system housed in 

the rheometer. This was to prevent any physico-chemical effects on the plug of 

material from a rise in temperature and to prevent a reduction in the gap 

between the two parallel plates, estimated to be 0.5pm per degree celsius
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(Instruction manual for the TA instruments CSL^ controlled stress rhemoeter, 

TA instruments press, 1989). The computer connected to the rheometer was 

programmed to apply stress o f 6366Nm"^ (equivalent to a torque o f lOmNm). 

The stress was applied for 3 minutes and than the sample was allowed to relax 

for 2 minutes. By using mathematical modelling the computer attached to the 

rheometer is capable o f calculating the values of the instantaneous compliance, 

Newtonian viscosity and the Newtonian viscosity shear rate for both the 

retardation and relaxation stage, using automatic analysis. The automatic 

analysis o f the creep curve gives a result which is to a certain extent arbitrary, 

that is it may well not be the exact optimum analysis, but it is an analysis which 

is repeatable for any given creep curve without operator intervention 

(Instruction manual for the TA instruments CSL^ controlled stress rhemoeter, 

TA instruments press, 1989).

Three plugs from the same formulation were prepared and tested.
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Fig 5-7 : Diagram of the Carriemd CSL500 Rheometer(p;atts.jpe)«
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5.4. Results

Some of the plug preparations had been repeated because in some cases the plug 

had split into two halves upon exiting from the barrel.

The automatic analysis found two Voigt units in both the retardation and the 

relaxation stages. In the retardation stage the first Voigt unit was typically 30 

seconds long and the second Voigt unit was 4 seconds long. Because the 

relatively short Voigt units times and the relatively large elasticity recovery 

occurring in the sample as the stress is removed, this suggests that the wet plugs 

are behaving as an elastic solid-like material which is hard to deform and will 

not flow.

The different parameters calculated by the software for the different 

formulations are plotted in Fig 5-8 to Fig 5-13.

In all parameters calculated the coefficient of variance was extremely high, in 

some cases 60%-80%.

It is expected that the plug would be more elastic in the lower range o f the water 

content axis and more viscous at the higher side o f water content. Nevertheless, 

in some cases the property measured does not change significantly throughout 

the water range. Unexplained peaks are found in the Newtonian viscosity in two 

formulations (36.84% and 45.45%) - Fig 5-9 and Fig 5-12.

When looking at the range o f shear rates measured for the different materials, 

all o f them fall around the E"̂  range. This fits within the typical shear rate range, 

defined by Barnes et al. (1989), for “Fine powders in a suspending liquid 

(medicines, paints)”.
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Fig 5-8 : Instantaneous compliance during retardation stage recorded for the 
different formulation and drug models.
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Fig 5-9 : Newtonian viscosity during retardation stage recorded for the
different formulation and drug models.
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Fig 5-10 : Newtonian viscosity shear rate during retardation stage recorded for 
the different formulation and drug models.
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Fig 5-11 : Instantaneous compliance during relaxation stage recorded for the
different formulation and drug models.
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Fig 5-12 : Newtonian viscosity during relaxation stage recorded for the 
different formulation and drug models.
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Fig 5-13 : Newtonian viscosity shear rate during relaxation stage recorded for
the different formulation and drug models.
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5,5. Conclusions

The properties measured by the rheometer for the three plugs made from the 

same formulation were very different, hence, the results were not reproducible. 

In light o f this fact, it is not surprising that the values of the properties recorded 

did not show a specific trend with an increase in water content as would have 

been expected.

The lack o f reproducibility could be due to the method o f compacting o f the 

plugs. Although making the plugs inside the original barrel simulates the 

extrusion process and results in a sample similar in dimensions to the plug 

inside the barrel, a better way o f making the plugs must be found, from which it 

would be easier to extract the plug with cracking it. The only clear conclusion 

from the above results is that the plugs are elastic samples, judged from the 

voigt units times and the extent o f recovery occurring after the retardation stage.
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6. Chapter Six: V isualisation o f pow der m ovem ent 

using a P ersoex  barrel

6.1 Introduction

Extrusion, a process during which a material is forced through a narrow cross 

section, is a process in which high pressures can be involved. Therefore, a 

stainless steel system is usually used. This makes it difficult to visualise what 

happens during the extrusion process. The way people have tried to overcome 

this problem is by stopping the process and to extract the content from the 

container, in the case o f a ram extruder -  a barrel, and subject to analysis. This 

non-continuous way is an artificial method which interferes with the process 

and therefore affects the results.

Tordella (1969) reported the existence o f static zones at the sides o f the die in 

the ram extruder barrel when extruding low-density polymers. Harrison (1982) 

used a colour tracer to examine if  such static zones also existed in the extrusion 

o f pharmaceutical pastes. Harrison stopped the extrusion process o f the 

coloured wet mass at different stages and extracted the remaining plug. He 

sliced the plug into two halves and recorded the coloured patterns. 

Sombatsompop et al. (1997a) and Sombatsompop and Wood (1997b) extruded 

layered pigmented rubber compound mixed with natural rubber using a split 

barrel system. The extrusion process was stopped at different stages. The 

material left in the barrel was vulcanised, sectioned and the flow patterns were 

investigated in relation to the die geometry, piston speed and temperature. 

Bayfield et al. (1998) looked at patterns created after stopping the extrusion of a 

mixture of icing sugar and egg-white. They observed that the growth o f the 

static zones was related to the extrusion speed.

Finding a way to examine what happens within the extrusion barrel during the 

extrusion process without stopping the process can provide a true and 

non-interfered picture.
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Tremblay (1992) constructed a Pyrex die through which low density 

polyethylenes were extruded. The polyethylene mixture used was transparent in 

the molten state. The two polymers in the mixture are slightly different in 

colour, hence, no die tracer was added into the mixture. Tremblay measured the 

length o f the vortex created at the sides o f the die at different extrusion 

temperatures.

Bigio et al. (1996) built a screw extruder with a clear epoxy barrel, which was 

used to observe and measure the laminar mixing process occurring. They 

studied the affect o f different process variables, such as: screw speed, screw 

diameter etc., have on the achievement of distributive mixing, measured the 

spread o f the tracer by a quasi-quantitative method.

Jabbes et al. (1998) used X-ray tomography to visualise flow inside a ram 

extruder barrel transparent to X-ray. They were able to spot different zones with 

different water levels within the extrusion barrel. Using X-ray tomography, 

however requires the use of an extensive low extrusion force (0.6mm/min), to 

allow the X-ray machine enough time to scan as many 2D images as possible 

along the barrel.

6.2 Materials

The microcrystalline cellulose (MCC) and drug models are previously described 

in chapter two.

6.2.1 Colour tracer

The colour tracer used was charcoal vegetable powder supplied by Avocado 

research chemical, Lancester, UK, Lot: B9164A.
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6.3 Methods

A  special barrel was constructed from Perspex, equivalent in internal 

dimensions to the barrel described in chapter 1. An assumption was made that 

the perspex barrel would not break under the pressures involved, especially as 

high radial pressures results from the application of force to the piston. The 

metal die attached to the barrel with three screws was the original stainless steel 

1:4 die used previously.

Two mixtures from the formulation tested were made both with the same 

portions o f drug model, MCC and water. To one of the mixtures 3.3% w/w 

charcoal powder was added. The barrel was loaded with 9g o f the white mixture 

(without charcoal) and hand compacted by placing a 2kg weight on a Perspex 

piston inserted into the barrel. Then 0.8g of the black mixture (with charcoal) 

was put into the barrel and again hand compacted as previously described. This 

was repeated, until the barrel contained eight portions o f the white mixture 

separated by six black marking stripes. The hand compacting is more important 

in this procedure than in normal extrusion as it straightens the markers to 

improve accuracy of reading. A stainless steel piston with a Teflon seal was 

inserted into the barrel. The barrel and piston was placed on a C-piece inside the 

frame o f a MX-50 material testing machine (Lloyd instruments, Southampton, 

UK) fitted with a 50kN load cell. The load cell was programmed to work up to a 

maximum load o f lOkN. The material inside the barrel was extruded at two 

extrusion speeds: 200mm/min and 20mm/min. A digital video camera (JVC, 

GR-DVl) fitted with a Polaroid filter, to avoid light reflections, was placed 

approximately 3 meters in front of the MX-50 and zoomed on the barrel. The 

video camera filmed the barrel while the load cell drove the piston at the desired 

speed. Using an All-In-Wonder PC video capture card (ATI, Thornhill, Canada) 

the video film was converted from the video camera into a computerised video 

film. A video editing computer program. Videotrope (JASC, Minnetonka MN, 

USA) sampled the video clip into frames at a rate of 1 frames/second for the 

video film from the 200mm/min extrusion speed and at a rate of 0.2 

frames/second for the 20nun/min extrusion speed. The accuracy of the sampling 

was checked when compared with the speed of the piston calculated from the
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frames, which was known and assumed to be constant. Using a photo-editing 

program, Photoshop (Adobe, San Jose CA, USA), the position of each stripe 

was measured and recorded.

The speed of movement of each stripe and the distances between the bottom of 

the piston and the top stripe and between every two stripes were calculated. 

Using Pearson’s coefficient correlation analysis the correlation between the 

distance between the markers and the extrusion force measured at the current 

time was calculated.

A computer program was used to calculate the frequency of local maximums in 

the graph illustrating the speed of the different stripes. A local maximum would 

be a data point where its value is greater than of the previous data point and 

greater or equal to the value of the following data point.

It must not be forgotten that by tracking the progress of the marker’s stripes, 

only the information of the movement of the wet mass at the circumference is 

gathered. Harrison (1982) sliced plugs after extruding a wet mass with black 

markers to find that the centre of the plug is moving at a different manner. 

Hence, from the information gathered from the above experiment, only part of 

the full picture of wet mass movement within the extrusion barrel is viewed.

Fig 6-1 : One of the first frames captured from the extrusion video clip of 
Methyl Paraben (formulation: K) at 200mm/min. Stripe 1 is the stripe closest to 

the piston, and stripe 6 is the marker closest to the die.(barrd.jpg).
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Fig 6-2 : The last frame captured from the extrusion video clip of Methyl 
Paraben (formulation: K) at 200mm/min .;iwrd_end,jpg;*
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6.4 Results

With reference to the design o f the perspex barrel, although as stated before, the 

fact that the barrel is exposed only to radial pressure should prevent it from 

breaking, the barrel started to crack at the threaded tapped holes, which are the 

weakest point in the barrel. Nevertheless, the cracks at the tapped holes did not 

affect the extrusion process, although it was possible that the cracks might 

spread in the future up the barrel. On future designs of a transparent barrel, an 

emphasis should be put upon strengthening the barrel at the threaded tapped 

holes.

The speed each marker moved was plotted against time (Fig 6-3 to Fig 6-12). 

The average speed of each marker throughout the extrusion and the coefficient 

of variation of the speed were calculated (Table 6-1 and Table 6-2). The later 

will be considered as a factor of smoothness of movement, i.e. when the 

coefficient of variation value is greater it means that there is a greater 

fluctuation o f movement. Obviously the higher the marker is situated in the 

barrel, its movement would be prolonged as it would start moving sooner and 

disappear into the die later. Hence, one would expect higher markers to move 

more smoothly.

When extruding at the slow speed (20mm/min), the extrusion process was 

stopped before the piston reached the bottom of the barrel because the forces 

recorded were higher than the force limit for the perspex barrel (lOkN).

From the graphs (Fig 6-3 to Fig 6-12), it can be seen that the markers do not 

move at a continuous speed, but move in a fluctuating manner, at both extrusion 

speeds. Furthermore, in most cases when a marker begins to move, it starts 

increasing in speed until it reaches a plateau. A plateau is reached with most 

markers except for the bottom marker, which does not move a sufficient 

distance to establish a plateau. When a stripe is approaching the die, a decline in 

speed is noted. This decline could be due to the static zones at the sides o f the 

die, as previously reported by Harrison (1982).
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Methyl Paraben 200 mm/min Stripe 2 
stripes

Stripe 1 
Stripe 4

Stripe 3 
Stripe 6

2.31 kN

C 300

Time (s)
rj)

Fig 6-3 : Speed of methyl paraben markers extruded at 200mm/min. The 
dotted line marks the point at which the first extradâtes emerges and the number 

is the extrusion force recorded at that point

Stripe 3 
Stripe 6Methyl Paraben 20 mm/m In

7 0 ----------------------------------------------------------------------------

0.52kN
60

Time (s)

Fig 6-4 : Speed of methyl paraben markers extruded at 20mm/min. The
dotted line marks the point at which the first extradâtes emerges and the number

is the extrusion force recorded at that point
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Stnpe 1 
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stripesPropyl Paraben 200mm/min
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Fig 6-5 : Speed of propyl paraben markers extruded at 200mm/min. The
dotted line marks the point at which the first extradâtes emerges and the number 

is the extrusion force recorded at that point.

Propyl Paraben 20mm/min stripe 1 

Stripe 4

Stripe 3 

Stripe 6

70

0.31kN

50

40

Time (s)

Fig 6-6 : Speed of propyl paraben markers extruded at 20mm/min. The
dotted line marks the point at which the first extradâtes emerges and the number

is the extrusion force recorded at that point
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stripe 2 
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Butyl Paraben 200mm/min
450 -------------------------------------------------------------- j-
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Fig 6-7 : Speed of butyl paraben markers extruded at 200mm/min. The 
dotted line marks the point at which the first extrudates emerges and the number 

is the extrusion force recorded at that point
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Stripe 5

stripes
Stripes

Stripe 1 

Stripe 4
Butyl Paraben 20mm/min

70

0.84kN
60

Time (s)

Fig 6-8 : Speed of butyl paraben markers extruded at 20mm/min. The dotted
line marks the point at which the first extrudates emerges and the number is the

extrusion force recorded at that point
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Stnpe 3 

Stripe 6
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Fig 6-9 : Speed of 4-HBA markers extruded at 200mm/min. The dotted line 
marks the point at which the first extrudates emerges and the number is the 

extrusion force recorded at that point
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Stripe 3 

- 1- stripes
Stripe 1 
Stripe 4

4-HBA 20mm/min

0.73kN

(0 10

Time (s)

Fig 6-10 : Speed of 4-HBA markers extruded at 2Gmm/min. The dotted line
marks the point at which the first extrudates emerges and the number is the

extrusion force recorded at that point
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Propyl Gallate 200 mm/min Stripe 3 

Stripe 6
Stripe 1 

Stripe 4
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Fig 6-11 : Speed of propyl gallate markers extruded at 200mm/min. The
dotted line marks the point at which the first extrudates emerges and the number 

is the extrusion force recorded at that point
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Fig 6-12 : Speed of propyl gallate markers extruded at 20mm/min. The dotted
line marks the point at which the first extrudates emerges and the number is the

extrusion force recorded at that point
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Average Speed (mm/min)
Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Me Paraben 189 171 165 146 126 70
Pro Paraben 193 183 177 169 136 107
Bu Paraben 189 182 173 154 130 131
4-HBA 190 167 152 133 119 79
Pro Gallate 188 183 156 138 115 75

Table 6-1 : Average speed of the piston and the different marker stripes 
throughout the extrusion process (piston speed: 200mm/min).

Average Speed (mm/min)
Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Me Paraben 20 18 13 10 6 3
Pro Paraben 21 19 16 12 7 3
Bu Paraben 21 18 16 12 7 2
4-HBA 22 19 16 13 9 4
Pro Gallate 20 17 15 12 9 4

Table 6-2 : Average speed of the piston and the different marker stripes 
throughout the extrusion process (piston speed: 20mm/mm).

The average speed result show that as a marker is placed lower down the barrel, 

its average speed will be slower. This is because o f the stick-slip nature o f the 

movement o f the wet mass which compresses and hence absorb some of the 

force driving the material down. All five materials show similar average speeds, 

with propyl paraben and butyl paraben recording the fastest average speeds, 

when extruded at 200mm/min and 4-HBA’s markers move fastest when 

extruded at 20mm/min.
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Avergae speed of stripes 
Piston speed: 200mm/min
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□  4-HBA □  Pro G allate

^  210 

I  190
1 170

1
& 130
O) 110
2
® 90 4

^  70 □ = L

Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Fig 6-13 : Average speed of the piston and the different marker stripes 
throughout the extrusion process (piston speed: 200mm/miii).
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Piston speed: 20mm/mln
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Fig 6-14 : Average speed of the piston and the different marker stripes 
throughout the extrusion process (piston speed: 20mm/min).
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C oefficient o f variation
Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Me Paraben 14.3% 32.6% 29.6% 42.2% 47.2% 74.4%
Pro Paraben 12.5% 15.1% 19.3% 22.1% 36.1% 58.8%
Bu Paraben 30.5% 44.8% 43.2% 47.2% 51.2% 57.9%
4-HBA 31.3% 38.0% 43.7% 46.9% 52.7% 68.9%
Pro Gallate 38.2% 41.0% 39.8% 56.8% 56.6% 56.3%

Table 6-3 : Coefficient of variation of the speeds of the piston and the 
different marker stripes (piston speed: 200min/min).

C oefficient o f  variation
Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Me Paraben 48.9% 66.4% 80.0% 101.5% 133.1% 180.2%
Pro Paraben 42.2% 47.9% 68.2% 82.4% 100.8% 150.8%
Bu Paraben 60.7% 65.1% 70.9% 99.6% 128.2% 219.3%
4-HBA 63.9% 77.9% 92.9% 90.4% 103.2% 158.7%
Pro Gallate 72.4% 68.5% 69.9% 71.8% 135.3% 139.3%

Table 6-4 : Coefficient of variation of the speeds of the piston and the 
different marker stripes (piston speed: 20inm/min).

Coefficient of variation 
Piston speed: 200mm/min

□  Me P araben
□  Bu P araben  
■  P ro  G allate

□  Pro P araben
□  4-HBA

80.0% 
 ̂ 70.0%

I 60.0%
ta

I  50.0% 
■S 40.0%
c
® 30.0%0
1  20.0% 
"  10.0%

0 .0%
stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Fig 6-15 : Coefficient of variation of the speeds o f the piston and the different 
marker stripes (piston speed: 200mm/min).
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Coefficient of variation 
Piston speed: 20mm/min
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□  Bu Paraben 
■  Pro Gallate
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□ 4-HBA
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200 .0%

150.0%
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50.0%

Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6

Fig 6-16 ; Coefficient of variation o f the speeds o f the piston and the different 
marker stripes (piston speed: 20mm/min).

The values of the coefficient of variation (CoV) are used in this case to evaluate 

the “smoothness of movement”. Higher CoV values suggests that the marker 

moves in a fluctuating manner. From the CoV values (Table 6-3, Table 6-4, Fig 

6-15 and Fig 6-16) it is clear that the markers close to the piston move with less 

variation in speed than the markers next to the die. This phenomena is caused 

by the elasticity of the wet mass, causing a spring-like effect by absorbing the 

energy and at a certain yield stress releasing it down the barrel. This stick-slip 

effect can be seen also from Fig 6-3 to Fig 6-12 from the fluctuations in the 

graphs.

When comparing between the different materials, from the 200mm/min results, 

propyl paraben shows the lowest CoV values, while all the other materials 

demonstrated similar CoV values. From the 20mm/min results, propyl paraben 

still has the lowest CoV values, though the difference in CoV values between it 

and all the other materials is smaller than that recorded for the faster speed.
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Stripe 1 Stripe 2 Stripe 3 Stripe 4 Stripe 5 Stripe 6 Average

Methyl Paraben 200 0.24 0.28 0.28 0.25 0.29 0.10 0.24
Methyl Paraben 20 0.32 0.33 0.38 0.38 0.33 0.36 0.35

Propyl Paraben 200 0.30 0.31 0.30 0.29 0.23 0.17 0.27
Propyl Paraben 20 0.32 0.35 0.33 0.30 0.27 0.23 0.30

Butyl Paraben 200 0.37 0.33 0.32 0.28 0.38 0.33 0.34
Butyl Paraben 20 0.29 0.33 0.33 0.37 0.25 0.27 0.31

4-HBA 200 0.34 0.28 0.37 0.38 0.29 0.33 0.33
4-HBA 20 0.31 0.30 0.36 0.29 0.28 0.32 0.31

Propyl Gallate 200 0.38 0.30 0.34 0.29 0.25 0.20 0.29
Propyl Gallate 20 0.35 0.30 0.26 0.32 0.33 0.23 0.30

Table 6-5 : The number o f local maximums per second recorded for each 
stripe from the speed o f markers results.

When examining the frequency of local maximums, as displayed in Table 6-5, it 

can be noted that a different frequency value is recorded for the different 

formulations, though no obvious trend in the way these value changes can be 

detected.

When looking at the gaps between the different markers as the extrusion 

process progresses (Fig 6-17 to Fig 6-26), all the gaps between the different 

markers start at a similar value and decreases with time. The decrease o f the gap 

is linear until a certain point where the gap hardly changes and stays at a 

constant value -  a stage were the wet mass cannot be compressed anymore and 

is only moving down the barrel. When extruding at 20mm/min, in most cases, 

the constant gap value is not reached because the process is stopped before 

ending when the force recorded exceeds the lOkN limit. This plateau section of 

the graph, in the faster speed, is larger as you look at a gap located higher in the 

barrel. This is obvious because markers located higher in the barrel move for a 

longer period o f time until they reach the die. Gaps measured near the bottom of 

the barrel do not reach a constant value, hence, there is no plateau for this value 

in the graph. Even when a plateau is reached, one can see that this plateau is not 

flat but has a lot o f peaks. This fluctuation of movement was also spotted when 

looking at the average speeds and is due to the stick-slip movement nature of 

the wet mass which behaves in a spring-like manner.
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Methyl Paraben 200mm/min - Gaps between markers
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Fig 6-17 : The gaps between the different markers when extruding methyl 
paraben at 200mm/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point of first extrudates emerging and the number is the extrusion
force recorded at that point
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Fig 6-18 : The gaps between the different markers when extruding methyl 
paraben at 20mm/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point of first extrudates emerging and the number is the extrusion
force recorded at that point
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Propyl Paraben 200mm/min - Gaps between markers
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Fig 6-19 : The gaps between the different markers when extruding propyl 
paraben at 200mm/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point of first extradâtes emerging and the number is the extrusion
force recorded at that point
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Fig 6-20 : The gaps between the different markers when extruding propyl 
paraben at 20mm/min P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point of first extradâtes emerging and the number is the extrusion
force recorded at that point
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Butyl Paraben 200mm/min - Gaps between markers
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Fig 6-21 : The gaps between the different markers when extruding butyl 
paraben at 200mm/niin. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point o f first extradâtes emerging and the number is the extrusion
force recorded at that point
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Fig 6-22 : The gaps between the different markers when extruding butyl 
paraben at 20mm/niin. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 

marks the point of first extradâtes emerging and the number is the extrusion
force recorded at that point



Chapter S ix Page 22 6

4-HBA 200mm/min- Gaps between markers
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Fig 6-23 : The gaps between the different markers when extruding 4-HBA at 
200mm/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line marks the 

point of first extradâtes emerging and the number is the extrusion force
recorded at that point.
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Fig 6-24 : The gaps between the different markers when extruding 4-HBA at 
20min/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line marks the 

point of first extradâtes emerging and the number is the extrusion force
recorded at that point
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Propyl Gallate 200mm/min - Gaps between markers
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Fig 6-25 : The gaps between the different markers when extruding propyl 
gallate at 200mm/mm. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 
marks the point of first extradâtes emerging and the number is the extrusion

force recorded at that point
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Fig 6-26 : The gaps between the different markers when extruding propyl 
gallate at 20mm/min. P=Piston, Sl=Stripel, S2=Stripe2 etc. The dotted line 
marks the point of first extradâtes emerging and the number is the extrusion

force recorded at that point
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Using Pearson’s coefficient correlation analysis the correlation between the 

distance between the different markers and the extrusion force at a given time 

was calculated. The results of the Pearson’s analysis are listed in Table 6-6 and 

Table 6-7.

P-Sl S1-S2 S2-S3 S3-S4 S4-S5 S5-S6
MePara -0.790 -0.759 -0.744 -0.745 -0.832 -0.592
FroPara -0.724 -0.889 -0.690 -0.747 -0.895 -0.902
BuPara -0.753 -0.778 -0.614 -0.628 -0.087
4-HBA -0.938 -0.922 -0.851 -0.702 -0.450
ProGal -0.774 -0.787 -0.967 -0.934 -0.949 -0.865

Table 6-6 : Pearson’s coefficient correlation results between distance 
between markers and the extrusion force at the given time (piston 
speed: 200mm/min). Bold = significant at the 0.01 level, Italic = 

significant at the 0.05 level, small = non-significant, empty space = 
marker did not move long enough to obtain sufficient data to analyse.

P=Piston, Sl=Stripel, S2=Stripe2 etc.

P-Sl S1-S2 S2-S3 S3-S4 S4-S5 S5-S6
MePara -0.724 -0.883 -0.942 -0.931 -0.935 -0.880
ProPara -0.721 -0.883 -0.897 -0.899 -0.818 -0.769
BuPara -0.632 -0.875 -0.791 -0.849 -0.884 -0.871
4-HBA -0.826 -0.931 -0.883 -0.964 -0.973 -0.904
ProGal -0.778 -0.792 -0.878 -0.925 -0.977 -0.932

Table 6-7 : Pearson’s coefficient correlation results between distance 
between markers and the extrusion force at the given time (piston 
speed: 20mm/min). Bold = significant at the 0.01 level, Italic = 

significant at the 0.05 level, small = non-significant, empty space = 
marker did not move long enough to obtain sufficient data to analyse. 

P=Piston, S l=Stripel, S2=Stripe2 etc.

The results in Table 6-6 show significant linear correlation in all o f the 

materials between the gaps between most of the markers and the extrusion 

force, when extruded at 200mm/min. The gaps between the lower markers 

lacked significant correlation and this is because in some cases the lower 

markers hardly moved or moved for a very short time (1-2 seconds), leaving
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only 2-3 numbers to establish the correlation. The correlation found for the 

20mm/min results were all highly significant (Table 6-7). The existence of 

significant correlation suggests that the way in which the material moves inside 

the barrel influences the forces required for extrusion. Until now, it was 

believed that the extrusion force is influenced by the water content in the 

formulation. It was also shown in chapter three that there is a significant 

correlation between the extrusion force and the water content in the extrudates 

throughout the whole o f the extrusion process. Water could be influencing the 

behaviour o f the wet mass inside the barrel and by that indirectly influencing 

the extrusion force. Though, if  this was the case one would expect to find a 

correlation only to the distance between the lower markers and not to the top of 

the barrel. Hence, it is more than water content which influences the extrusion 

force in this case.
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6.5 Conclusions

The Perspex barrel built for this experiment, proved to be a valuable tool in 

evaluating the way the wet mass behaves while extruded in the barrel.

The wet mass inside the barrel was shown to move in a fluctuating stick-slip 

manner. The different layers o f the wet mass where absorbing the pressure 

applied upon them until a certain yield stress were they released the force down 

the barrel. This results in varying speeds of the different markers and with 

different sizes of gaps between the markers.

A highly significant linear correlation was found between the distances between 

the different markers and the extrusion force at a given time. This implies that 

the compressibility o f the material inside the barrel influences the extrusion 

force and not only the water content as was reported up to now.

When comparing between the results o f the different drug models, it is possible 

to detect different behaviour inside the barrel, though when comparing the 

numeric values calculated, no obvious differences could be found. The only 

material which behaved significantly different is propyl paraben which 

movement was the smoothest and which average stripe speed was one o f the 

fastest compared to the other drug models.
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7. Chanter Seven: C onclusions and Future work

7.1. Conclusions:

Extrusion/Sphemization is a method used in the pharmaceutical area for the 

manufacture o f pellets (small spherical particles). This method has some 

advantages on other methods o f pellets manufacturing. Although this method 

has been known for many years, there is still a lack of understanding o f some of 

the fundamentals o f this process.

In this work five components from the same chemical family were chosen. They 

differ in their physical and chemical properties, such as solubility parameters.

In chapter two their ability to undergo the process investigated was evaluated. 

All materials, with the exception of p-hydroxy benzoic acid (4-HBA), produced 

good and round pellets in most formulations tested, with a relatively narrow size 

distribution. Nevertheless, when a comparison was made o f the different 

properties measured for the different materials during the process, differences 

were found: from the examination of the plugs the different materials showed 

different extent of overall water migration during the extrusion process. The 

amount of the drug model in the formulation had a different influence on the 

extent of water movement. An increase in water content led to a decrease in the 

steady-state extrusion force in all drug models. Hence, the different drug models 

recorded different extrusion forces. Regarding the size o f the pellet, in spite of 

using a constant diameter die, the different drug models resulted in pellets in 

varying size and in varying width of size distribution, though, in most cases, 

with the exception of 4-HBA, the pellets were within the size window which 

can be used in the pharmaceutical area. Most formulations, when producing 

pellets, produced pellets which were round.

In chapter three, water movement during extrusion and the ability o f the 

materials used to retain water were measured. From the collection o f extrudates 

it was found, as expected, that one can reduce the amount of water moving 

during extrusion by either increasing the extrusion speed or increasing the water
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content in the initial formulation. A significant correlation was found between 

the water content in the extrudates and the extrusion force used to extrude them. 

This correlation is also expected, as it was previously reported that water can 

act as a lubricant in these systems. From the results o f the centrifuge method 

results it was found that the five drug models are divided into two groups when 

their water retention capacities are concerned. The three parabens retained water 

much less strongly than 4-HBA and propyl gallate. It was also shown that 

microcrystalline cellulose (MCC) had a far greater ability to retain water, and 

when mixed vvdth each o f the drug models, its influence on the water retention 

ability o f the mixture is great. It was possible to locate critical points along the 

water content range fi“om which a different water phase to the previous one is 

starting to be created. The centrifuge method was shown to be a useful, cheap 

and readily available technique, however, no link was found between the MRC 

values calculated and the ability of the drug models to either extrude or 

spheronise.

In chap ter four Magnetic Resonance Imaging (MRI) experiments were 

performed to look at water distribution. MRI was used to investigate both plugs 

(to look at water distribution inside the extrusion barrel) and extrudates (to look 

at water distribution in the extrudates). MRI was sensitive enough to map the 

water movement occurring within plugs and to distinguish between two 

directions o f water movement which occurred. This was dependant on the speed 

o f extrusion used. The extrudates examined had a relatively uniform water 

distribution and although some were expected to be wetter then others, this was 

not the case. This could be explained because of the small scale o f extrudates 

examined compared to the amount o f extrudates produced. Nevertheless, it was 

found that with an increase in extrusion speed or a decrease in initial water 

content, the extrudates had more extensive water structure within them. No 

explanation to this finding was available.

The inability o f MRI to map water distribution in the plugs of p-hydroxy 

benzoic acid and propyl gallate was related to the high MRC values recorded 

for those two materials in chapter three.

In chap ter five small plugs varying in water content were made out o f the 

different materials. The plugs were examined under creep conditions for their
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Theological properties. The results were not reproducible, showing gross 

variations. This was probably related to problems in making the plugs.

In chapter six the extrusion process was visualised using a transparent barrel. 

The position o f black markers within the wet mass was recorded. It was found 

that the wet mass moves down the barrel in a fluctuating manner. The material 

compresses and then flows and than compresses again. This behaviour could be 

described as stick-slip flow. Because of lack of time, only one water content 

formulation was examined. Future work should be carried out on varying 

amount o f water to investigate the extent of stick-slip behaviour at the different 

water levels.

It is not possible to compare the results from chapter six to the water found 

inside the extrudates (chapter three) because o f the different sampling rate used 

in the two cases. Hence, in both cases a significant correlation was found with 

the extrusion force recorded. Suggesting that water has a great influence on the 

flow of the wet mass within the barrel.

In spite o f the fact that all the drug models used were o f similar chemical 

structure and that four o f them produced good pellets, some differences were 

found between them: they retained water to a different extent, the amount of 

water migrating during extrusion varied, in the way the material flows inside the 

barrel also varied.

Hence, one can conclude that there is more than chemical structure which 

influence the way the material extrude and spheronize, or even the way water 

moves during the process.

The extrusion/spheronization process was shown to be tolerant to water 

movement but only until a certain amount. Therefore, extensive water 

movement could cause serious problems with a formulation and therefore it is 

important to control and measure it. Several methods to evaluate the extent of 

the water movement were used in this work.

This work has provided new information on the fundamentals o f this process, 

though, further work must be carried out to give the formulator the information 

needed to develop a rational decision making procedure when devising a 

formulation for the extrusion/spheronization of a given drug.
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7.2. Future work

The work performed in chapter six with the transparent barrel was limited to 

one water formulation due to lack o f time. Hence, it would be interesting to 

examine the influence of change of water content to the way the material 

compact and flow inside the barrel. Furthermore, it would be interesting to track 

the speed o f the extrudates as they leave the die, in real time, and to try to 

correlate the speed of the extrudates to the speed of the markers.

The centrifuge method, used in chapter three, is a useful tool in finding of a 

material which is able to retain water strongly and by that limit the amount of 

water movement during the extrusion/spheronisation process. One such 

candidate is starch, which is used in the paper coating industry as a 

water-retaining agent. Such a material, if  found, would need to undergo 

extrusion/spheronisation successfully as well.

Further evaluation o f the rheology o f the formulations could be obtained by the 

application of the Carrimed used in chapter five. Though, the plugs should be 

prepared in a more controlled environment, such as a die. Both creep and 

oscillation experiments should be performed, in order to obtain also the 

different modulus of the material tested.

Molecular modelling could be applied to try to relate the water movement 

occurring with a drug to its molecular structure, by calculating the energies 

involved in the interaction of the drug model and water.

Finding how much water out of the over-all amount o f water in the formulation 

which is absorbed to the structure o f the different materials in the paste could 

also lead to useful information in understanding the role o f water in this 

process.
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