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A B ST R A C T

Pelletization has m any advantages over other dosage form s and one o f the m ethods 

available for producing these system s is the process o f extrusion and spheronisation. 

A lthough a great deal o f inform ation has been published relating to the process of 

extrusion and spheronisation, the effects o f changing the form ulation, in term s o f the 

liquid  b inder and the dry pow der characteristics, has on the extrusion profile and the 

final end product, especially on the shape, size, density and porosity  has not been fully 

investigated.

M aterials w ere initially characterized in term s of their hydrophilicity/hydrophobicity , 

surface tension and viscosity. A pressure m em brane apparatus w as used to investigate 

a m aterials pow der bed structure and how, by altering the liquid properties, the 

m ovem ent o f liquid through the pore structure within the pow der bed was affected. 

D ifferent ratios o f barium  sulphate to Avicel P H lO l, with differing liquid binders and 

liquid  contents was studied in terms o f the extrusion profile and liquid m ovem ent 

during the extrusion process. From  this it was possible to show how the surface 

tension, viscosity  and the quantity of liquid affected the m ovem ent o f liquid during 

the extrusion process and the consequences it had on the final end products in term s 

o f shape, size, density and porosity.

A lso, the influence of adding glycerol m onostearate (a hydrophobic m aterial) to a 

predom inantly  hydrophilic system  was investigated especially on the ex tm sion  profile 

and the end product characteristics.

R heological characterization of the various m ixtures, using a capillary rheom eter and 

a controlled stress rheom eter, was used to study the influence o f the m oisture content 

and the presence of glycerol m onosteaiate had on various ratios o f barium  sulphate 

to A vicel PH  101 form ulations in order to predict w hether a m ixture w ould be able to 

produce good granules.
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CHAPTER 1:- INTRODUCTION

1.1 ADVANTAGES OF PELLETIZATION

Pelletization can be described as "an agglomeration process that converts fine powders 

or granules of bulk drugs and excipients into small, free-flowing, spherical or semi- 

spherical units, referred to as granules" (Ghebre-Sellossie 1989).

Granules have many advantages in the Pharmaceutical Industry over other dosage 

forms. They have:-

1. a low surface ai*ea to volume ratio which is important for coating to provide either 

controlled release of the active diug, or for aesthetic purposes. Also, in the absence 

of shai-p edges they provide an ideal shape for the coating process resulting in the 

provision of an even coat.

2. are free flowing which is important for the transport of the solid material from the 

hoppers, screw feeds etc. especially where precision of the active drug is required in 

processes like capsule filling, tableting, powder packaging and moulding operations 

(Reynolds 1970).

3. easily mixed when combination products are required. This allows two or more 

active drugs which are chemically incompatible to be combined together in one dosage 

unit or a combination of differing release rates of the same drug can be formulated 

into a single dosage unit to provide a controlled release system.

4. have an improved safety factor due to the fact that they relieve dust problems 

associated with potentially haiTnful substances.

Granules can be administered as a multi unit dosage form (MUDF) which has many 

advantages over single unit dosage forms (SUDF). This is seen when comparing the 

gastiic emptying behaviour of MUDF and SUDF (Eskilson 1985). With SUDF, they 

can appeal' in the stomach as either being 100% present or absent. On the otherhand, 

MUDF show a gradual decrease in the amount of drug being present in the stomach 

as the granules are able to be dispersed over a large area and are gradually removed 

from the stomach. Other advantages aie also seen when MUDF aie compaied to 

SUDF (Eskilson 1985) in that MUDF:-

1. exhibit highly reproducible transport through the G.I. tract.
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2 . because they are well distributed they m inim ize the risk o f local dam age on the 

intestinal m ucosa. This is a m ajor disadvantage seen w hen tieatm ent w ith anti- 

inflam m atoiy  drugs are used as they can cause dam age to the stom ach resu lting  in 

ulcers.

3. aid attainm ent of controlled release due to the pattern o f gastric em ptying.

4. give good reproducibility from dose to dose due to less variations in transit times 

occuiTing than with SUDF.

A lthough pelletization has m any advantages there are certain m anufacturing problem s 

associated w ith the process which prevent m any drugs being form ulated as granules. 

This is due to the production of spheres requiring specialized processing equipm ent 

w ith relative high costs. However, despite this, developm ent of granules has been 

steadily increasing and is expected to continue to play a m ajor ro le in the design and 

fabrication o f solid dosage forms.

1.2 METHODS OF MANUFACTURE

T here are several m ethods available for the production o f granules. The m ain 

processes used in the Pharm aceutical Industry are described below :-

1.2.1 Coating pans

T here are two m ain types of coating pans that can be used in the production of 

granules, these are conventional or m odified (side and rear vented). The conventional 

coating pan is the one which is prim arily used by com panies for the production of 

granules as coating pans can also be used for a variety o f process such as coating, 

film  coating or capsule polishing operations. They are less expensive than other types 

o f pelletization equipm ent and conventional pans are versatile  in that both drug 

layering  and pellet coating are possible. M odified coating pans on the otherhand are 

no t as versatile due to perforations in the pan prevent the use o f dry pow ders being 

used  and hence aie  not as popular.

C oating pans consist of a rotating pan which aie available in a variety o f shapes and 

sizes. The shape, size, tilt angle and rotation speed of the pan, as well as load, will 

all influence the m ixing process that takes place. An air supply system  (drying and
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exhaust line) are used to aid solvent evaporation, pellet drying and prevention of dust 

and solvent escaping into the surrounding area. A spray system is used to deliver 

solutions or suspensions into the pan by either pneumatic (air spray) or hydraulic 

(airless spray). Powder deliveiy systems are used for accurate feeding of the active 

drug and/or dusting powders into the rotating pan.

One or more of the following processes are used in conventional pans to prepare 

granules (Chambliss 1989):-

1. Addition of drug as a dry powder onto an inert substrate (non-pereil seed)

2. Formation of granules by starting from di'ug granule or crystal

3. A ddition o f a drug in the foiTn of a solution or suspension onto a non-pereil seed

4. Addition of a outer controlled release layer onto a drug layered granules (pellet 

coating).

The disadvantages of using coating pans to other processes are that manual 

intei*vention and skilled operators are required. The process is also slow and it can 

take up to weeks for one batch of granules to be produced with lower yields being 

produced when compared to other methods (Gamlen 1985). Another disadvantage of 

the process is the lack of process control, although attempts have been made to semi

automate the process, which is essential for the reproducibility, of controlled release 

especially, in pelletization.

1.2.2 Fluidized bed equipment

The fluid bed granulator is based on modification of the fluid bed diyer by placing an 

expansion space between the product container and the filter chamber, and including 

a fluid spray nozzle in that space.

The fluid bed is well suited for the production of spheres and is based on a layering 

technique which is also seen in the coating pans. Layering is a technique where a 

suspension or solution of drug is layered onto a seed material (generally a coarse 

granule or crystal or non-pereil seed) and granules aie built up which aie uniform in 

size and generally possess a good surface. Layering, in a fluid bed granulator, can be 

achieved by using either top spraying, bottom spraying or rotary tangential spraying 

(the last two systems being the preferred methods to use). The suspension or drug 

solution is sprayed into the chamber, via a spray nozzle, and coats the powder bed
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which is fluidized by hot air (Olsen 1989).

Problem s can occur with this process and include material loss by attrition and spray 

drying of the drug solution which in turn can lead to dust handling problem s, 

contam ination and drug loss. Also, the spraying rate is lim ited by the m aximal heat 

transfer rate and the operating temperature of the apparatus is dependant on the drug 

stability. Obstruction with non-pereil seeds can lead to changes in the spray pattern 

and further problem s due to over wetting and non-pereil agglom eration can also occur 

with these system s (Gamlen 1985).

fi l ler  housin

exp an s io n
liquid sp ra y

p a rl i c le  flow 
p a t t e r n

p ro d u c t  
" c o n ta in e r

lower p len u mair  in le t

Figure 1.1:- Diagram of the fluid bed granulator

1.2.3 Rotary granulator

Rotary granulators are based on modification of fluidized bed driers. They have an air 

handling system, product chamber, expansion chamber, filtration device, spray system 

and safety and control systems. The main feature of a rotary granulator is the use of 

rotating discs. Three forces are produced within the system, centrifugal, gravitational 

and fluidization air, to act upon the product from different directions (see figure 1 .2 ). 

The rotating discs provide the centrifugal force which forces the granules tow ards the 

wall of the chamber. The fluidized air produces a force which then pushes the 

granules upwards and lastly, gravitational forces cause the granules to cascade towards 

the bottom  of the discs. This process is repeated until the pelletization process is
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com pleted.

sl i t

- height 
adjustable 
rotor disc

fluidizing

\

Figure 1.2 D iagram  of a rotary granulator 

L iquid  is sprayed into the system at a tangent to the bed so that the spray is 

concurrent in the direction of the granules m ovem ent which accounts fo r the 

reproducibility  and efficiency of the process. Rotary granulators have significant 

advantages over other non-pereil coating system s (including flu id  bed granulators) in 

that higher rates o f drug application can be achieved with the m inim um  num ber of 

stages resulting in significant reductions in drug loss (G am len 1985). A lso, low er 

m anufacturing cost, flexibility in operation and ease o f autom ation are also in its 

favour. It has been shown by Ghebre-Sellassie et al (1985) that by using a rotary 

granulator the process was found to be convenient, requires a short tim e to accom plish 

the desired product and that the technique is simple, reproducible and involves the 

m inim um  num ber o f stages. However, the disadvantages are that the capital cost and 

installation o f the granulator are m uch higher than conventional m ethods and expertise 

is requ iied  for autom ation of the process.

1.2.4 High shear mixers

The use o f high shear m ixers to produce granules is increasing. In a high speed m ixer.
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a m ain im peller rotates at a high speed (up to 700 r.p.m .) w hich causes m ixing, 

densification and agglom eration o f wetted m aterials. B inder solutions are added to the 

bow l and im peller speed, to begin with, is low but as the binder becom es m ixed so 

the speed is increased. The m ixer is stopped at set inteiwals to rem ove w et m ixture 

from  the blade to prevent uncontrolled granule growth. The m ain im peller speed and 

am ount o f binder solution added has been found to influence the agglom eration 

process (H olm  et al 1984) and is dependant on the initial starting m aterials.

M elt pelletization w ith a high sheai' m ixer can also be used to produce granules with 

a naiTow size distribution (Schaefer et al a and b 1992). This w as achieved with a new 

type o f high shear m ixer which had a cooling/heating jacket. V arious ratios o f lactose 

to PEG  w ere added in a solid state and m ixed at varying im peller speeds. The 

tem perature was raised, by agitation of the m ixture causing friction, until the m elting 

po in t o f the binder was reached. By further agitation, w et agglom erations are form ed 

and finally, solidification of the binder by coohng results in dry granules or granules 

being produced. The effect o f process variables and the form ulation o f granules size 

and distribution have been studied and it has been shown that careful control is 

required  to run a reproducible process.

1.2.5 Extrusion and spheronisation

T he process o f extrusion and spheronisation has becom e w idely know n since aiticles 

w ere published by R eynold (1970) and Conine and H adley (1970). A lthough the 

technique had been used previously in Japan it was not until these articles were 

published that extensive research was undertaken worldwide.

T he process involves a m ixing stage where dry pow ders are blended with a suitable 

b inder to produce a w et pow der mass. This wet m ass is then extruded into cylinders 

o f unifoiTned diam eter, under pressure, through restricted diam eter holes. The cylinders 

a ie  then chopped into equal lengths and a rounding process w here the cut cylinders 

are rolled into spheres takes place, which is known as spheronisation. The diam eter 

o f the spheres is found to relate to the approxim ate extrudate diam eter (as deteiTnined 

by the die holes). These spheres are then diied  in either a fluidized bed d ryer or a 

conventional oven before further processing such as coating takes place.

T he basic form ulation required for granulating is also applicable to extrusion. The
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form ulation is im portant for successful spheronisation o f a product to take place to 

produce uniform  granules.

The advantage o f using extm sion and spheronisation is that granules o f a narrow  size 

distribution can be produced which are régulai" in shape and definite surface 

characteristics. They have exti*emely low friability resulting in few  fines and little 

associated waste. W ork carried out by Reilly et al (1994) have shown that spheres, 

m ade with a low drug concentration, can be reprocessed via a double procedure of 

either m illing or an overnight soaking procedure w ithout requiring additional 

excipients or influencing the dissolution profiles with the resultant p roduct having a 

narrow  size d istiibution suitable for further processing. The process o f m anufacture 

is flexible with a range of sizes of spheres being produced. N ot only can the process 

be used  for pharm aceuticals but also the food, confectionaiy, agriculture and chem ical 

fields have also benefited (Reynolds 1970).

H ow ever, disadvantages of the system  include the lim it to which a d iug  concentration 

can be used due to the m inim um  num ber of extrusion aids that are required. The drug 

characteristics can also affect the process e.g. m oisture sensitivity will affect the 

foi"mulation that is required. In som e cases though, som e drugs still can not be 

form ulated  to produce spheres by using this m ethod (Gam len (1985)).

1.3 THE PROCESS OF EXTRUSION AND SPHERONISATION

1.3.1 Extrusion

Extrusion takes place when a wet pow der mass is put under pressure and is forced 

through an orifice or defined opening to produce extrudate o f a fixed cross sectional 

diam eter relating to the geom etry of the orifice. Extrudate length m ay vary and is 

dependant upon the physical characteristics of the wet m ass, the m ethod of extrusion 

and how  the particles are m anipulated after extrusion. There are four m ain types of 

extruders, screw  (axial and radial), sieve, gravity feed (gear and cylindrical) and ram. 

These will now be discussed in m ore detail below.

Screw extruders

Screw extruders are really the only continuous extrusion devices available w hich 

produce a sm ooth, continuous flow of extm date com pared to other types o f extiuders
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w here surges of flow occur.

Screw  extm ders w ork by a w et m ass being fed into the void, v ia a hopper, o f either 

a single or double screw. In some extruders though, alterations have been m ade so that 

liqu id  can be added to the pow der w ithin the extruder and m ixed to give a 

hom ogenous m ass. The w et m ass is then transported, by the action o f the screw , and 

is forced through a die by the screw action. The die can either be a screen w hich is 

cylindrical arranged around the screw (radial) or in the form  of a p late w hich is 

situated at the end of the screw (axial). Both of these are shown in figure 1.3. 

D ifferences are seen betw een the two types of screens. It is found that the radial 

screen extruder produces a greater am ount o f extrudate, w hen com pared to the axial 

screw  extruder, w ith low er heat being generated during the process but, the extrudate 

produced  is less dense. How ever, the tem perature can be low ered by allow ing cooled 

w ater to circulate through the hollow extrusion rollers. This also helps prevent 

evaporation o f the solvent which is im portant for a m axim um  yield to be produced 

(C onine and Hadley 1970). By using a twin screw extruder, less "bridging" occurs at 

the entrance o f the extruder and this in turn results in a better flow  process through 

the extruder causing a greater volum e of extrudate to be produced. H ow ever, the 

extrudate produced is less dense than when com pared to a single screw extruder. 

Sieve extruders

Sieve extniders contain a cham ber where the m aterial is added and a p late or screen 

is p laced for the m aterial to be pushed through. A feeder and agitator are ro ta ted  in 

different directions which force the m aterial through the screen to produce short or 

long extrudate depending on the m oisture content of the m ixture (see figure 1.4). The 

m aterial is only at high pressure when it is between the baffle o f the agitator and the 

screen w hich m eans that a low water gradient and tem perature increases are 

m inim ized. The feeder and agitator can be program m ed for d ifferent r.p.m . and 

differing screen thicknesses and diam eters are available. The m ain disadvantage o f the 

sieve extruder, which lim its its application in the pharm aceutical industry, is the 

extrudate produced is the least com pact i.e. less dense o f all the extruders available. 

W ork  carried out on the N ica E 140 by Hellén et al (1992 and 1993) has show n that 

spheronisation process variables do influence the final p roduct especially in term s of 

the size and shape distribution o f the final granule.
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Figur e  1.3 D ia g ra m  of  the axial and  radial  sc r e w  e x t rud e r s

Figure  1.4:- D i a g r a m  of  the sieve e x t r u d e r  
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Gravity feed extruders

In gravity feed extruders, the wet mass is fed, via a hopper, into the system by 

gravity. There are two main types of gravity feed extruders, cylinder and gear type 

(see figure 1.5):-

gear type c y lin d er  ty p e

Figure 1.5:- Diagram of a gravity feed extruder

With the cylinder extruder the wet mass falls between two contra-rotating cylinders 

and the material is forced through drilled holes found in the hollow cylinder. In the 

gravity feed extruder, material gets entrapped between the teeth of the gears and is 

forced through drilled plates located in the root of each tooth (Rowe 1985). Similar 

forces for extrusion are exerted on the material as seen with the screw extruder but, 

unlike the screw extruder where the material is subjected to the force from the stait 

of the process, gravity feed extruders only exert the force between the two cylinders 

or gears. This therefore, results in the process temperature being lowered due to 

frictional forces acting on the material being lower. Also, in a gravity feed extruder, 

a nearly normal pressure force is transmitted to the material rather than a diagonal 

drag-flow force (Hicks and Freese 1989). The gear type extruder is slightly better than 

the cylindrical due to a greater amount of extrudate can be produced, for the same 

time interval, which can be increaed by changing the rotation of the gears. Different
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die length to radius can be used for each type of gravity feed and hence, different size 

granules can be produced accordingly. Baert et al (1991) instrumented a gravity feed 

extruder to show how the extrusion force was affected by particle size of insoluble 

material and of product solubility. Following this work, Baert et al (1992), showed 

how the extrusion force could be correlated to the production of good spheres of 

various materials and how the moisture content influences the extrusion force. 

Comparisons between the force produced via the gravity feed extruder and ram 

extruder and in sphere quality has also been published (Baert et al 1992).

Ram extruder

The ram extruder comprises of a piston which is inserted into a cylinder, which is 

known as a baiTel. At the end of the baiTel a die or die plate is attached where the 

extrudate emerges. Material is fed, via a hopper or placed into the cylinder. As the 

piston moves through the cylinder so the material is compressed and finally a dense 

extrudate emerges from the die. Depending on the design of the extruder the piston 

is either removed and the banel refilled or, for a continuous ram extruder, the piston 

travels backwards and forwards with the material being fed into the system by a feed. 

Process variables such as the die length (L) to radius (R), die design, length of the 

piston stroke, frequency of the piston strokes and flow characteristics of the material 

all play an important role. The main disadvantage of this system is that only a limited 

amount of extrudate can be produced when compared to other types of extruders, 

although this can be overcome by using a large barrel and multi hole die.

The work presented in this thesis was carried out on a ram extruder which is based 

on the design used by Overston and Benbow (1968). Material is placed in a hardened 

steel barrel which can have varying L/R ratios of dies attached. The piston is forced 

through the barrel, at constant velocity, and the force exerted is measured by the load 

cell. A force/displacement profile is then produced for each run, a typical output is 

shown in figure 1.6.

From the graph, 3 distinct stages exist. The first stage is the compression stage where 

the wet mass is consolidated until all voids have been removed and a large plug is 

formed. The apparent density of the plug was found to be approximately equivalent 

to the apparent particle density of the wet powder mass (Harrison et al 1985). Next, 

the steady state stage occurs where the extrudate begins to be produced. The force
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required, to produce a continuous flow of extrudate, is constant at this stage and 

therefore, results in a constant, uniform extrudate being produced. The final stage is 

the forced flow stage. This is where an increase in force is required for the 

continuation of extrudate. Here, the flow patterns within the barrel are altered and the 

exti'udate produced is no longer uniform in nature. This point signifies the end of the 

extrusion process. The force/displacement profile is dependent upon the length to 

radius of the die used, the materials being extmded and the speed of extmsion. The 

amount of water and its mobility within the system when put under pressure appeal's 

to be the main feature in this process. When too much liquid is present the force of 

extrusion is decreased and when too little water is present the force of extrusion is 

greatly increased.

s te a d y
s ta te

fo r c e
flow

c o m p r e ss io n !  
s ta g e  I

fo r c e
KN

d is p la c e m e n t  m m

Figure 1.6 Force/displacement graph.

Therefore, the force/displacement profile can provide valuable information on the 

rheological properties of the material which can also be based on its ability to produce 

spheres. By using various die lengths to radius and velocities of extrusion it is possible 

to generate die wall shear stiess v shear rate graphs and to help characterise the 

rheological properties of vaiious mixtures (Harrison et al 1987).
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Surface defects have also been shown to occur with MCC/lactose/water mixtures using 

the ram extruder described above (Harrison et al 1985b). Here, it was seen that by 

changing the process conditions, such as the length to radius of the die, velocity of 

extrusion and moisture content of the formulation that shark skinning and surface 

roughness can be avoided (see figure 1.7).

sm ooth  rough shark sk inn ed

Figure 1.7:- Surface characteristics of the extiudate.

Shark skinning and surface roughness can both lead to serious impairment of the final 

product and therefore, it is best to produce extrudate which has a smooth surface.

Instrumentation of commercial extruders

Baert et al (1991) described the instrumentation of a gravity feed extruder. The force 

required for extrusion was measured by two load cells to give a vertical and horizontal 

component. In addition, an encoder was used to calculate the rotation speed of the 

extruding axis and the heat produced during the exti*usion process was measured by 

placing a strain gauge on the housing around the two geai' wheels.

It was possible, by instrumenting the gravity feed extruder, to show that by increasing 

the amount of water present, for a given mixture, the extrusion force decreased 

dramatically showing that the fluid phase volume is an important parameter. When a 

binary mixture of MCC/water was extruded, the particle size of the MCC had no 

influence on the exü'usion force. Different extrusion profiles were produced for lactose 

(soluble)/MCC/water and dicalcium phosphate (insoluble)/MCC/water, with the same 

MCC/water ratio being used in each and that the same extmsion profiles were 

produced for all types of lactose studied showing that the instmmented extmder was 

able to differentiate the extrusion behaviour of a ternary mixture containing a soluble 

and insoluble ingredient.
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Further to this, Baert and Down (1994) went on to instrument a small-scale basket 

extruder which would require less amount of drug to perfoiTn feasibility studies. Here, 

the extrusion force was measured using a single T-rosette foil strain gauge and the 

power consumption was determined by using a voltmeter placed parallel to the 

extruder DC motor. The results obtained, using the same temai*y mixtures as 

previously studied (Baert et al 1991) were in agreement. It was found that both the 

extiusion force and power consumption gave virtually identical responses and that 

either one could be used in the future for early stage development of a formulation. 

However, determining the power consumption was simpler to achieve and less 

expensive when compared to measuring the extrusion force.

1.3.2 Spheronisation

Spheronisation takes place stiaight after extrusion and is the process where extrudate 

is converted into spherical paiticles by means of surface forces acting within the 

spheroniser. A spheroniser consists of a hollow, smooth walled cylinder with a 

horizontal rotating plate (friction plate). The diameter of the spheroniser 

(Mai'umerizer™) can be up to 100 cm. and the speed of rotation of the plate maybe 

Vaided from 400 to 1600 r.p.m. Extmdate is added onto the rotating plate where it is 

then transported by centrifugal forces to the walls of the spheroniser (see figure 1.8).

Figure 1.8 Spheronisation process.

The extiudate is then thrown up the wall of the spheroniser and gravitational forces 

then act by causing the extrudate to fall back down onto the plate. This initially breaks
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up the extrudate into short segments, ideally equal to their diameter. The segments are 

then transformed into granules by the frictional force on the plate which gives a 

rolling motion to mould the segments into spheres (Reynolds 1970). These are then 

removed for drying and other processing. The process maybe a continuous or batch 

process but due to the design of the equipment, it is usually a batch process. The time 

taken for the process is typically less than 15 minutes and work carried out by 

Chapman (1985) has showed that various stages in the change in shape occurs, by 

using One Plane Critical Stability to measure the shape, as shown in figure 1.9.
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Figure 1.9 Various stages that occur in the spheronisation process.
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Here, it can be seen that the extrudate is chopped into cylinders which are then 

rounded at the ends. As the particles become more densified so dumb-bells, eclipses 

and finally spheres are produced.

The uniformity of the spheres and process times are dependant upon a number of 

factors. These include

1. The geometry of the plate. There are two main types of plates, the cross hatch and 

the radial (see figure 1.10).

radial plate cross hatch ed  p late

Figure 1.10:- Cross hatch and radial plates used in spheronisation.

The cross hatch plate consists of grooves that intersect at right angles whereas the 

radial plate has grooves which radiate out of the centre. Work carried out by Chapman 

(1985) showed that the radial plate was slightly more efficient in the densification of 

the material but, it is harder to produce a radial plate than a cross hatch plate.

2. The speed of rotation. The speed of rotation has an influence on the shape and size 

of the granules produced. Work canied out by Hellén et al (1993a) showed that as the 

speed of spheronisation was increased this resulted in a greater loss of moisture, via 

evaporation, from the granules. Moisture within the extrudate is an essential part for 

determining the plasticity of the material and this in turn, can affect the spheronisation 

process and alter the end product produced. Wan et al (1993), Hellén et al (1993c)
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and Woodruff and Nuessle (1972) showed that increasing the speed of rotation 

resulted in a rounder particle being foirned. This was attributed to the fact that at low 

speeds the forces within the spheroniser were insufficient to round the granules but 

as the speed was increased, both the centrifugal and rotational forces became stiong 

enough to form spheroids (Wan et al 1993). increase in granule size is also seen as 

the speed increases. This is due to the cohesive forces, responsible for sphere growth, 

withstanding the destructive forces within the spheroniser. As the speed increases 

further, the destructive forces acting become too great and results in smaller spheres 

being produced (Wan et al 1993). However, work carried out by Baert et al (1993) 

showed that the yield of spheres between 710 and 1400/^m is also influenced by the 

speed of spheronisation, with the lower speeds producing the greatest yields within the 

specified range. Therefore, the conect speed needs to be chosen carefully for a given 

mixture to maximize both the yield of granules within a specified range and to the 

granule properties in terms of shape and size.

3. The moisture content of the formulation used. The moisture content of the mixture 

plays a critical role in the spheronisation process. If the material is too dry then an 

excessive amount of fines aie produced which can be lost underneath the plate and 

dumb-bell shaped paiticles will be produced due to the lack of plasticity within the 

extrudate. If however, the material is too wet then the extrudate tends to adhere onto 

the plate and agglomerations will be produced (Gamlen 1985). Hellén et al (1993a) 

concluded that the moisture content was stable until the spheronisation process was 

reached where the moisture content decreased but for the materials tested, remained 

adequate for the formation of spherical granules showing that the water content is 

vital.

The surface of the granules can be dependent on the amount of fluid present with 

smoother granules being produced with an increase in amount of liquid present 

(Hellén et al 1993a) although with some formulations it was found that the amount 

of water present did not influence the smoothness of the surface. Baert et al (1993) 

showed that increasing the amount of water present gave a higher yield of granules 

being produced within a specified size range of 710 to 1400 t̂m. Wan et al (1993) 

were able to propose a general equation to predict the amount of water required for 

producing spheroids within the required size characteristics, depending on the
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proportions of the starting materials (using formulations containing MCC and lactose 

with water as the liquid binder). Other operating variables, such as the spheronisation 

speed and residence time need also to be taken into account so that the required shape 

and size of product can be produced.

4. The load added. Work carried out by Barrau et al (1993) showed that by changing 

the load (from 20 to 80% capacity) did not have any effect on the majority size range. 

By decreasing the load the spheres became harder, less spherical and had smoother 

surfaces due to there being more room present in the spheroniser, when compaied to 

higher loads, which results in an increase in the granules apparent rotation speed. 

Also, with larger loads, there is less effect seen with evaporation of moisture (Hellén 

et al 1993a) which can influence the shape and surface of the spheres produced. 

Hellén et al 1993c showed at a higher load a narrower size distribution was produced 

and pellet batches became more homogenous with the upper (90%) and lower (10%) 

fractiles.

6. The diameter of the plate. From work canied out by Ldvgren and Lundberg (1989), 

it was seen that, for the formulation they studied, as long as the peripheral velocity 

was constant similai’ appearance granules were produced regaidless of the plate size 

used. It was shown that a linear relationship between plate periphery velocity and 

sphericity was produced.

Therefore, for each formulation, the process variables need to be considered and kept 

constant wherever possible to avoid alterations in the final product produced.

1.3.3 Sphere analysis

Analysis of the spheres plays an important part in the process as this decides whether 

the formulation tested is good enough to be implemented as a product. There are many 

ways in which the final product can be analysed and these include visual analysis, 

sieving, microscopic analysis, density, porosity and surface characterisation. These in 

turn will now be discussed.

1.3.3.1 Visual analysis. By looking at the final product, the extremes of the granules 

shape can be seen instantly i.e. dumb-bells to agglomerations. The general size of the 

granules and whether a nanow size distribution, surface impairments etc. are present 

can be obseiwed instantly. Any distinctions can also be reported which may prove vital
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in the formulations chosen.

1.3.3.2 Sieving. This is the most widely used method available for measuring the 

granules size distribution due to the fact that it is cheap, simple to carry out, rapid and 

gives little variation between operators. Sieving is carried out by mechanically shaking 

a certain weight of granules through a series of sieves following a root 2 geometric 

progression. After shaking, the weight of samples on each sieve is calculated to give 

an indication of the vaiiability in granules size based on the width of the particles. 

Standardization of the load added, type of motion (vibratory or tap), intensity and 

duration needs to be defined (Mehta 1989). Disadvantages of the system include the 

problem of particle shape not being taken into consideration. For example, if a long 

rod was added to the sieves, the narrow end may go through screen sizes which are 

much smaller than its length and hence, the data obtained by sieving can be 

misleading.

1.3.3.3 Microscopy. This method provides a dhect measurement of the particle size 

and also for looking at surface impairment. For example, scanning electron 

microscopy can be used for producing an image of the granules. Care must be taken 

as the size and shape of the image produced is based on the angle of specimen tilt and 

needs to be taken into account when comparing images. Although valuable 

infoiTnation can be gained by use of microscopy, this method can be tedious and 

expensive due to the number of particles per batch required to be analysed to provide 

size frequency plots and a good idea to the overall picture of the batch in question.

1.3.3.3.1 Size and shape characterization including the technique of image 

analysis. A granules size and shape is an important factor in the Pharmaceutical 

Industry for a number of reasons. The size of a particle can influence a number of 

properties e.g. the dissolution, flow properties and deposition of airborne particles onto 

surfaces. A particles size can be quoted in a number of different ways depending on 

the relevant property which is of interest. For example, the diameter of a particle can 

be based on equivalent sphere diameter, volume equivalent diameter, Stokes diameter 

etc. All these diameters will be different, for the same sample, unless the shape of the 

particle is spherical. Therefore, selected equivalent diameters which are relevant to the 

property of the particle should be used (Washington 1992).

The shape of a particle is important for adsorbing powder, pigment capacity, flow
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properties and coating of materials onto granules etc. However, describing a particles 

shape can be very time consuming and would require a considerable amount of data 

to correlate. Therefore, one or two parameters have been suggested to describe the 

general shape of the particle.

There are many parameters which can describe a particle shape. These include the 

Hey wood's ratios of thickness, breadth and length. As described by Washington (1992) 

these can be used to calculate the flakiness ratio (ratio of breadth to length) and 

elongation ratio (ratio of length to breadth). The thickness of a particle tends to be 

difficult to measure so usually the elongation ratio is calculated. Also, other factors 

can be used to describe a particles two dimensional outline. One way is to calculate 

a shape factor from the ratio of two equivalent diameters obtained by different 

methods. Another possibility is to describe the departure of particles from a spherical 

foiTn. One of the simplest ways to do this is defined by Wadell in 1934 as 

(Washington 1992):-

^  surface area of sphere having same volume as particle
surface area of particle Equation 1.1

The shape of granules produced by extrusion and spheronisation need to be classified. 

The spherical shape of the granules produced by this method is important for a 

number of reasons e.g. flow of granules for encapsulation and film coating for 

conti'olled release. For film coating it is not only the shape but the texture of the 

granules that is important and needs to be maintained within a given limit to guarantee 

reproducible results in the manufacturing of dosage forms in Industry (Podczeck and 

Newton 1994).

Therefore, methods for describing the geometric shape of particles must be sensitive 

enough to quantify these changes in either characteristic during the manufacturing 

process. One such parameter used for this purpose is the aspect ratio, A.R., (which is 

the ratio between the length and breadth of a particle).

For a particle to be classed as spherical, the A.R. needs to be one. However, an A.R. 

of one can be achieved if the two dimensional shape of the particle is circular, square
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or any other polygonally symmetric shape because the length and breadth are equal. 

In addition to this the A.R. does not describe the surface roughness of pai ticles which 

is also an important factor.

There aie a number of techniques which aie available for characterising the shape of 

paiticles which are based on the two dimensions of the particles, fractal geometry, 

digitized image and one plane critical stability (O.P.C.S.) which were designed to be 

applicable to the assessment of the spherical form of particles. O.P.S.C., proposed by 

Chapman et al (1988), is based on the angle to which a plane must be raised before 

that particle will move. This method was able to differentiate between granules 

produced at the various stages of the spheronisation process and provides a relatively 

simple and effective quantification of shape of particles and a possible quality control 

procedure. However, O.P.S.C. requires a special computer system with a licensed 

routine and each pellet has to be measured individually, by hand, which can prove 

very tedious and time consuming. Hellén et al (1993c) used size data determined by 

optical microscopy and image analysis, to develop seven parameters whose purpose 

was to emphasise spherical, oblongated, elliptical or rectangle shaped particles. 

Measurements of the minimum and maximum diameters (dĵ jn and dĵ ax)» based on the 

distances between 32 pair s of parallel tangents to the projected outline of the pellet, 

perimeter (perim) convex perimeter (cperim), which is the length of a regular polygon 

with 64 comers stretched around the object, and two dimensional area of the projected 

pellet (Hellén et al 1993b) were determined by image analysis for six shape groups 

ranging from very elongated to round particles and their derived parameters indicating 

size were then found from these values. Geometric parameters were also found by 

manually measuring size parameters from an enlarged micrograph and these were then 

compared to the measured values. From this it was discovered that the d̂ ax values 

were similar but the d ,̂  ̂ values were 1-12% higher than those found from the 

geometric paiameters. This was due to the measurements of diameter made by image 

analysis being based on tangents following the outer line of the particle and are unable 

to compensate for depressions on the surface of the granules. This is to be more 

problematic for dog-bone shaped particles than spherical shaped.

The surface area of the particles, based on calculations from the size parameters (as 

opposed to gas adsorption or air permeability), it was for elongated particles that the
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measured values were not similar to the geometric values but for the roundest classed 

granules, all surface area values (except were close to the geometric value. This 

was more clearly seen when the volume of the particles were compared. However, the 

surface of the granules, calculated by this method, does not take into account the 

porosity or surface morphology and therefore, the surface area and volume values only 

give an indication to the apparent shape of the paiticle. This indicates that 

measurements found, using the image analyser, have certain limitations and are found 

to become more problematic as the particle becomes more elongated in shape.

Using these values to calculate the seven parameters (circularity, roundness, 

elongation, pellips, rectangle, modelx and roughness) Hellén et al (1993c) used these 

parameters to analyse the six shaped groups as a classified in a proceeding paper 

(Hellén et al 1993a). This showed that the best parameters to describe the shape of 

particles was the roundness and elongation parameters with possibly the circularity 

(although with this parameter it was difficult to distinguish between the last three 

groups where the particle shape ranged from elliptical to round) and model parameters 

also helping shape determination. The roughness paiameter was unable to distinguish 

different shapes or surface structure and could not be used as a shape or surface 

indicator. Although Hellén et al (1993c) were able to use some of the parameters to 

determine shape of particles none of the parameters took into account surface 

roughness of the granules. Other workers, such as Wan et al (1993), used an image 

analyser to calculate average ai'ea, perimeter, length and breadth of the spheroids 

determined from the digitized images. From this, a form factor, based on the area to 

perimeter of the spheroid, was used to give a measure of the sphericity. Also, Baeit 

et al (1993) used the ratio of the longest to shortest diameter to provide an indication 

of shape but, as with the other methods described, surface roughness was not taken 

into account. Hence, the following work looks at a new technique for characterising 

the shape of a particle, taking into account the surface roughness, which is based on 

a shape factor, Ê , (Podczeck and Newton 1994). This is calculated, for a circular 

particle, from:-

c  2.7T.r 1 .

Equation 1.2
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where:- = measured perimeter
r = radius of the circle
1 = length of ellipse
b = breadth of the ellipse (largest distance perpendicular to the length

axis)

The first part of the equation relates to the surface roughness and the second part 

(under the squareroot sign) relates to linear eccentricity.

Theoretically, only a circle can have an E, value of 1.0. For other shapes, the value 

is smaller than 1.0 and can be negative for very elongated or rough particles 

(Podczeck and Newton 1994).

Equation 1.2 needs to be modified for a non-circular particle. The radius for an 

equivalent circle needs to be substituted into the equation so that the Ê  value can be 

calculated. The image analyser is able to calculate an equivalent radius of a circle, for 

non-circular particles, by finding the centre of gravity and measuring the distance from 

the centre of gravity to the perimeter of the particle. If an angle of T  between 

readings is used, then a mean radius can be found for the particle and is calculated 

from:-

Ed
n Equation 1.3

where:- r̂  = radius of an equivalent circle
dĝ  = distance between centre of gravity and perimeter at an angle a  
n = number of measurements (e.g. n = 360 if a  = T)

Certain limitations exist when using this approach. The main disadvantage is that the 

image is projected as a two dimensional shape and light can reflect off the paiticle 

surface resulting in a change in actual image outline due to shadowing. This is 

highlighted from the results obtained by Podczeck and Newton (1994), when a 

spheroid, such as a ball bearing, was analysed, the shape factor, Ê , was found to be

0.766. Also, if a slight irregularity is seen in the surface texture or shape then this may 

not be shown up in the result. This is due to equation 1.2 having two parts, one 

relating to the surface texture and the other to the shape. For a low value reading to 

occur, both parts need to affected but if only a slight defect is seen in one part then
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a high or middle value for the will be found.

1.3.3.4 Density. Density of granules can provide important information which can 

effect other procedures or factors such as potency of the final capsule if they are filled 

using automated processes, batch size determinations in the coating equipment and if 

mixing of different gianules or batches into capsules are used (Mehta 1989). Density 

of granules can be classed in terms of bulk density which can be measured using a 

tapped or true density which can be determined using an air pycnometer or solvent 

displacement methods. The bulk density is necessary for the packaging properties of 

the granules and is found to be influenced by the size of the pellet. The true density 

gives an indication to the densification of the spheres and will give vital information 

on the process used.

1.3.3.5 Porosity. The porosity of the granules will affect the dissolution rate of the 

drug from the pellet. It also has an influence on the film deposition and formation of 

the coat during the coating process. Pores can be analysed by use of scanning election 

microscope and mercury porosimetry (Mehta 1989).

1.3.4 Formulation

The formulation of a mixture for extrusion/spheronisation is an important part of the 

process. Depending on the di'ug, excipients and liquid used significant consequences 

on the resultant product can be produced.

1.3.4.1 Drug and diluents

Once a drug has been selected to be fonnulated into spheres there is no guarantee that 

the process will work. Certain properties of the drug may influence the end product. 

One of the more important properties of the drug that need to be considered is its 

solubility in water (or the chosen liquid binder). Work carried out by several workers, 

Baert et al (1993), O'Connor and Schwartz (1985) and Bode-Tunji and Jaiyeoba 

(1984), have shown that the solubility of a material can have significant effect on the 

process and final product properties. Baert et al (1993) showed that lactose (partially 

soluble in water) and dicalcium phosphate dihydrate (insoluble in water) when 

combined with MCC and water produced very different extrusion profiles relating the 

force of extrusion to the solubility of the drugs. Bode-Tunji and Jaiyeoba (1984) found 

that mixtures containing insoluble powders in water (calcium carbonate/MCC/binder)
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produced granules which were smaller and weaker in strength when compared to 

granules made from lactose/MCC/binder. This was due to the partial solubility of 

lactose in water causing an increase in the binder volume by dissolving whilst the 

remaining lactose powder remained adequately wetted. This then resulted in an 

increase in the number and strength of intragranular bonds causing in comparatively 

larger granules.

The dissolution profile of a drug within a system can also be related to the drugs 

solubility. This was shown by O'Connor and Schwartz (1985) when granules 

containing Avicel PH 101 with various drugs (drug-diluent ratio of 10:90) were 

prepaied. The dissolution profiles of the different granules showed a direct correlation 

between aqueous solubility of the drug and drug release occurred.

Work has been carried out by changing the diluents used in the formulation to produce 

conti'olled drug release formulations without having a coating process by using 

exti'usion/spheronisation. Different Avicel products have been tested by O'Connor and 

Schwai'tz (1985) which showed that the type of di'ug, Avicel and ratio of drug-Avicel 

altered the drug release rate. It was found that Avicel containing sodium 

carboxymethycellulose showed slower release rates in water, when compared to Avicel 

PH 101, with low drug loading due to the formation of a gelatinous plug rather than 

an inert matrix release system found with the PHIOI. Granules containing chitosan 

have been investigated by several workers, Tapia et al (1993) and Goskonda et al 

(1993) as sustained release matrix granules. Goskonda et al (1993) showed that 

dissolution profiles were dependant on both the medium and the method used with an 

acid environment and basket method producing an increase in controlled release as the 

chitosan content increased. When either water was used as the medium and/or the 

paddle method chosen, dissolution of the granules was increased which is due to the 

chitosan acting as a disintegrant in water and the paddle method causing the swollen 

beads to rupture whilst the basket method leaves the swollen sti'ucture intact. Tapia 

et al (1993) also showed that chitosan reduced the drug release rate from granules by 

forming a hydrophilic gel during dissolution and that dissolution occurs internally. The 

use of polymeric dispersions (Aquacoat ECD-30 and Eudi aigit RS30D) in combination 

with Avicel PH 101 or Avicel RC-591 with drug have been tested in order to produce 

a controlled release product. Goskonda et al (1994) found that both the polymer type
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and concentration affected the dissolution rate. With a high drug loading (50%) with 

Eudiagit RS30D, an organic acid and Avicel RC-591 an increase in sustained release 

was produced.

Therefore, the drug and choice of diluent can have marked effects on the final product 

in terms of both physical characteristics and dissolution profiles. In order to minimise 

problems occurring during the process and help achieve the desired end results, it 

maybe necessary to incorporate excipient aids such as disintegrants, surfactants, 

lubricants etc.

1.3.4.2 Excipient aids

Diluents, such as MCC, lactose and dicalcium phosphate dihydrate can have a marked 

effect on the extrusion process and on the final end product properties as discussed 

in section 1.3.4.1. The use of lubricants, glidants, surface active agents, humectants 

and other substances have been studied by Mesiha and Vallès (1993) in order to 

determine their uses in reducing surface defeats, heat due to friction and energy 

consumption in the extrusion process and the subsequent effects they have on the final 

products in terms of sphericity, size and physical properties when a formulation 

containing a high drug loading and low additive concentiation being used. It was 

found that surfactants were the best additives to enhance extrudability by decreasing 

the heat generated and aiding the extrusion of the wet mass from the extruder head. 

Sodium Lauryl sulphate was found to be the most effective of the surfactants tried at 

a low concentiation of 0.125% and caused no unfavourable physical characteristics in 

the granules with the extiudate produced being smooth. Although, changes in the size 

distribution was noted with sodium lauryl sulphate this could be overcome by altering 

the extruder screen. The other classes of additives were not considered useful in that 

either limited success in reducing the friction and temperature during the extrusion 

process or untoward effects in the properties of the final product at the concentrations 

studied occurred.

The use of disintegrants in the manufacture of spheres has been studied by Ldvgren

(1983). Here, it was shown that disintegrants generally have little effect on increasing 

the dissolution rate, with only Croscarmellose type causing an increase in 

dissolution rate. However, granules containing disintegiants, produced granules with 

a higher crushing strength and improved both the moulding properties and plasticity
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of various formulations (with the exception of Methylene Casein and Croscarmellose 

type B^) showing that they can be used in the extrusion/spheronisation process as 

extrusion aids.

1.3.4.3 Liquid binder

The liquid binder used in the extrusion/spheronisation process plays a major role 

throughout. The binder has a significant effect in determining whether or not a 

formulation will work and the properties of the final products produced.

The quantity of tlie liquid binder added, usually water, will depend on the composition 

of the mixture chosen. If too little is added then dumb-bells will be produced and 

conversely if too much is added then agglomeration will occur. Bains et al (1991) 

showed the sensitivity of various proportions of barium sulphate to Avicel PH 101 to 

the presence of water. It was shown that as the content of barium sulphate increased 

the mixture became more sensitive to water and at a level of 80% barium sulphate 

only one foimulation would produce spheres. As the water content was increased, 

within a given ratio, the particle size increased until a given point was reached where 

the mixture became too wet and agglomerations occuned.

The temperature of the water also needs to be controlled as work carried out by Ku 

et al (1993) has demonstrated that at two water levels studied, large beads were 

produced at the higher water temperature (50”C compared to room temperature). In 

addition to this, a significantly higher yield of granules were observed at the higher 

temperature. This is due to water providing lubricity in the wet mass necessary for 

extrusion and spheronisation and also aids the cohesiveness and plasticity of the wet 

mass. By using warmer water, it is believed that these attributes of the wet mass is 

further enhanced leading to improvements in the yield of desired size beads (Ku et al 

(1993).

It was seen in section 1 .32. that the moisture content, of a given formulation, also 

influences the spheronisation process and can alter the physical properties of the final 

product.

Hence, the liquid content plays a major role in the extrusion process as a lubricant and 

in the spheronisation process in terms of plasticity of the extrudate. The amount of 

moisture required for a given mixture will depend on the drugs and diluents added,
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the sensitivity of the mixture to moisture and the type of extruder used. Extruders 

which produce a substantial amount of heat during the process will require more fluid 

(to replace that lost by evaporation) than one where the moisture content remains 

constant throughout with no loss of moisture through heat evaporation.

1.4 INTERACTIONS OF LIQUIDS AND SOLIDS

1.4.1 Surface energies and contact angles

Surface free energy plays an important role in controlling the behaviour of the whole 

system. Such processes as crystal nucléation and growth, powder flow, powder 

dispersion in liquids, powder compaction and coating of solids aie controlled by the 

surface characteristics. An example of this is where water penetration into a solid 

compact is required for dissolution and/or disintegration. The surface free energy of 

the system will determine how easy the fluid will penetrate into the system which in 

turn will determine the dissolution rate of the drug (Zografi and Tam 1976).

For pure liquids, surface energies can be calculated via their surface tension as this 

provides a measure of their surface free energy per square cm. However, for solids, 

surface free energy is difficult to estimate experimentally due to the immobility of the 

molecules and to the heterogeneity of the surface caused by the presence of different 

crystal faces, imperfections, impurities and surface roughness. A method which can 

help identify surface free energies of solids is based on measurements of the contact 

angle of the solid with a liquid of known surface tension. (Zografi and Tam 1976). 

A variety of methods are available for relating the surface energies and contact angle 

which are based on Youngs equation, as shown by Buckton (1990), where:-

cos 9 = l î L - l i ü
Yjy Equation 1.4

where:- 0 = contact angle
Ysv, Ysi and are the interfacial free energies between the solid(s), liquid(l) 
and vapour(v) states.

Buckton (1990) reviewed the techniques available for measuring contact angles and 

found that the best method available was based on the Wilhelmy gravitational method, 

rather than using liquid penetration and compressed discs, although all methods
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showed limitations. The Wilhelmy plate method is discussed in section 2.2.1.

By finding the contact angle of a powder with two liquids, of known surface energy 

and polarity, and by combing Young's equation with Wu's equation, the surface energy 

of a solid can be derived. This has been used to predict optimum binder selection for 

granulations by calculating the spreading coefficients based on the surface energy of 

a powder being found initially (Zajic and Buckton 1990).

1.4.2 Flow of liquids through porous mediums

A variety of transport phenomena occur in porous media. They can be classified as 

either capillary liquid transport or non-capillary liquid transport. A distinction between 

transport that is partly determined by geometries of liquid vapour menisci present in 

the porous media and those that are not, need to be made. Heat conduction, molecular 

diffusion, viscous flow and dispersion are types of transport which are not determined 

by the geometries of the liquid vapour menisci present and do not generally relate to 

the structural properties of the porous media. However, capillary rise, wetting, 

infiltration, drainage, drying and suction are all based on capillary liquid transport 

systems where both the driving force and transport coefficients are based on the 

geometries of the pore space (van Brakel 1975).

The flow of liquids through porous media is similar to those seen with fluids confined 

in various vessels. Additionally, the effect of the solid-fluid interaction will also be 

present due to the close proximity of the solid interface with the fluid molecules. The 

interactions that can occur can be described as follows (Fielden et al 1992):-

1. Adsorption. This is where Van der Waal (London) forces of attraction cause 

adsorption of the fluid at the solid interface. These forces depend on a number of 

factors e.g. nature of the adsorbent and adsorbate, the surface area, temperature and 

pressure.

2. Capillary condensation. This is where the walls of the pores cause the fluid to 

condense and form another phase. This second phase then lines the walls of the pores 

to form a static film of variable thickness. If the film then produces a meniscus, this 

is known as capillary condensation.

3. Displacement associated with wetting. Here, when two fluids aie present, one
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fluid will peneti'ate into the pores displacing the other one. Depending on the contact 

angle of the fluid will depend on which liquid is preferentially the wetting one.

4. Capillary forces. These are forces which act between two immiscible liquids when 

one displaces the other in a porous medium. When the displacing liquid is a gas, 

capillai'y force will dominate in a system. When this occurs three saturation regimes 

aie possible

a. Complete saturation where the porous medium is completely saturated with the 

liquid phase.

b. Pendular regime where the porous medium has the lowest saturation with the liquid 

forming pendular bridges throughout the system. When this occurs, the pendular 

bridges aie not connected which results in the liquid flow being prevented.

c. Funicular regime where the above two combinations (complete and pendular* 

saturation) occur. This happens when the pendular bridges are expanded, by addition 

of fluid, and after a certain stage they expand so much that they are able to form a 

continuous flow of fluid which form funicular paths.

Water is held in a porous media by adsoiption and capillary effects due to surface 

tension, but in the pendular* regime, adsorption dominates. However, it is very difficult 

to separ ate the two mechanisms and so a combined effect of adsorption and capillary 

potential has been formed and called the "matrix potential".

1.4.2.1 Capillary curvature and capillarity

Capillar y action involves the displacement of one fluid by another in a porous medium 

(Moitow 1970). By varying the applied exter*nal pressure and measuring the 

percentage saturation of the pore space, capillary pressure drainage curves can be 

produced. From this it can be seen that the pressure required to remove fluid from a 

porous medium will depend upon the size of the pores present. As the pressure 

increases some of the wetting phase becomes hydraulically isolated within the pores 

and this is known as "ineducible saturation". In most circumstances the irreducible 

saturation is well defined and is important for several reasons including defining the 

practical limit for the efficiency of dewatering processes, has practical importance in 

the petroleum industry and in the drainage of soils as well as providing a way to
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differentiate between various powders.

If the gas pressure above the porous matrix is raised above atmospheric this will cause 

the gas to enter into the pores and displace the liquid which is present. The force due 

to gas displacement is opposed by the surface tension force of the liquid and hence, 

at constant pressure, an equilibrium will be set up where no further displacement 

occurs in the system. This pressure, (PJ, is called the capillai'y pressure and is a 

function of the saturation, (S), of the powder bed. It can be calculated from:-

Pc = Pc(s) = P(iiquid) - P(gas) Equation 1.5

where:- = Capillary pressure
Pc(s) = Saturation capillary pressure
P(iiquid) = Liquid pressure
P(gas) = Gas pressure

By considering the porous medium consisting of a series of capillaiies then the surface 

tension and pressure developed by the curvature of the liquid meniscus can be used 

to describe the capillai'y pressure.

The pressure difference across a curved liquid and any fluid interface can be described 

by the Laplace equation of capillarity where:-

Equation 1.6

Where:- P̂  = capillary pressure

Rj and R2  = principle radii of curvature between a liquid and any fluid

r  = interfacial surface tension

If a vertical capillary is stood in water then a curved surface or meniscus is formed. 

The level of the meniscus will rise (in the capillary) until the hydiostatic pressure 

balances the pressure difference due to curvature. Assuming that water makes zero 

angle of contact with the walls of the capillai'y and the capillai'y section is so small 

that the effect of gravity on the cui'vature of the meniscus can be neglected then, in 

a circular capillai'y of radius, r, (where the meniscus is assumed hemispherical and that
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r = Rj = R2 ) the pressure difference due to curvature, P̂ , will now become:-

r Equation 1.7

Where equilibrium occurs and the hydrostatic pressure balances the pressure difference 

due to curvature then:-

p g h = —
r Equation 1.8

where:- p = density of water
g = acceleration due to gravity 
h = height of the capillary rise

Carman (1941) defined a more general expression relating to differing shapes of

capillaries where an equilibrium between an upward force due to surface tension

acting over the perimeter and a downward force due to gravity acting over the area

of cross section gives rise to:-

h
P g ni Equation 1.9

where:- m = ratio of aiea to perimeter and where 1/m compares well with the value 

of (1/Ri + I/R 2 ).

If equation 1.8 and 1.9 are compared then it is found that 2m is equivalent to the 

radius of a circular capillary with the same ratio of perimeter to area as the non

circular capillai'y and, in terms of hydrodynamics, m is termed the "hydraulic radius". 

Therefore, the height of capillary rise within a system can be related to the pore size 

and porosity of a given material. This approach has been used by Fielden et al (1992) 

and Cook et al (1977) to discuss the movement of water and pore size distribution in 

the types of formulations used in extrusion/spheronisation.

1.5 OBJECTIVES OF WORK

A great deal of information has been published relating to the process of exti*usion and
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spheronisation. Some work, Chien and Nuessle (1985) and Bade-Tunji and Jaiyeaba

(1984), have looked into the effect of changing the surface tension and viscosity of 

the binder solution in terms of the final end product. The aim of the present work is 

to look in more detail at the effects of changing the liquid binder, especially in terms 

of the extrusion profile, liquid movement during the extrusion process and the end 

product in terms of shape, size, density and porosity of the granules produced. Also, 

investigations into the influence of adding GMS (a hydrophobic material) to a 

predominantly water insoluble hydrophilic system (comprising of various ratios of 

barium sulphate and Avicel PH 101) on the extrusion profile and the end product have 

been undertaken.

Rheological characterisation of mixtures has been previously carried out using a 

simple capillary rheometer (Hanison 1982 and Raines 1990) and a controlled stress 

rheometer (MacRitchie 1993). The work in this thesis examines the effect of the 

moisture content and addition of G.M.S. to formulations using a capillary rheometer 

which measures die wall shear stress directly and also using a controlled stiess 

rheometer to aid prediction of whether a formulation will produce good spheres.

A powder bed structure has also been investigated and, by altering a solutions property 

in terms of viscosity and surface tension, how this affects the movement of liquid 

through the pore structure within the powder bed, based on the work carried out by 

Fielden (1987) using a pressure membrane apparatus.
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CHAPTER 2:- MATERIALS AND THEIR CHARACTERIZATION 

2.1 CHOICE OF MATERIALS

2.1.1 Microcrystalline cellulose

Microcrystalline cellulose (MCC) is a modified form of cellulose and is prepared from 

alpha-cellulose. The alpha-cellulose is subjected to controlled hydrolysis with dilute 

mineral acid. The hydrocellulose is then filtered and the filtrate is then dried to give 

a porous powder.

MCC is an extensively used excipient in the process of extrusion and spheronisation. 

This appears to be due to the interaction that occurs between the MCC and water 

molecules. MCC has been described by Fielden et al (1988) as a "molecular sponge" 

due to its ability to retain a high percentage of water but also allowing physical 

removal of water to occur easily if required. Various studies have been carried out to 

determine how MCC and water interact with each other at vaiying moisture levels. For 

example, the use of surface area and water vapour adsorption by Zogiafi et al (1984), 

thermogravimetric analysis and differential scanning analysis by Fielden et al (1988) 

and vacuum microbalance and microcalorimetic vapour sorption techniques by Blair 

et al (1990), all point towaids the occurance of a three stage process. Firstly, at low 

moisture levels water binds tightly to the anhydroglucose units and adjacent linking 

units in the MCC i.e. two hydrogen bonds per water molecule. As the moisture level 

is increased, this leads to the second stage where breaking up of some of the initial 

hydrogen bonds between the water and cellulose occurs and the extra water molecules 

that are now present bind to the vacant anhydioglucose sites i.e. one hydrogen bond 

per water molecule. As the moisture level is increased further, the final stage is 

reached where the onset of hydiogen bonds between the water molecules occur i.e. a 

more loosely bound region of sorbed water is seen within the system.

Although MCC has shown to be a good excipient aid in the process of extiusion and 

spheronisation differences are seen between the various grades and sources. Work 

caiTied out by Staniforth et al (1988), using a "sandwich" viscometer, showed 

differences in the cohesive properties of Avicel PH 101 and Emcocel occuned at water 

levels up to 20-30% w/w of added water with the Avicel PH 101 being more cohesive.
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At higher concentrations however, no differences were seen. The differences seen at 

the lower moisture levels is due to the difference in strength of the pendular bonds. 

Differences were also seen when granulation took place with water as the liquid 

binder. This seemed to be due to the difference in moisture uptake between the two 

samples.

Work carried out by Newton et al (1992) showed that by changing the source of 

powdered grades of MCC and using colloidal grades differences were seen in the final 

products of lactose:MCC mixtures. It was shown that various grades of powder Avicel 

were similai* in nature. When different sources of MCC were used, Emcogel and 

Unimac MG 100 which aie claimed to be equivalent to Avicel PHlOl, were tested, 

different moisture levels were required to produce a satisfactory end product. By 

changing from a powder grade of MCC to a colloidal grade, for the system chosen, 

the colloidal grade did not produce a suitable system. These findings coiTelate well 

with the work carried out by Raines (1990) which showed that different forms of 

MCC give different rheological properties when mixed with lactose and water.

2.1.2 Barium sulphate

Barium sulphate is a heavy, white, dense powder (4.37 g/cm^ using the Beckman air 

pycnometer) which is insoluble in water. As the following work was intended to 

investigate the migration of liquid during the extrusion process it was important to 

have an insoluble powder, like barium sulphate, rather than the partially soluble 

lactose used in previous extrusion studies. Work had been previously carried out by 

Anderson and Newton (1990) to see how the particle size of barium sulphate and 

moisture content of the mixture influenced the extrusion properties. It was found that 

the particle size (2.6-10.1 //m) and the moisture content (35.5-39.4%) influenced the 

rheological properties of the mixture, although all mixtures formed spheres. Bains et 

al (1990) investigated the significance of the moisture content on various ratios of 

barium sulphateiMCC. It was found that as the content of barium sulphate was 

increased, the mixtures became more sensitive to the quantity of water added and that 

at 80% barium sulphate only one water level produced spheres.

Therefore, baiium sulphate was chosen due to the amount of data that were available 

relating to the effects of moisture content. Also with the powder being insoluble the
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effects of differing binder solutions could be investigated and compared knowing that 

the binder did not contain any dissolved powder which would alter the liquids 

properties.

2.1.3 Glycerol monostearate

Glycerol monostearate (G.M.S.) can be described as a white to cream coloured wax 

like solid with either a bead, flake or powder consistency (Handbook of 

Pharmaceutical Excipients). It is waxy to touch and has a slight fatty odour and taste. 

It has a melting point equal to or gieater than 55°C and like barium sulphate is 

practically insoluble in water but can readily be dispersed in hot water (Handbook of 

Pharmaceutical Excipients).

It has many uses pharmaceutically e.g. non-ionic emulsifier, stabiliser, emollient, 

plasticiser and a material to produce inert matrices for controlled release. There are 

numerous publications which describe the use of G.M.S. as an aid to produce 

controlled release products (Bakkuri et al 1978, Klinger et al 1988, Said et al 1980, 

Schwartz 1989 and Watanabe et al 1990).

By adding a waxy material such as G.M.S. the dissolution of drugs can be reduced. 

The wax can be incorporated into the formulation by two methods

1. Thermal treatment where the wax is melted and then resolidified to form a matrix 

(Klinger et al 1988, Said et al 1980 and Schwartz 1989). This process has not only 

been used for extruding but also for producing a melt pelletisation in a high shear 

mixer (Schafer et al 1992 a and b) or

2. By producing a solvent evaporated matrix where G.M.S. is dissolved in hot solvent. 

Here, the drug-MCC matrix is added to the solvent and mixed. Finally the solvent is 

evaporated leaving the matrix (Said et al 1980).

It has been shown that by using thermal treatment a slower drug release can be 

achieved resulting in prolonged drug release from spheres when compared to just 

adding waxy material (Klinger et al 1988).

The mechanism of drug release is thought to take place from the wax matrix by 

leaching from the matrix by intestinal fluid that comes in contact with the embedded 

drug. This results in channels or pores forming in the sphere allowing the removal of 

the drug (Said et al 1980). The removal of the drug can be altered by introducing
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fillers into the foiTnulation such as lactose or calcium carbonate which cause changes 

in the stmcture of the matrix, resulting in an increase in the dissolution rate of the 

drug (Klinger et al 1988).

Not only does G.M.S. alter the characteristics of the end product but also affects the 

processing of the formulation by altering the plasticity of the granules, performance 

during the extmsion and spheronisation process and compaction properties (Schwartz

1989). Therefore, by adding G.M.S. to a formulation, a change in the system is seen. 

G.M.S. was chosen because of its hydrophobic nature, in contrast to hydrophillic 

barium sulphate. The sensitivity of a mixture to liquid could then be characterised in 

terms of changes in hydrophobicity and hydrophilicity of the system and to what 

extent these changes played in the extrusion/spheronisation process. Also, there is a 

lack of data into the formulation changes that occuired using G.M.S., especially the 

rheological effects induced by the presence of G.M.S.

2.1.4 Different binding solutions

The migration of the liquid during the extiusion phase has been investigated. Water 

was used as the control as most prepaiations are based on water acting as the liquid 

binder. However, the influence of surface tension (by use of surfactant) and the 

viscosity (by the use of glycerin were investigated to see if any differences were 

observed in the migration of the liquid during the extrusion phase and the effect of 

changing the physical properties of the binder had on the end product.

2.1.4.1 Surfactants

Surfactants are amphoteric in nature which means they have a hydrophillic and 

hydrophobic components. Due to this unique sti'ucture, the molecules have the ability 

to dissolve and absorb at the air/water interface.

When dilute concentrations of surfactant are used the molecules tend to orientate 

themselves at the air/water interface in such a way as to remove the hydrophobic 

group from the aqueous environment. However, as the concentration of the surfactant 

is increased a sharp change is observed and it is seen that the molecules reorientate 

themselves and aggregate together to fonn a minimum state of free energy (Attwood 

and Florence 1985).

In dilute solutions the progiess of dissolving a surface active agent in water gives rise
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to a large negative entropy change which relates to the restructuring of water due to 

the presence of surface active molecules. To counteract this and achieve minimum free 

energy state, the hydrophobic group tends to withdraw from the aqueous environment

i.e. molecules collect at the ah/water, oil/water or solid/water interfaces. This results 

in a reduced surface and interfacial tension. As the concentiation increases, this is no 

longer able to be maintained and hence, micelles are formed which give the best 

minimum free energy state. As the concentration increases further, additional 

molecules also go to form micelles so that the concentration of monomeric surface 

active agents remains constant above a critical micelle concentiation. This can be 

observed by studies of the surface tension as a faction of surfactant concentration 

(Attwood and Florence 1985).

Surfactants are used widely in the pharmaceutical industry e.g. emulsifying agents, 

wetting agents, flocculating agents to name a few. For the purpose of sphere 

formation, the addition of a surfactant may benefit drug stability and aid drug release 

and absoiption. If a drug has a very poor solubility where the dissolution rate is the 

rate limiting step, then with the presence of a surfactant in the formulation may 

increase the saturation solubility of the drug. This can be achieved by solubilising the 

drug in the surfactant micelles and this then results in a more rapid drug dissolution 

and hence absoiption. Also, the ability of a surfactant to decrease the solid/liquid 

interfacial tension will permit gastrointestinal fluids to wet more effectively and come 

into closer contact with the solid dosage foiTn (Aulton 1988).

From work carried out by Efentakis et a\ (1991) it was shown that by including a 

surfactant into a hydrophobic matrix resulted in an increase in drug release. The extent 

to which the rate of drug was released depended on the solubility of the surfactant. 

The more soluble the surfactant was, the more rapid the drug release occurred. This 

was due to the formation of pores (or disruptions) within the matrix allowing easy 

access of dissolution fluid and hence aiding removal of the drug.

The ability of a surfactant to influence drug absoiption will depend on the 

physicochemical characteristics, concentration of surfactant, the nature of the drug and 

on the type of biological membranes involved.

The following work looked at adding two types of surfactant, sodium lauiyl sulphate 

and Pluronic F 6 8 .
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Sodium lauryl sulphate

Sodium lauiyl sulphate (S.L.S.) is an anionic surfactant which is very soluble in water. 

It has a critical micelle concentration at 20®C of 0.0082 mol. per litre (0.23% w/v). 

The addition of S.L.S. to water results in the surface tension of the liquid being 

lowered. Work carried out by Bade-Tunji and Jaiyeaba (1984) showed that the 

addition of S.L.S. (0.2%) caused a large increase in the granule size of granules 

containing lactose. When the concentration of S.L.S. was studied it was found that the 

mean granule size of lactose-starch mixtures increased dramatically at low 

concentrations (up to 0.1%). However, at concentrations above 0.1% there was no 

further marked change in the granule size. A similar trend was seen when granules 

containing calcium carbonate instead of lactose was used. However, the results 

produced with S.L.S. were different from those using Tween 60 and Span 60. This 

was due to the hydiophillic-lipophilic balance (HLB) playing a part in determining the 

properties of granules prepared in the presence of a surfactant. S.L.S. has a relatively 

high HLB value of 40 whereas Tween 60 and Span 60 have a low HLB of 14.9 and

4.7 respectively.

Work caiTied out by Chien and Nuessle (1985) also demonstrated that S.L.S had a 

marked effect on the extmsion process with the force of extrusion being lowered. At 

a concentration of 0.86% (w/w) of liquid was added no beads were formed. This was 

due to the surface tension having a great affect on the strength of the wet solid 

agglomerates. Due to the surface tension at the liquid/solid interface being decreased, 

the bridges are weakened within the system resulting in the weakening of the 

agglomerate.

Therefore, S.L.S. was added at various concentrations in the following work to 

examine its affect on the force of extrusion, migration of liquid during the extrusion 

process and effects on the final product.

Pluronic F68

Pluronic F6 8  (PF6 8 ) is a non-ionic surfactant and is part of a group of poloxamers 

which are made up of polyoxyethylene-polyoxypropylene polymers. Their general 

formula is:-

H0(CH2CH20),.(ÇH-CH20)b.(CH2CH20),H
:h 3
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where for PF6 8 , a = 75 and b = 30

The Pluronics are designated with either a L, P or F letter depending on whether they 

aie liquid, paste or flake in consistency and their chemical composition is indicated 

by 2  digits, the first relating to the molecular weight of the polyoxypropylene block 

and the second to the weight percentage of the oxyethylene group (Collett et al 1979). 

They can be characterised by their cloud points in a 10% aqueous solution (Prasad et 

a/ 1979).

The Pluronics are generally used as a wetting or solubilising agent and help increase 

the solubility of sparingly water soluble compounds (Collett et al 1977). The choice 

of surfactant for a particular drug can be made on a rational basis and relationships 

between surfactant structure and the extent of solubilisation have been reported by 

several workers.

However, work carried out on the block copolymers as to whether they form micelles 

has resulted in disagreements. Widely differing values of critical micelle 

concentrations have been reported using different techniques e.g. surface tension and 

dye solubilisation. Work caiiied out by Mankowich concluded that from light 

scattering studies the copolymers do not form micelles. These differences may arise 

due to batch variation and also limited and different concentiation ranges being 

studied (Prasad et al 1979). Also discrepancies maybe due to temperature dependence 

of the solution properties especially as the temperature approaches the cloud point (Al- 

Saden et al 1979).

It has been suggested that at low concentrations, conformational changes in the 

polymer results in monomolecular "micelles" and that at higher concentiations more 

conventional multimolecular micelles are formed due to monomolecular micelles 

associating together to give aggregates of varying size which have the ability to 

solubilize drugs and increase stability of solubilized agents (Attwood and Florence 

1983).

The relationship between the poloxamer sti ncture and solubilization of para-substituted 

acetanilides have been studied by Collett et al (1979). Here it was found that in 

general solubilization of the dings decreased with increasing oxyethylene content when 

solubilization is expressed as the amount of ding solubilized per ethylene group, with 

the exception of the more hydrophobic drugs. However, when the solubilaztion is
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expressed as the mol of drug solubilized per mol of surfactant it was found that the 

solubilzation capacity of surfactant increased with increasing oxyethylene chain. Also 

it has been shown that the dissolution rate of digitoxin and digoxin is increased by 

dispersing these drugs in solid poloxamer 188 (Pluronic F6 8 ) as a carrier (Reddy et 

al 1976).

Therefore, the use of Pluronics as solubilizing agents for poorly water soluble drugs 

is useful and could be an aid for some drugs formulated by extrusion and 

spheronisation. The following work examines the affect of adding two concentrations 

of PF6 8 , 0.0001 and 0.01%. These concentrations were chosen because the surface 

tension of the liquid changed significantly (from 62.54 to 49.46 dynes per cm) when 

assessed by the Dynamic Contact Angle Analyser for a 100 fold dilution and that the 

surface tension only changed slightly on further addition of surfactant after 49.46 

dynes per cm.

2.1.4.2 Glycerin

Glycerin is a clear, odourless, syrupy, sweet tasting hydroscopic liquid which is 

miscible with water. It has many uses in the phannaceutical industry including 

emollient/humectant in concentrations up to 30%, plasticiser in tablet film coating, 

preservative in liquid pharmaceuticals, solvent for parental formulation and sweetener 

in high alcoholic elixirs (Handbook of Pharmaceutical Excipients).

Mixtures containing glycerin and water are found to be chemical stable. Glycerin has 

a relatively high density of 1.2258 - 1.263 g/cm^, a surface tension of 63.4 dynes per 

cm (for 98% purity) and a viscosity of 1.490 cps at 20°C.

Work has been canied out by Chien and Nuessle (1985) on the effect of altering the 

viscosity of the liquid binder. It was found that by increasing the viscosity of the 

binding fluid during the granulation resulted in beads being produced which were 

more resistant to disintegration caused by the increased resistant to water penetration 

of the beads.

2.2 SOURCE OF MATERIALS

2.2.1 Microcrystalline cellulose
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The following work was carried out using Avicel PH 101 (FMC Corporation batch 

number 6119) with an average pai'ticle size of 50 /mi, a moisture content of less than 

5% (Manufacturers literature) and a density of 1.52 g/cm^ (using the Beckman air 

pycnometer). This has been shown to provide good quality products in numerous work 

to date and has been successfully used in combination with baiium sulphate (Anderson 

and Newton 1989 and Bains et al 1990).

2.2.2 Barium sulphate

As the particle size had shown to affect the rheological properties (section 2.1.3), only 

one type of barium sulphate was studied ("Sachtleben" Chemie GmbH, XRHNIO, 

B.N.5/049/3, West Germany) supplied with a particle size grade of lO^m.

2.2.3 Glycerol monostearate

The following work was carried out using G.M.S. (Huls UK, batch number 208125) 

with a measured density of 0.98 g/cm^ (using the Beckman air pycnometer).

2.2.4 Water

Double deionised water was used as the control liquid binder throughout this work. 

Water contents of mixtures have been expressed as paits of the mixture.

2.2.5 Sodium lauryl sulphate

Solutions of S.L.S. were prepared using specially pure S.L.S. (B.D.H. lot 4611970M) 

and double distilled water.

2.2.6 Pluronic F68

Solutions were made up by diluting the Pluronic F6 8  (Ellis and Everard (agents for 

ICI Choque), batch number K3) with double distilled water to give a 1% stock 

solution from which other dilutions were made up.

2.2.7 Glycerin

In the following work, a 25% glycerin (B.D.H. AnalaR of 98% purity, product number 

101118K) solution was used throughout.
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2.3 METHODS

2.3.1 Dynamic contact angle analyser

The dynamic contact angle (D.C.A., Cahn Dynamic Contact Angle Analyzer, DCA- 

312, Cahn Instrument Inc.) is based on the Wilhelmy gravitational method. It is able 

to calculate surface tension of Uquids and contact angles of solids with varying liquids. 

The apparatus consists of a plate which is suspended from a microbalance as shown 

in figure 2 . 1 :-

electrom icrobalance

m easuring

powder
pla le

moving
platform

com puter

test liquid

support stand

m otor drive 

m ove platform

Figure 2.1 Diagram of the D C A.

The plate is then allowed to make contact with the liquid (of known surface tension 

and polarity) via a motorised platform. A typical trace is then produced as shown in 

figure 2 .2 .
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f o r c e

d i s p l a c e m e n t

Figure 2.2 Typical D.C.A. trace.

This consists of a region, A to B, which occurs prior to contact of the plate and liquid. 

As soon as contact is made a deflection is observed at point C and the continued 

rising of the plate is seen by the region C to D. Extrapolation of the line CD, back to 

the perpendicular to AB at B, gives the true measured force. From this the contact 

angle can be calculated from:-

Cos 6 =

liq Equation 2.1

where:- f = force at point E
p = perimeter of the plate
g = acceleration due to gravity
Yiiq = surface tension of the liquid
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The surface tension of a liquid can be measured using the same system with a clean 

glass plate, of known perimeter, being suspended from the microbalance. The same 

calculation is used, as above, but as the plate will be completely wetted cos 9 will be 

equal to 1  and hence 7 ,̂  can be found.

As mentioned earlier, this method does have certain limitations. This is that the 

powders have to be compressed, prior to measuring, which can lead to surface 

alteration. However, this is a common problem with the other methods available. The 

technique benefits by being automated and therefore, does not require extensive 

operator training, it does not require the powder to be saturated beforehand and if 

deformation does occur this will happen below the surface of the liquid (Buckton

1990).

2.3.1.1 Measurements of surface tension

The surface tension of the various liquid binders were measured on a Dynamic 

Contact Angle Analyzer, a schematic diagram of which is shown in section 23 .1 .  A 

clean glass plate with an average perimeter of 48.25mm was attached via a clip to the 

microbalance above the test liquid, which was kept at 25°C by a water bath. The 

liquid was raised manually so that the surface of the glass plate was 2 mm above the 

liquid. The test was then canied out automatically by the machine at a speed of 

264pm/s and to a depth of immersion of 5mm. A giaph of force against displacement 

was produced and stored on the hai'd disk for analysis.

The surface tension was then calculated by the computer. The zero depth of immersion 

(ZDOI) was first entered and then the advancing surface tension was found from the 

first 4mm portion of the graph. The receding surface tension was taken from the last 

4mm of the graph, which is when the plate starts to rise out of the liquid. An example 

of the graph produced is seen in figure 2.3.

Each liquid was tested with five plates and an average surface tension for both the 

advancing and receding data was recorded.
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z = zero  d ep th  
of im m ersio n

reced in g

fo rce

ad van cin g
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Figure 2.3:- Diagram of a typical DCA plot to calculate the surface tension of a

liquid.

2.3.1.2 Measuremnet of contact angles

The contact angle data was found by using the D.C.A. based on the work carried out 

by Sheridan (1994). Powder plates were prepared by compressing dry powder to 

produce plates. A known weight of powder was added to a die set, which was able to 

be dissembled as seen in figure 2.4, and compressed using a Specac Instrument 

(Specac, 15 ton press, Specac Ltd., Kent, England.) for a set period of time (see table 

2 .1).

The plates were carefully removed by dissembling the punch set and removing the 

plate with tweezers. The plate was then checked for any defects and, for the powder 

mixtures of Avicel PH 101 and Avicel PHlOl and barium sulphate mixture, the plates 

were divided into two. All the plates were then stored at room temperature in a petri 

dish prior to use for 1 2  hours.
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powder

Figure 2.4:- Cross section diagram of the die assembly

Powder wt. of powder punch
diameter

compression 
value (MN)

time of 
compression

Avicel
PHlOl

l.Og 1 . 2  X 6 . 0  cm 0.049 5 mins.

barium
sulphate

1.5g 1.3 X 2.4 cm 0.049 5 mins.

Equal powder 
mixture

1.5g 1 . 2  X 6 . 0  cm 0.049 5 mins.

100% G.M.S. 0.5g 1.3 X 2.4 cm 0.019 5 mins.

80% barium 
sulphate 2 0 % 
G.M.S.

l.Og 1.3 X 2.4 cm 0.019 5 mins.

Table 2.1:- Summaiy of the process conditions for the production of powder plates.
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The perimeter of the plate was measured with a micrometer (+/- 0.01mm). The value 

of the surface tension of the test liquid and perimeter were put into the computer. The 

plate was then attached to the microbalance and the hquid was raised manually until 

2mm below the plate. The machine was then set to run automatically at a speed of 

264 microns/sec. to ensure a depth of immersion into the liquid of 5mm before 

reversing the platform movement. The contact angle was then calculated automatically 

by first finding the zero depth of immersion and then by taking the first 1 mm of the 

advancing graph, a typical graph is shown in figure 2.5. Five plates were used to a 

find a mean contact angle.

z -  zero  dep th  
of im m er sio n

1m m

force

advan cin g  
c o n ta c t  angle

s ta g e  d isp la ce m en t m m

Figure 2.5:- A typical DCA trace for finding the contact angle of a powder

Problems occurred in compacting the barium sulphate. The powder plate, when 

removed from the punch, crumbled and broke into pieces. Various compaction 

pressures, time of compaction and release rates of pressure were tried to overcome the 

problem without any success. Storing the powder under various humidities was then 

tried. It was found that it was possible to make plates by storing tlie powder at 100% 

humidity in a temperature controlled room (20”C) for one month. The plates were then 

removed intact from the punch set and stored in a similai* manner to the other powder
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plates. Sellotape was also required to attach the clip to the top of the plate as the plate 

was very fragile and prone to crumble when any pressure was put on it.

With all the Avicel PHlOl and barium sulphate plates, only an estimate of the contact 

angle could be made as the plates split and/or disintegrating when coming in contact 

with the liquids. Therefore, the perimeter of the plates was always changing, affecting 

the calculation of the contact angle. To overcome this only the first 1mm of the 

advancing graph was used in the calculation of the contact angle. If less than 1mm 

was used the computer was unable to calculate the contact angle.

2.3.2 Measurement of swelling

The swelling properties of baiium sulphate and Avicel PHlOl was measured by 

placing 5g of dry powder into a 50ml measuring cylinder and gently tapping the 

powder until a level surface was produced. The volume level was then recorded. A 

known volume of liquid (25ml) was added in two portions. After the first portion was 

added the resulting mixture was gently shaken so that all the liquid coated the powder 

to produce a uniform suspension. The second portion was then added such that any 

powder on the sides of the cylinder was washed down to the bottom. The suspension 

was then allowed to settle and the sediment height was recorded 24 hours later. The 

percentage volume increase in the sediment was then calculated for each powder with 

water and differing concentrations of sodium lauryl sulphate and Pluronic F6 8 .

2.4 RESULTS

2.4.1. Surface tension

The surface tension data is tabulated in table 2.2 and is graphically represented in 
figures 2.6 and 2.7.
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Solution Surface Tension x 10̂  Nm'^

Advancing Receding

WATER 72.60 72.60

25% GLYCERIN 71.24 70.63

0.001% S.L.S. 69.15 69.49

0.005% S.L.S. 68.43 68.62

0.01% S.L.S. 60.42 60.89

0.05% S.L.S. 54.03 54.21

0.1% S.L.S. 47.20 45.21

1% S.L.S. 37.12 36.62

5% S.L.S. 34.76 34.16

10% S.L.S. 33.36 32.84

20% S.L.S. 31.61 31.46

0.000001% PF6 8 69.92 69.25

0.0000% PF6 8 68.91 68.60

0.00005% PF6 8 65.85 65.15

0.0001% PF6 8 62.54 63.20

0.0005% PF6 8 55.51 54.88

0.001% PF6 8 52.15 52.82

0.01% PF6 8 49.46 47.35

0.05% PF6 8 45.88 43.91

0.1% PF6 8 44.16 42.81

Table 2.2:- Surface tension data for various solutions
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Figure 2.6:- Surface tension as a function of log surfactant concentration for
sodium lauiyl sulphate
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Figure 2.7:- Surface tension as a function of log surfactant concentration for
Pluronic F6 8
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From the results it can be seen that for sodium lauryl sulphate (S.L.S.) the surface 

tension is reduced rapidly up to approximately 0.25%. After this point, the change in 

surface tension is only marginal. This is due to the critical micelle concentration of 

S.L.S. being 0.23% w/v at 25®C. At a concentration above the critical micelle 

concentration the concentration of monomeric surface active agents remains constant 

and therefore, the surface tension becomes more stable. A concentration of 0.1% 

S.L.S. was chosen for the following work as a significant reduction in the surface 

tension of the liquid was found, when compared to water. Also, problems were 

encountered when high concentrations of S.L.S. were used in that the wet powder 

mixtures became "fluffy" in consistency depending on the quantity of liquid added. 

At a concentration of 0.1% all the mixtures could be made without the "fluffy" 

mixtures being formed.

Pluronic F6 8  (PF6 8 ) produced a different shape graph when compared to S.L.S. Here, 

a deflection in the gi'aph is seen at a concentiation of 0.001%. This is due to 

monomolecular micelle formation occurring. From work canied out by Piasad et al 

(1979), another deflection point should also be seen at 0.1% due to polymolecular 

aggregation taking place within the system. From the results, two Pluronic 

concentrations were chosen, which were 0 .0 0 0 1 % and 0 .0 1 %, above and below the 

first deflection point, to give a change in surface tension from 62.54 to 49.46 dynes 

per cm. for a 1 0 0  fold dilution.

2.4.2 Contact angle

The contact angle data is tabulated in table 2.3. It must be noted that the results 

represent apparent contact angles as problems occuned in making measurements 

section 2 .2 .12 .

From the results it can be seen that both Avicel PHlOl and baiium sulphate are 

hydrophilic in nature, with barium sulphate being the more hydrophilic. When a 

surfactant is added to the system the contact angle is decreased and as the 

concentration of surfactant is increased, the powders become completely wetted with 

the contact angle becoming undefined.

When the two powders aie mixed together, a contact angle between the two individual 

powders is produced. This shows that the systems tested in this work are
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predominantly hydrophilic in nature. To contrast this, Glycerol monostearate was 

added to make the mixtures hydrophobic in nature. When the Glycerol monostearate 

and barium sulphate are combined it is seen that the Glycerol monostearate appears 

to coat the barium sulphate to produce a hydrophobic mixture before the Avicel 

PHlOl is added.

2.4.3 Swelling properties

From the results tabulated in table 2.3.3 below it can be seen that the swelhng 

properties of the powders are very complex especially when differing concentrations 

of S.L.S. are used.

When water is used, it is seen that Avicel PHlOl powder swells dramatically whereas 

barium sulphate seems to become more compact in structure. The powder mixture 

shows that the Avicel PHlOl factor predominates the system in the swelling 

properties.

When S.L.S. is added, at lower concentrations, an increase in the swelling properties 

aie seen especially with the barium sulphate. Changes aie also seen in the powder 

mixture at low concentiations of S.L.S. in that the baiium sulphate swelling effect 

seems to dominate the system and that the greatest increase in volume is seen with the 

powder mixture at 0.01% S.L.S. After this point, both the powder mixture and barium 

sulphate, percentage volume increase seems to decrease to below that seen with just 

water at a concentration of 10% S.L.S. However, this effect is not seen with the 

Avicel PHlOl. Here, the percentage volume seems to increase in steps at 0.1 and 5% 

S.L.S.

The reason for the changes that occur at 0.01% could be linked to the system 

changing from being flocculated to deflocculated. This though is not seen with the 

Avicel PHlOl and particle changes within the Avicel PHlOl system must be different 

to the other two systems showing the complexity of the powder/liquid interactions. 

The main feature that this series of experiments is that Avicel PHlOl is able to nearly 

double its volume which maybe why it is such a good extrusion aid, as it is able to 

adsorb so much liquid within its structure. Barium sulphate on the otherhand, with 

water, becomes more compressed and maybe the reason why mixtures containing a 

high proportion of barium sulphate aie difficult to extrude.
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Powder Liquid Contact angle

Avicel PHIOI Water 40.53

25% Glycerin 46.16

0.001% S.L.S. 42.94

0.01% S.L.S. 33.25

0.1% S.L.S. 24.42

1% S.L.S. undefined

0.0001% PF6 8 18.57

0.01% PF6 8 undefined

barium sulphate Water 19.57

25% Glycerin 28.04

0.001% S.L.S. 23.51

0.01% S.L.S. undefined

0.1% S.L.S. undefined

1% S.L.S. undefined

0.0001% PF6 8 19.13

0.01% PF6 8 undefined

Equal part mixture (w/w) 
of BaSO^ and Avicel 

PHIOI

Water 35.52

i t 25% Glycerin 35.98
f t 0.001% S.L.S. 31.35
f t 0.01% S.L.S. 30.74
f t 0.1% S.L.S. undefined
f t 1% S.L.S. undefined
f t 0.0001% PF6 8 undefined
f t 0.01% PF6 8 undefined

Glycerol monostearate Water 119.26

8 : 2  barium sulphate to 
Glycerol mono stearate

Water 117.34

Table 2.3:- Contact angle data for varions powders
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Powder Liquid Average % volume increase 
relative to initial dry 

powder

Avicel PHIOI Water 50.27

0.001% S.L.S. 59.64

0.01% S.L.S. 59.64

0.1% S.L.S. 72.69

1% S.L.S. 71.18

5% S.L.S. 84.69

10% S.L.S. 9&96

0.0001% PF6 8 6 6 . 6 6

0.001% PF6 8 60.71

0.01% PF6 8 50.00

0.1% PF6 8 55.55

barium sulphate Water -18.20

0.001% S.L.S. 18.20

0.01% S.L.S. 81.81

0.1% S.L.S. 74.90

1% S.L.S. -18.18

10% S.L.S. -27.27

0.0001% PF6 8 0 . 0

0.001% PF6 8 0 . 0

0.01% PF6 8 0 . 0

0.1% PF6 8 0 . 0

Table 2.4:-Swelling data of various powders
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Powder Liquid Average % volume increase 
relative to initial dry 

powder

Equal powder mixture Water 51.87

" 0.001% S.L.S. 60.80
f t 0.01% S.L.S. 9&28
f t 0.1% S.L.S. 82.14
t t 1% S.L.S. 48.15
t t 10% S.L.S. 40.74
t t 0.0001% PF6 8 55.55
I t 0.001% PF6 8 46.66
f t 0.01% PF6 8 44.82
f t 0.1% PF6 8 61.53

Table 2.4 continued : - S welling data of various powders

The powder mixture shows a combination of the two powders but its swelling 

properties are seen to be similar to Avicel PHIOI with water and low concentrations 

of S.L.S. but seems to follow trends seem with barium sulphate at higher surfactant 

concentrations.

When PF6 8  is used as the liquid, the baiium sulphate powder does not alter its 

volume. However, with Avicel PHIOI and the equal powder mixture, the percentage 

volume is increased initially but as the concentration of PF6 8  increases the percentage 

volume decreases until at 0.1% PF6 8  an increase in volume is seen again (see table 

2.4). This could be linked to the deflection that occurs in the surface tension results 

relating to the polymolecular aggregation as discussed in section 2.4.1.

2.5 CONCLUSION

Material characterization is an important factor as it can give an idea to the type of 

system that is being used. The results indicate that both baiium sulphate and Avicel
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PHIOI are hydrophilic in nature. Conversely, when G.M.S. is combined with barium 

sulphate the powder mixture becomes veiy hydiophobic and so alters the nature of the 

system.

The differing liquid binders were characterised by their surface tension values. The 

concentration of surfactant chosen was based on a significant change in surface 

tension from that produced with water. Glycerin was chosen though, for its change in 

viscosity rather than its surface tension value.

The swelling data indicated that, when a liquid and powder are mixed a very complex 

system is produced. Although both barium sulphate and Avicel PHIOI are hydrophilic, 

their swelling properties with water are very different, with Avicel PHIOI increasing 

its volume by approximately 50% and barium sulphate volume decreasing. By adding 

a range of S.L.S. concentrations to the different powder systems, the complexity of 

the interactions between liquid and powder become very apparent. Changes at around 

0.1% S.L.S. are seen with the powder mixture and barium sulphate where at 

concentrations greater than 0 . 1 % produce a dramatic decrease in the percentage 

volume increase. This might be linked to the critical micelle concentration of S.L.S. 

(which is 0.23%) causing the system to change from being flocculated to 

deflocculated. Avicel PHIOI, on the otherhand, follows a stepwise increase in its 

percentage volume increase. This shows that the critical micelle concentration seems 

to have no effect on the percentage volume increase, unlike that seen with the other- 

two powders, and particle charges within the system are very complex. When PF6 8  

is used, the volume of the Avicel PHIOI and the equal powder mixture decrease as 

the concentration of PF6 8  increases. However, at 0.1% PF6 8  an increase is seen in the 

volume of the two powder systems and could be related to the polymolecular 

aggregation that occurs around this concentration. Barium sulphate does not alter its 

volume when differing concentrations of PF6 8  are used.

Therefore, for a powder mixture not only does the individual characteristics need to 

be considered but also the interaction that may occur between all the differing 

components of the system as well as powder/liquid interactions can be very complex.
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CHAPTER 3
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CHAPTER 3:- EXTRUSION, SPHERONISATION AND SPHERE 

CHARACTERIZATION 

3.1 INTRODUCTION

Spheres were produced by exti*usion and spheronisation using a ram extruder as 

described in section 2 2 2 .  This is where a wet powder mixture is forced through an 

orifice, under pressure, to produce long, unifoiTn, cylindiical extiudate. The extrudate 

is then spheronised to produce granules.

The size, shape and quality of the spheres produced depends on many factors 

including the formulation of the wet mass. The following work examines the effect 

of changing the formulation and process variables on the quality of the spheres 

produced.

3.2 METHODS

3.2.1 Preparation of mixtures

The dry powders were weighed (Mettler PC1616 balance) and mixed in a planetary 

mixer (Kenwood Major) for 5 minutes at the lowest setting. The requhed amount of 

liquid was then added and the mixing continued for a further 10 minutes. The mixing 

process of the wet mass was stopped at 2  minute intervals to scrape the sides of the 

bowl and blade so that an even distribution of liquid could be achieved. The wet mass 

was then placed in a labelled polythene bag and sealed. This was then stored overnight 

to ensure complete equilibrium of the mixture as results shown by Raines (1990) 

indicated that for Avicel PHIOI at least 4 hours equilibrium time is required.

For mixtures containing Glyceryl Monostearate (G.M.S.) an initial stage was required 

prior to the above method. An excess weight (5g above that required) of the G.M.S. 

was placed in a metal evaporating dish and put in an oven (Gallenkamp hot box oven 

with fan, size 1 ) at 70°C until melted, barium sulphate was then weighed out and 

placed in the mixing bowl. The required amount of molten G.M.S. was then added to 

the barium sulphate and the resulting mixture was mixed in a planetary mixer 

(Kenwood Major) until a fine granulation was produced. The mixing process was
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stopped inteiTnittently to remove solidified mass from the sides of the bowl and blade. 

The granulation was then passed through a 2mm mesh to remove any large granules. 

The granulation was then treated as 6iy  powder and the method above was followed 

to produce a wet mass for extrusion.

3.2.2 Ram extrusion

A hai'dened steel baiTel (figure 3.1) and single hole die of length 6 mm and radius 

0.75mm (figure 3.2) was used for the extrusion of the wet mass. The design of these 

were based on the work canied out by Ovenston and Benbow (1968). The barrel was 

20.5cm long with an internal diameter of 2.5cm and a wall thickness of 0.95cm. The 

piston was 27cm long and 25mm in diameter. A PTFE ring was placed 6 mm from the 

end of the piston to provide a low friction seal during the extmsion process.

A rubber "o"-ring was placed in the groove on the bottom of the baiTel which is then 

aligned with the groove in the die. The position of the holes aie matched and the alien 

screws aie tightened using the alien key.

Wet powder mass is then added to the banel and the large voids aie removed by 

pushing a perspex plunger, of a smaller diameter than the ban*el, into the banel. This 

process is repeated until the wet powder mass level is 1 0 mm below the top of the 

banel.

The piston was then inserted into the banel and the whole assembly placed on a C- 

piece (where collection of the extrudate takes place) below the load cell (figure 3.3). 

The required ram speed, maximum force and displacement values were entered into 

the computer. The crosshead was lowered so that the piston head was in place. The 

extrusion force, measured by the load cell, was plotted against the displacement to 

produce an extnision profile which was then stored on a floppy disc.

3.2.3 Spheronisation

The extnidate (200g) was spheronised on a 22.5cm diameter spheroniser (G.B. Caleva 

Ltd., Dorset, U.K.) with a radial geometiy plate (section 1, figure 1.10) at a constant 

speed of lOOOr.p.m. After 5 minutes the inner lid was raised slightly to leave a slight 

gap at the top of the spheroniser to prevent vapour condensation occuning on the lid 

and sides of the spheroniser. Spheronisation then continued for a further 10 minutes.
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Figure 3.1:- Diagram of the extruder banel and piston setup.
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Figure 3.2:- Diagram of the die assembly for the ram extruder.
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Figure 3.3:- Diagram of the ram extruder in the physical testing instrument (Lloyds

MX50).
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The pellets were then removed via the collection shoot.

3.2.4 Drying

The spheres were diied in an oven (Gallenkamp hot box oven with fan, size 1) at 60°C 

for 1 2  hours before being stored in a sealed, labelled polythene bag.

3.2.5 Analysis of the pellets

The pellets were analysed by visual, sieve, image analysis, density and porosity 

measurements. Each of the methods are described below:-

3.2.5.1 Visual analysis

The spheres were visually analysed and classed as either dry (dumb-bell and/or 

eclipsed) or good (appeared spherical) or wet (large and/or agglomerations). Any 

distinctive visual feature was also noted.

3.2.5.2 Sieve analysis

This was canied out by placing the pellets on a set of sieves with a V2 progression 

ranging from 0.5 to 2.8mm in size. The range of sieves chosen was determined by the 

visual analysis of the spheres so that a complete stack, including the base, was six. 

The pellets were placed on a sieve shaker (Endecott, Endecott (test sieves) Ltd., 

London, U.K.) for 10 minutes and the weight retained on each sieve was determined. 

For each sample a graph of particle size against percentage oversize was used to find 

the median particle size and the interquartile range (particle size at 75% subtracted 

from the par ticle size at 25%).

3.2.5.3 Image analysis

The method that was used is based on the work carried out by Podczeck and Newton 

(1994) using a Seescan Image Analyser (Solitaire 512, Seescan, Cambridge, U.K.) 

connected to a black and white camera (CDD-4 miniature video camera module, 

Kengo Co. Ltd.) and a zoom lens (18-108/2.5 Olympus, Hamburg, Germany) as 

shown in figure 3.4.
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Figure 3.4:- Diagram of the image analyser.

Samples were prepared by randomly selecting 50 granules from each batch and 

placing them onto a glass slide by using double sided clear sellotape. The image 

analyser was then switched on in a darken room and a sample was placed under the 

camera. The zoom lens was then focused so that the granules were clearly marked 

especially around the edges. The machine was then calibrated by replacing the sample 

slide with a clear plastic ruler using a distance of 1 0 mm to calibrate the image 

analyser. The threshold value was then set for each sample batch by adjusting the 

level until all the granules were red and separated from the contrasting blue 

background. It was important that the threshold was then taken slightly below and 

above the considered threshold to make sure that the correct setting had been found. 

Once the threshold had been set the sample was then "killed" to remove any small red 

spots which may have been caused by tiny particles in the sample or overlapping of 

the sellotape. Each granule was then analysed separately using the programme to give 

a value for the shape factor, aspect ratio, perimeter, breadth and length. The data 

produced for each sample was then analysed by using a single sided t-test for shape 

factor and aspect ratio using a standard shape factor of 0.75 and aspect ratio of 1.04
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which were found from using a steel ball bearing (Podczeck and Newton 1994). The 

arithmetic mean and standard deviation was then determined for the Shape factor, 

aspect ratio and perimeter. From these results it could be seen if the samples could be 

classed as spherical or non-spherical.

3.2.S.4 Density and porosity

The density of the individual powders and spheres was carried out by using the 

Beckman Model 930 Air Comparison Pycnometer. The sample was weighed on a 

Oertling TP4 balance and placed in the ah' pycnometer. The sample volume was then 

found using the air pycnometer and the density calculated from mass (g) divided by 

volume (cm^). Each batch was repeated in triplicate, taking random samples each time, 

and the average density was calculated.

The porosity was then calculated for each batch of spheres from the following 

equation:-

Porosity = 1 - (granule density/powder density) Equation 3.1

where

granule density = average density of the granules calculated from the air pycnometer 

powder density = density of the powder mass calculated from:-

powder density = (proportion of barium sulphate x 4.37g/cm^) -i- (proportion of Avicel 

PHIOI X 1.52g/cm^) 4 - (proportion of G.M.S. x 0.98g/cm^)

3.3 RESULTS

3.3.1 Force/displacement results

The force/displacement graphs and data (tabulated in table 3.1a and b below) can 

provide useful information on the characterization of a wet powder mass. A good 

mixture should have a short compression stage followed by a long steady state and 

preferably no force flow to occur at the end (a typical plot is portrayed in section 1, 

figure 1.6) so that the extrudate produced is consistent throughout the process.
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Graphs 3.5 shows that as the mixture becomes wetter, the force required to extrude 

the mixture is decreased and the steady state stage occurs for a longer period of time. 

However, if a mixture becomes too wet then, from the force/displacement graphs, the 

steady state force becomes very low (less than 4 kN) with a short or no compression 

stage occuning. If a mixture is very dry then, generally, there is a longer compression 

stage with either none or a very short steady state stage followed by force flow for the 

remainder of the process.

Differences can also be seen when the formulation of the mixture is changed, as seen 

in graphs 3.6. A high proportion of barium sulphate results in the force of extrusion 

increasing and the length of the steady state stage being reduced, causing inconsistent 

exti'udate to be produced. For the formulation of baiium sulphate to Avicel PHIOI of 

8:2:2.125, the extiusion was automatically stopped halfway through due to the force 

exceeding 20 kN.

When G.M.S. was added to vaiying formulations changes in the force/displacement 

graphs were obseiwed. For all fomiulations containing G.M.S., including the drier 

mixtures, there was always a long steady state (as shown in graph 3.7) indicating that 

G.M.S. can be used as an excipient to aid in the process of extrusion.

When the liquid binder was changed, slight differences were observed with the steady 

state forces. Graphs 3.10 shows that by increasing the percentage of glycerin results 

in the force of extrusion gently increasing until about 25% where, after this point, the 

force increases more dramatically until at 1 0 0 % glycerin the mixture cannot be 

extruded. A concentration of 25% Glycerin was chosen as a liquid binder comparison 

to water, and as expected, the steady state force was increased for all mixtures. For 

the drier mixtures, more liquid was required for the extrusion process to take place as 

at the preset moisture levels the force required for extrusion exceeded 20 kN. By 

adding a surfactant (0.1% S.L.S.) to the liquid binder, a slight decrease in the steady 

state force is observed but with the two strengths of Pluronic F6 8  chosen resulted in 

either no apparent change or a slight increase in the steady state force (as seen in 

graph 3.8).
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Mixture
B:A:Liq.

Speed
mm/min.

Liquid binder

Water 25%
Glycerin

0 T%
S.L.S.

0 .0 0 0 1 %
PF6 8

0 .0 1 %
PF6 8

0:10:8.17 2 0 0 12.81 17.74 12.34 13.79 13.79

2 0 3.61-16.74 6-19.1 1.88-14.46 1.88-16.98 1.57-17.10

0 : 1 0 : 1 0 2 0 0 6.44 9.03 6.44 636 5.73

2 0 1.37-8.0 3.6-8.8 0.78-7.5 1.96-8.8 1.0-6.3

0 : 1 0 : 1 2 2 0 0 2.75 4.41 2.75 3.18 4.24

2 0 2.16 2.63 1.25 1.3-4.3 0.9-6.2

2:8:6.5 2 0 0 15.56 15.99 13.99 16.15 14.93

" 2 0 1.88-19.69 4.9-19.6 4.2-17.45 1.6-19.8 2.2-19.7

2 :8 : 8 2 0 0 7.58 9.74 6.87 8.09 6.32

"
2 0 1.57-9.82 2.8-12.9 1.53-9.15 2 .0 -8 . 8 1.76-7.89

2:8:10.5 2 0 0 2.24 2.65 2.24 2.67 2.35

2 0 1.49 1.8-3.4 0.82-2.63 1.17-3.2 1.06

5:5:4.5 2 0 0 14.46 14.3 13.20 14.54 15.48

"
2 0 2.79-20 5.2-17.8 2.75-19.96 2.3-20 2.3-19.4

5:5:6 2 0 0 5.73 7.74 4.87 6 . 6 5.2

2 0 1.88-7.8 4.5-9.1 1.49-2.31 1.5-8.2 L 8 8

5:5:8 2 0 0 1 . 2 1 Z39 1 . 2 1 1.92 1.84

2 0 0.9 1.5-2.4 0.70 0 . 6 6 0 . 8 6

8:2:2.125 2 0 0 13.08-20 17.1-20 12.73-20 14.2-20 12.4-20

2 0 5.58-20 4.4-20 5.03-20 2.5-20 6 .2 - 2 0

8:2:3 2 0 0 7.54 9.82 6.99 7.07 6.72

2 0 1.72-20 2 .6 - 2 0 1.7-20 2.3-20 1.76-20

8:2:4 2 0 0 2.71 4.2 1.84 2.04 2.47

" 2 0 0.82-9.2 2.04-10.3 0.55-7.4 0 .8 - 1 1 0.6-7.8

Table 3.1a:- Steady state force or force range (kN) for the extrusion of 
formulations containing barium sulphate (B), Avicel PHIOI (A) and various liquids

(Liq).
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Mixture 
B:A:GMS: Water

Speed of extrusion 
mm/min

Steady state force 
kN

1:4:5:4 2 0 0 5.65

2 0 3 J2

2:4:4:4 2 0 0 6.24

2 0 3.49

3:4:3:4.5 2 0 0 5.03

2 0 Z83

3:4:3:4.8 2 0 0 4.00

2 0 2.47

4:4:2:3 2 0 0 12.49

2 0 8.09

4:4:2:4.8 2 0 0 4.52

"
2 0 2.55

4:4:2:6 2 0 0 2.63

8:1:1:1.75 2 0 0 7.46

2 0 3.96

8:1:1:2.125 2 0 0 4.91

2 0 2.51

8:1:1:2.875 2 0 0 1.76

2 0 0.47

9:0.5:0.5:1.625 2 0 0 5.10

2 0 1.57-20

9:0.5:0.5:1.75 2 0 0 4.55

8:0:2:1.125 2 0 0 4.44

2 0 2 . 1 2

9:0:1:1.25 2 0 0 7.50

2 0 3.32-20

Table 3.1b:- Steady state force or force range (kN) for the extrusion of 
formulations containing barium sulphate (B), Avicel PHIOI (A), G.M.S. and water.
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Force (KN)

20

10

5:5:4.5
5:5:6
5:5:8

0.00 10.00 20.00

D is p la c e m e n t (cm )

Figure 3.5:- Force/displacement graphs showing the effect o f changing the moisture
content on a mixture containing barium sulphate to Avicel PHIOI to water o f  5:5:4.5,

5:5:6 and 5:5:8 extruded at 200mm/min.
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Force (KN)

20

10

0

10.000.00 20 .00

0:10:8.17
2:8:6.5
5:5:4.5
8:2:2.125

D is p la c e m e n t  (cm )

Figure 3.6:- Force/displacement graphs showing the effect o f  changing the ratio of
barium sulphate to Avicel PH 101 to water on dry mixtures extruded at 200mm/min.
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Force (KN)

20

10 H

/
V

5:5:0:4.5
4:4:2:3
8:0:2:1.125

0.00 10.00 20.00

D is p la c e m e n t (cm )

Figure 3.7:- Force/displacement graphs showing the effect o f  adding G.M.S. to dry
mixtures containing various ratios o f barium sulphate to Avicel PHIOI to G.M.S. to

water extruded at 200mm/min.
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Force (k N )

20

10 -

1

Water
25% Glycer. 
0.1% S.L.S. 
0.01% PF68
0.0001% PF68

0.00 10.00 20.00

D is p la c e m e n t (cm )

Figure 3.8 > Force/displacement graphs showing the effect o f  altering the liquid
binder on a dry mixture containing barium sulphate to Avicel PHIOI to liquid o f

5:5:4.5 extruded at 200mm/min.
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Force (k N )

7 -

6 -

4 4

2 -I

Fast
Slow

0.00 10.00 20.00

D is p la c e m e n t (cm )

Figure 3.9 Force/displacement graphs showing the effect of changing the extrusion 
speed from 2 0 0 mm/min. to 2 0 mm/min. on a good mixture containing barium sulphate

to Avicel PHIOI to water of 5:5:6.
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P E R C E N T A G E  CO N CEN TR A TIO N  O F GLYCERIN

Figure 3.10:- The effect of increasing the concentration of glycerin on the steady 
state force required for extrusion using a mixture of barium sulphate to Avicel

PHIOI to liquid of 5:5:7.

Graph 3.9 shows the effect of changing the speed of extrusion from 200 to 20mm/min. 

Here, as the speed of extrusion decreases so the force required for extrusion becomes 

more variable resulting in the consistency of the extrudate changing also. This is seen 

with all mixtures tested. However, with the slowest speed, the force required for 

extrusion initially is lower than that for the faster speed but as the extrusion process 

continues this is changed. Although the faster speed has the highest steady state force 

initially, the steady state stage occurs for a prolonged period when compared to the 

slower speed resulting in a more consistent extrudate being produced.

3.3.2 Visual analysis

For all mixtures of barium sulphate to Avicel PHIOI ratios, three types of mixtures 

were produced. These were:-

1 . a dry mixture where the shape of the particles were eclipsed and/or dumb-bell 

which indicates that not enough moisture was present to complete the spheronisation 

process.

2 . a good mixture where spherical shaped granules were produced.
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3. a wet mixture where agglomerations and/or large granules were produced on 

spheronisation often accompanied by a dimpled granule surface. This indicated that 

too much fluid was present and the particles adhered to each other forming 

agglomerations.

For the mixture of barium sulphate to Avicel PHIOI to liquid binder of 8:2:2.125 the 

spheres produced were spherical in shape but the mixture was classified as dry as the 

extrusion process stopped automatically halfway through due to the force required for 

extrusion exceeding 20kN. This indicated that the mixture was too dry.

When G.M.S. was added to mixtures of barium sulphate and Avicel PHIOI, at high 

G.M.S. levels, the granules produced were seen to contain holes showing that 

densification was incomplete during the spheronisation process. As the G.M.S. content 

increased, pieces were broken from the granules which became softer in nature, shown 

by the deformation occuning when they were compressed.

3.3.3 Particle size analysis

Data relating to the particle size analysis, canied out by sieving, is tabulated in table 

3.2a, 3.2b, 3.3a and 3.3b below. The median paiticle size gives an indication to the 

size of granules produced whereas the interquartile range shows the range of granule 

size within a given batch.

Within each ratio of barium sulphate to Avicel PHIOI, the slower speed of extrusion 

produces larger gianules than the faster speed. This occurs as the slower speed of 

extrusion causes the initial extrudate to be wetter in consistency and the final extrudate 

to be drier as the mobility of the fluid is increased. This then leads to larger granules 

being formed from the wetter initial extrudate collection and the large value of the 

interquartile range shows that the extrudate is more inconsistent when compared to the 

same mixture extruded at the faster speed.

By using 25% glycerin as the liquid binder, the median particle size seems to be 

increased at the lower moisture levels. However, with the mixtures that are classified 

as wet, the mean particle size is either similar to that seen with water or slightly less. 

This could be due to the increase in viscosity causing less mobility of the liquid 

binder resulting in the granule size range decreasing through the series of moisture 

levels.
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Mixture
B:A:Liq.

Speed
mm/min.

Liquid binder

Water 25%
Glycerin

0 . 1 %
S.L.S.

0 .0 0 0 1 %
PF6 8

0 .0 1 %
PF6 8

0:10:8.17 2 0 0 863 1155 911 1004 1097

2 0 1193 1155 1282 1205 1193

0 : 1 0 : 1 0 2 0 0 733 1155 742 927 1032

2 0 1226 869 1492 1234 1169

0 : 1 0 : 1 2 2 0 0 1613 1639 1 2 0 1 1314 2060

2 0 1685 2115 1565 1540 2064

2:8:6.5 2 0 0 879 1139 919 1064 1084

2 0 1242 1164 1161 1 2 2 2 1266

2 :8 : 8 2 0 0 693 1290 685 980 838

2 0 1258 1295 1476 1298 1391

2:8:10.5 2 0 0 1855 2229 1661 1814 1688

2 0 2242 2278 2032 1891 1685

5:5:4.5 2 0 0 1 1 2 1 1139 1129 1161 1169

2 0 1443 1655 1605 1512 1576

5:5:6 2 0 0 685 1123 726 1032 1130

2 0 1661 1606 1645 1649 1169

5:5:8 2 0 0 >2800 >2800 >2800 >2800 >2800

2 0 >2800 >2800 >2800 >2800 >2800

8:2:2.125 2 0 0 1629 1680 1726 1661 1673

"
2 0 2379 2155 2362 2096 >2800

8:2:3 2 0 0 1193 1704 1153 1665 1655

2 0 >2800 2008 >2800 1673 1669

8:2:4 2 0 0 >2800 2133 >2800 1677 1669

2 0 >2800 2360 >2800 >2800 2435

Table 3.2a:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A)
and liquid (Liq) on the median particle size (/Um) for different binder solutions.
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Mixture 
B:A:GMS: Water

Speed of extrusion 
mm/min

Median particle 
size jjm

1:4:5:4 2 0 0 2330

" 2 0 2346

2:4:4:4 2 0 0 2290

2 0 2274

3:4:3:4.5 2 0 0 1661

2 0 1717

3:4:3:4.8 2 0 0 1661

2 0 1814

4:4:2:3 2 0 0 1741

2 0 1693

4:4:2:4.8 2 0 0 1645

2 0 1661

4:4:2:6 2 0 0 2395

8:1:1:1.75 2 0 0 1657

"
2 0 1670

8:1:1:2.125 2 0 0 1733

2 0 1717

8:1:1:2.875 2 0 0 2411

2 0 2459

9:0.5:0.5:1.625 2 0 0 1774

2 0 2629

9:0.5:0.5:1.75 2 0 0 1669

8:0:2:1.125 2 0 0 1693

2 0 1669

9:0:1:1.25 2 0 0 1879

2 0 >2800

Table 3.2b:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A),
G.M.S. and water on the median particle size (//m).
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Mixture
B:A:Liq.

Speed
mrn/min.

Water 25%
Glycerin

0 . 1 %
S.L.S.

0 .0 0 0 1 %
PF6 8

0 .0 1 %
PF6 8

0:10:8.17 2 0 0 326 246 359 354 307

2 0 247 318 431 2 1 0 2 2 2

0 : 1 0 : 1 0 2 0 0 258 246 246 419 371

2 0 258 181 484 269 230

0 : 1 0 : 1 2 2 0 0 710 508 234 464 803

2 0 701 - 415 657 803

2:8:6.5 2 0 0 334 296 331 338 315

" 2 0 286 279 2 1 0 254 371

2 :8 : 8 2 0 0 250 226 258 443 275

2 0 306 250 496 448 286

2:8:10.5 2 0 0 723 863 455 653 496

2 0 839 863 816 705 460

5:5:4.5 2 0 0 254 269 246 214 2 1 0

2 0 504 343 355 484 487

5:5:6 2 0 0 258 336 258 364 295

"
2 0 298 383 298 318 306

5:5:8 2 0 0 - - - - -

"
2 0 - - - - -

8:2:2.125 2 0 0 346 310 387 318 137

"
2 0 407 875 395 1218 -

8:2:3 2 0 0 206 322 242 306 306

2 0 - 544 - 310 137

8:2:4 2 0 0 - 302 - 302 133

2 0 - 415 - - 455

Table 3.3a:- the influence of the ratio of barium sulphate (B), Avicel PHIOI (A) 
and liquid (Liq) on the interquartile range (mm) for different binder solutions.
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Mixture
B:A:GMS:Water

Speed of extrusion 
mm/min

Interquartile range 
(pm)

1:4:5:4 2 0 0 419

2 0 399

2:4:4:4 2 0 0 456

2 0 468

3:4:3:4.5 2 0 0 314

2 0 363

3:4:3:4.8 2 0 0 310

2 0 605

4:4:2:3 2 0 0 387

2 0 334

4:4:2:4.8 2 0 0 315

2 0 306

4:4:2:6 2 0 0 431

8:1:1:1.75 2 0 0 319

2 0 298

8:1:1:2.125 2 0 0 387

2 0 351

8:1:1:2.875 2 0 0 460

2 0 520

9:0.5:0.5:1.625 2 0 0 597

2 0 -

9:0.5:0.5:1.75 2 0 0 387

8:0:2:1.125 2 0 0 395

2 0 359

9:0:1:1.25 2 0 0 1113

2 0 -

Table 3.3b: The influence of the ratio of barium sulphate (B), Avicel PH 101 (A),
G.M.S. and water on the interquartile range (mm).
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When the liquid binder is changed to 0.1% S.L.S., the median particle size does not 

appear to alter in comparison with water. By adding PF6 8  to the formulation, the 

median particle size seems to increase slightly when compared to water especially at 

the lower moisture levels, indicating that the decrease in surface tension causes a 

greater mobility of the liquid during the extmsion process.

When G.M.S. is added to the fonnulation, the median particle size, when compared 

to mixtures without G.M.S., is increased. This could be linked to the quality of the 

exti'udate produced during the extmsion process. Mixtures containing G.M.S. produced 

a smoother exti’udate surface than those without G.M.S. which appeared either rough 

or shark skinned at the lower moisture levels. When rough or shark skinned extrudate 

was spheronised, the granules tended to be smaller in size as the extrudate broke at 

the weak points unlike the extmdate with G.M.S. which was chopped and then 

rounded.

From the interquaitile range data, all good mixtures extmded at the faster speed gave 

a low value showing that a narrow size distribution was produced.

It is very difficult, by looking at the data, to see if any significant differences are seen 

from changing the liquid binder, altering the formulation and changing the processing 

conditions, although some minor differences have been pointed out. Therefore, a 

statistical analysis was canied out as will be described in chapter 7.

3.3.4 Image analysis

The results are tabulated in table A1-A7 in the appendix. A summarized version 

highlighting some of the process and formulation vaiiables is tabulated in table 3.4. 

The limitations of the image analysis system used has been previously discussed in 

section 1 3 3 3 .1 .

From the t-test results tabulated in table A1-A7, all the samples were significantly 

different from the standard taken as a ball bearing, except the ratio of barium sulphate 

to Avicel PH 101 to 25% glycerin of 8:2:3 where the aspect ratio t-test value was 

1.403 (the critical value of t for a one tailed t-test with a probability of 0.05 is 

approximately 1 .8 ).

From table 3.4 it can be obsemed that by increasing the liquid content within a given
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ratio results in the granules becoming more spherical in shape. However, if too much 

fluid is present, although the granules may become more spherical in shape, the size 

of the granules will also increase and there will be a point where the granules will be 

classified as too large to be considered as a good product.

As the content of barium sulphate increases, the granules become more spherical in 

shape. This is also seen when G.M.S. is added to a formulation. However, by 

changing the type of liquid binder used, for a ratio of 5:5:6 extruded at 200mm/min., 

the shape factor and aspect ratio values appear very similar suggesting that the choice 

of liquid binder has no influence on the paiticle shape although changes were seen in 

the size of the granules produced.

The speed of extrusion has some influence on the granule shape. For dry and wet 

formulations the faster speed produces rounder granules but for good mixtures the 

slower speed produces better shape granules.

Although changes in the granule shape were seen by varying the process conditions 

and changing the formulation, it is very difficult by looking at all the data to confirm 

all the points highlighted above. Therefore, a statistical analysis programme was used. 

This will be described in chapter 7.

3.3.5 Density

The density data is tabulated in table 3.5a and b. From the results, it is hard to 

determine if there is any significant differences between the different systems just by 

observing the data.

Generally, the wet mixtures have the lowest density values, within a given ratio, and 

the good mixtures have a similar or greater value than the dry mixtures indicating that 

densification during the spheronisation process, is greater for good mixtures than those 

which produce an inappropriate granule shape.

Some differences can be seen when S.L.S. is used as the liquid binder. Here, for the 

higher ratios of Avicel PHlOl, the density values seem to be lower when compared 

to those with the other binders. However, as the barium sulphate content increases 

then the density values become higher than those without S.L.S.
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Mixture
B:A:Liq.

Liquid
binder

Extrusion
speed

mrn/min.

Mean Ê Mean A.R. Mean
perimeter

mm

2 :8 :6 .5 water 2 0 0 0.35 1.17 2958

2 :8 : 8 water 2 0 0 0.42 1 . 1 0 2205

2:8:10.5 water 2 0 0 0.52 1.08 6077

5:5:4.5 water 2 0 0 0.36 1.31 4009

5:5:4.5 water 2 0 0.31 1.32 5070

5:5:6 water 2 0 0 0.47 1.08 2317

5:5:6 water 2 0 0.55 1.06 4809

5:5:8 water 2 0 0 0.51 1.09 10933

5:5:8 water 2 0 0 0.42 1.15 1513

8:2:2.125 water 2 0 0 0.54 1.09 5379

8:2:3 water 2 0 0 0.57 1.06 4031

8:2:4 water 2 0 0 0.57 1.06 7874

5:5:6 25%
glycerin

2 0 0 0.47 1 . 1 1 3836

5:5:6 0.1% S.L.S. 2 0 0 0.53 1.07 2292

5:5:6 0 .0 0 0 1 %
PF6 8

2 0 0 0.50 1.07 2972

5:5:6 0.01% PF6 8 2 0 0 0.51 1.07 3474

Mixture
B:A:G:Liq

4:4:2:3 water 2 0 0 (X38 1.19 6698

4:4:2:6 water 2 0 0 0.47 1 . 1 2 8742

8:1:1:1.75 water 2 0 0 0.60 1.05 5232

8:1:1:2.87 water 2 0 0 0.45 1.14 9004

9:0:1:1.25 water 2 0 0 0.49 1 . 1 2 11486

Table 3.4:- The influence of the ratio of baiium sulphate (B), Avicel PH 101 (A), 
G.M.S. and liquid binder (Liq) and extrusion speed on the shape factor, E,, aspect 

ratio, A.R., and perimeter of granules using different binder solutions.
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Mixture
B:A:Liq.

Speed
mm/min.

Liquid binder

Water 25%
Glycerin

0 . 1 %
S.L.S.

0 .0 0 0 1 %
PF6 8

0 .0 1 %
PF6 8

0:10:8.17 2 0 0 1.50 1.49 1.47 1.52 1.52

2 0 1.39 1.47 1.34 1.42 1.42

0 : 1 0 : 1 0 2 0 0 1.46 1.40 1.38 1.46 1.45

2 0 1.46 1.40 1.36 1.47 1.46

0 : 1 0 : 1 2 2 0 0 1.43 1.43 L38 1.48 1.43

2 0 1.44 1.41 1.38 1.49 1.43

2:8:6.5 2 0 0 1.72 1 . 6 6 1.72 1.76 1.73

2 0 1.65 1.61 1.55 1.65 1.65

2 :8 : 8 2 0 0 1.65 1 . 6 8 1.59 1.67 1.65

" 2 0 1.65 1.56 1.60 1 . 6 6 1 . 6 6

2:8:10.5 2 0 0 1.64 1.58 1.58 1 . 6 8 1.67

2 0 1.64 1.58 1.58 1.69 1 . 6 8

5:5:4.5 2 0 0 2 . 2 0 2.08 2.24 2 . 2 1 2 . 2 0

2 0 2.18 2 . 0 2 2 . 2 2 2.18 2.16

5:5:6 2 0 0 2.23 1.99 2.24 2 . 2 1 2.23

2 0 2 . 2 1 1.98 2.24 2 . 2 0 2.23

5:5:8 2 0 0 2.13 1.94 2.23 2.16 2 . 2 0

2 0 2 . 1 2 1.96 2.25 2.15 2.16

8:2:2.125 2 0 0 3.17 2.94 3.20 3.20 3.22

2 0 3.18 :L84 3.20 3.16 3.24

8:2:3 2 0 0 3.13 :L85 3.19 3.23 3.23

2 0 3.16 2.90 3.20 3.22 3.23

8:2:4 2 0 0 3.19 :L83 3.18 3.21 3.24

2 0 3.19 2.81 3.17 3.20 3.22

Table 3.5a:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A) 
and liquid (Liq) on the density (g/cm^) of the granules using different binder

solutions.
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Mixture 
B:A:GMS: Water

Speed of extrusion 
mm/min

Density g/cm^

1:4:5:4 2 0 0 1.28

2 0 1.30

2:4:4:4 2 0 0 1.37

"
2 0 1.39

3:4:3:4.5 2 0 0 1.49

2 0 1.51

3:4:3:4.8 2 0 0 1.49

2 0 1.54

4:4:2:3 2 0 0 1.69

2 0 1.69

4:4:2:4.8 2 0 0 1.72

2 0 1.74

4:4:2:6 2 0 0 1.76

8:1:1:1.75 2 0 0 2.63

2 0 2.62

8:1:1:2.125 2 0 0 2.63

2 0 2.59

8:1:1:2.875 2 0 0 2.51

2 0 2.52

9:0.5:0.5:1.625 2 0 0 3.34

2 0 3.34

9:0.5:0.5:1.75 2 0 0 3.44

8:0:2:1.125 2 0 0 2.56

2 0 2.57

9:0:1:1.25 2 0 0 3.00

2 0 2.80

Table 3.5b:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A),
G.M.S. and water on the density (g/cm^) of the granules.
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When glycerin is used as the liquid binder, the density values are lower than those 

seen with water and become much lower, when compared to other binders, this is 

emphasized when the content of barium sulphate increases. This indicates that by 

increasing the viscosity of the liquid binder, the extrudate is unable to densify as much 

during the spheronisation process due to the change in the plasticity of the extrudate. 

By adding G.M.S. to a mixture, the granules appear to be less dense. This was also 

seen, by visual analysis results, in that the granules produced appeared softer and at 

high G.M.S. levels holes were observed within the granules showing that G.M.S. must 

alter the extrudate characteristics, in such a way, that the densification process is 

hindered.

The speed of extrusion seems to influence the density values for the dry mixtures 

only, where the slower speed produces a less dense granule. For the good and wet 

ratios, speed does not seem to produce any significant change in the density of the 

granules produced.

3.3.6 Porosity

From the data presented in table 3.6a and b below it can be observed that with Avicel 

PHIOI the granules are non porous but, as the content of barium sulphate increases, 

so the granules become more porous until the barium sulphate content becomes very 

high and the porosity begins to decrease again.

Changing the amount of liquid present appears to have no effect on the porosity of the 

granules although slight changes are seen within some ratios of barium sulphate to 

Avicel PHIOI.

When the type of liquid binder is altered, changes are seen especially when glycerin 

is used. Here, the porosity of the granules is increased showing that less densification 

occurs during the spheronisation process resulting in a more porous product being 

produced. However, by adding a surfactant to the liquid binder results in no change, 

although minor deviations are seen with S.L.S. at high Avicel PHIOI contents.

By adding G.M.S. to a formulation, changes in the porosity are seen. Here, the 

porosity is increased, for all formulations, showing that the granules undergo less 

densification during the spheronisation process.
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Mixture
B:A:Liq.

Speed
mm/min.

Liquid binder

Water 25%
Glycerin

0 T%
S.L.S.

0 .0 0 0 1 %
PF6 8

0 .0 1 %
PF6 8

0:10:8.17 2 0 0 0 . 0 1 0 . 0 2 0.03 0 . 0 0 0 . 0 0

2 0 0.08 0.03 0 . 1 2 0.06 0.06

0 : 1 0 : 1 0 2 0 0 0.03 0.08 0.09 0.04 0.04

2 0 0.03 0.08 0 . 1 0 0.03 0.03

0 : 1 0 : 1 2 2 0 0 0.05 0.06 0.09 0.03 0.05

2 0 0.05 0.07 0.09 0 . 0 2 0.05

2:8:6.5 2 0 0 0 . 2 0 0 . 2 0 0.18 0.16 0.17

2 0 0 . 2 1 0.23 0.26 0 . 2 1 0 . 2 1

2 :8 : 8 2 0 0 0 . 2 1 0 . 2 0 0.24 0 . 2 0 0 . 2 1

2 0 0 . 2 1 0.25 0.23 0 . 2 0 0 . 2 0

2:8:10.5 2 0 0 0 . 2 1 0.24 0.24 0.19 0 . 2 0

2 0 0 . 2 1 0.24 0.24 0.19 0.19

5:5:4.5 2 0 0 0.25 0.29 0.24 0.25 0.25

2 0 0 0.26 0.31 0.25 0.26 0.26

5:5:6 2 0 0 0.24 0.32 0.24 0.25 0.24

2 0 0.25 0.32 0.24 0.25 0.24

5:5:8 2 0 0 0.28 0.34 0.24 0.27 0.25

2 0 0.28 0.33 0.23 0.27 0.26

8:2:2.125 2 0 0 0.17 0.23 0.16 0.16 0.15

2 0 0.16 0.25 0.16 0.17 0.14

8:2:3 2 0 0 0.18 0.25 0.16 0.15 0.15

2 0 0.17 0.24 0.16 0.15 0.15

8:2:4 2 0 0 0.16 0.25 0.16 0.16 0.14

2 0 0.16 0.26 0.17 0.16 0.15

Table 3.6a:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A)
and liquid (Liq) on the porosity of the granules using different binder solutions.
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Mixture
B:A:GMS:Water

Speed of extrusion 
mm/min

Porosity

1:4:5:4 2 0 0 0.16

2 0 0.15

2:4:4:4 2 0 0 0.26

2 0 0.25

3:4:3:4.5 2 0 0 0.32

"
2 0 0.31

3:4:3:4.8 2 0 0 0.32

2 0 0.30

4:4:2:3 2 0 0 0.33

2 0 0.33

4:4:2:4.8 2 0 0 032

"
2 0 0.31

4:4:2:6 2 0 0 0.31

8:1:1:1.75 2 0 0 0.29

"
2 0 0.30

8:1:1:2.125 2 0 0 0.29

"
2 0 0.30

8:1:1:2.875 2 0 0 0.32

2 0 0.32

9:0.5:0.5:1.625 2 0 0 0.17

2 0 0.17

9:0.5:0.5:1.75 2 0 0 0.15

8:0:2:1.125 2 0 0 0.30

2 0 0.30

9:0:1:1.25 2 0 0 0.25

2 0 0.30

Table 3.6b:- The influence of the ratio of barium sulphate (B), Avicel PHIOI (A),
G.M.S. and water on the porosity of the granules.
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3.4 CONCLUSIONS

The force/displacement graphs provide initial information which can help characterize 

a foiTnulation in terms of whether the mixture will be classified as dry, good or wet. 

Also, by looking at the shape of the graph produced during extrusion, information on 

the sensitivity of a given formulation to liquid mobility, formulation variables and 

consistency of the extrudate can be determined. The results highlighted that when 

G.M.S. is added to a foiTnulation, the steady state stage becomes extended which then 

results in the extrudate produced being very consistent throughout the process. 

Assessment of the spheres also showed that by changing the formulation and process 

variables influenced the final product in terms of shape, size, density and porosity. 

Although general conclusions were made for each factor it was difficult to find out 

the overall influence of foiTnulation and process variables had on the final product. 

Hence, a statistical analysis programme was chosen to summaiize the data and will 

be described in chapter 7.
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CHAPTER 4:- LIQUID MOVEMENT USING THE RAM EXTRUDER 

4.1 INTRODUCTION

It is im portant to produce spheres within a specified naiTOw size distribution. To help 

to achieve this, the extrudate produced during the extrusion process m ust have a 

consistent m oisture level throughout the production. If  the form ulation is susceptible 

to the m igration o f liquid during the extrusion process then, the extrudate produced  

w ill be inconsistent. This will result in the initial extrudate being w etter in consistency 

when com pared to the final collection. Hence, w hen the extrudate is spheronised a 

range of granule sizes will be produced which m ay result in different shapes and 

surface chai’acteiistics.

Therefore, by using a ram extruder as described in section 3.2.2, it was possible to 

study the extrusion process and to see if by altering the formulation whether the 

migration of the fluid phase was hindered or increased. Two speeds of extr usion were 

chosen, with the slower speed (2 0 mm/min.) magnifying any changes in the liquid 

movement that may occur and the faster speed (2 0 0 mm/min.) being the speed 

normally chosen for the extrusion process using this apparatus.

4.2 METHOD

The method used to study the movement of liquid during the extrusion process is 

based on the work carried out by Knight (1993). The barrel and die (length 6 mm and 

radius 0.75mm) was set up as described in section 3.2.2. The material was added to 

the barrel as previously described and set up in the same manner in the materials 

testing instrument (Lloyds MX50) using extrusion speeds of 200mm/min. and 

20mm/min. The computer was set to stop at 0.633min. for the 200mm/min. and 

0.063min. for the 20mm/min. Extrudate was collected into numerically pre-weighed 

beakers. The beakers plus wet extrudate were then measured on a Oertling TP41 

balance and placed in an oven (Gallenkamp hot box oven with fan size 1) at 100°C 

for 4 hours. Also, a beaker containing the original wet powder mass was placed in the 

oven as a reference. The dry extrudate plus beaker were then reweighed and the
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amount of liquid lost was calculated for each beaker. Each experiment was repeated 

in triplicate and graphs of moisture difference from mixture was plotted against 

collection number.

4.3 RESULTS

For all five binders (water, 25% glycerin, 0.1% S.L.S., 0.01 and 0.0001% PF6 8 ) and 

the four ratios (0:10, 2:8, 5:5 and 8:2) of baiium sulphate to Avicel PHIOI water 

movements experiments were canied out at 200 and 20mm/min. However, only 

certain points are highlighted in the following results illustrated with mixtures which 

show the greatest influence on the property concerned. In all graphs, the average 

moisture content is plotted and the final collection is related to the plug at the end of 

the process remaining in the banel.

4.3.1 Changing the ratio of barium sulphate to Avicel PHIOI.

From graph 4.1, similai* results are seen between the ratios except for the formulation 

containing 8:2:3 baiium sulphate to Avicel PHIOI to water. Here, the movement of 

water during the extrusion process is increased. This results in a reduced number of 

collections being made during the extrusion process. This is due to the initial 

collections being very wet as the water migrates readily through the system when 

under pressure which causes the final part of the mixture to be too dry to extrudate, 

thus, causing a reduction in the number of collections to be made when compared to 

the other formulations where the migration of water is limited. This shows that when 

a significant amount of Avicel PHIOI is present, the migration of liquid seems to be 

hindered as Avicel PHIOI acts as a sponge by absorbing water and, when necessary, 

as the system becomes dry so it is able to release it aiding consistent moisture levels 

during the extrusion process.

4.2.2 Speed of extrusion.

The speed of extrusion has more influence on the 8:2 ratio of barium sulphate to 

Avicel PHIOI, which is sensitive to water, with the slower speed increasing the 

migration of water during the extiusion process as shown in graph 4.2. With both the
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ratios, the slower speed causes the greatest movement of water when compared to the 

faster speed. The 8:2 ratio, when extruded at the slowest speed, has the greatest 

migration of liquid resulting in the least number of collections being made as the final 

wet mass is too dry to extrude. Therefore, not only is the speed of extrusion an 

important factor but the formulation also has a role in determining the extent to which 

the speed has an influence on the process.

4.2.3 Moisture content.

The moisture content of a given mixture will influence the migration of liquid during 

the extrusion process. From graph 4.3, it is observed that as the moisture content is 

increased the migration of water decreases. This is due to the wetter mixtures being 

able to provide adequate lubricity during the process, shown by the smaller force of 

extrusion, as there is sufficient amount of fluid present to result in little change in 

moisture content of the extrudate from the original mixture. As the mixture becomes 

di’ier, the amount of fluid available for lubricating the extiusion process is reduced and 

hence, more fluid moves through the system ,causing an increase in the force required 

for extmsion, resulting in tlie initial collections being wetter than the final collections 

where the water (lubricant) content has decreased.

4.2.4 Changing the liquid binder.

The effect of changing the liquid binder, with a constant ratio of barium sulphate to 

Avicel PHIOI of 8:2 (which has demonstrated to be the more sensitive to changes 

resulting in the migration of water to change during the extrusion process) for dry, 

good and wet mixtures is shown in graphs 4.4 to 4.6. Here, it can be observed that for 

the diier mixture, using 25% glycerin causes a decrease in the migration of liquid 

during the extmsion process. As the liquid content increased, the glycerin gave little 

change when compared to the other binders in terms of migration but by increasing 

the viscosity of the system, less collections were possible during the extmsion process.
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Figure 4.1:- The effect of changing the ratio of barium sulphate to Avicel PHIOI to 
water formulations extruded at 2 0 mm/min.
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Figure 4.2:- The effect of changing the extrusion speed from 2Q0mm/min. to 
20mm/min. for two good formulations containing barium sulphate to Avicel PHIOI

to water ratios of 2 :8 : 8  and 8:2:3.
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Figure 4.3:- The effect of changing the moisture content for a ratio containing 
barium sulphate to Avicel PHIOI of 8:2 extruded at 20mm/min.
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Figure 4.4:- The effect of changing the liquid binder on a dry formulation 
containing barium sulphate to Avicel PHIOI to liquid ratio of 8:2:2.125 extruded at

2 0 mm/min.
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Figure 4.5:- The effect of changing the liquid binder on a good foiTnulation 
containing barium sulphate to Avicel PHIOI to liquid ratio of 8:2:3 extruded at

2 0 mm/min.
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Figure 4.6:- The effect of changing the liquid binder on a wet formulation
containing barium sulphate to Avicel PHIOI to liquid ratio of 8:2:4 extruded at

20mm/min.
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This may have been due to the rheological characteristics of the mixture changing, 

causing less material to be filled into the baiTel than with the other binders. For the 

di*y mixture, adding PF6 8  causes an increase in the migration of the liquid which 

causes less collections to be made as the final powder mass is too dry to extrude. The 

surfactant concentrations used, in general, appear not too change the migration of the 

liquid during the extrusion process when compared to the same formulations using 

water as the binder showing that it is feasible to add a surfactant to a formulation 

without changing water migration.

4.4. CONCLUSIONS

Carrying out water movement experiments with the ram extmder it is possible to 

predict which mixtures aie sensitive to water and are significantly influenced by the 

process and formulation variables. The results indicated that for a given ratio of 

baiium sulphate to Avicel PHIOI that as the liquid content is increased the migration 

of the liquid binder is decreased. The speed of extrusion has an influence on the 

migration of liquid with the slowest speed causing the greatest movement to occur, 

the extent of which depends on the formulation. As the content of Avicel PHIOI 

increases, the migiation of the liquid is reduced. This is related to the ability of Avicel 

PHIOI to absorb a large quantity of water and, when under pressure, can release this 

liquid allowing the extiudate to be more consistent throughout the process. The 

migration of liquid has shown to be decreased when 25% glycerin is used as the liquid 

binder especially as the mixtures become drier. It was also shown that by adding a 

surfactant, at the concenti'ations chosen, that no significant change in the migration of 

the hquid phase when compaied to water was seen, highlighting the fact that it is 

possible to add a surfactant to a formulation without disruption of the extrudate 

moisture content.
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CHAPTER 5:- LIQUID MOVEMENT THROUGH POWDER BEDS.

5.1 INTRODUCTION

The movement of fluid within a porous media is an important feature in the process 

of extrusion and spheronisation plus other pharmaceutical processes. During the 

extrusion process, a wet powder mass is put under pressure, which can enhance the 

movement of fluid through the system, resulting in the extrudate produced having 

different rheological characteristics. Therefore, an understanding of the movement of 

liquids within a mixture needs to be characterized so that process conditions such as 

formulation, speed of extrusion etc. can be quantified.

Water and porous media can co-exist in a range of proportions which can occur 

somewhere between completely saturated, where all the pores are filled with water, 

to completely dry, where all the pores are empty (Cook et al 1977). In between these 

two scenarios, the water/water, solid/water and solid/solid interactions and the physical 

characteristics of the system will deteiTnine the way in which the changes in saturation 

occur when external influences are applied.

One approach to study the behaviour of a water/solid system is to use a pressure 

membrane technique. This is based on the method described by Richards (1941) where 

an equilibrium pressure is increased at various stages of saturation of the porous bed 

resulting in a displacement process occurring. Relationships between the externally 

applied pressure and percentage saturation of the powder bed gives rise to capillary 

pressure drainage curwes (Morrow 1969). From these curves the pressure required to 

remove liquid from a porous medium will depend upon the size of the pores present 

and from this, as described in section 1.42.1, the mean hydraulic radius can be 

calculated. However, as drainage occurs, some of the wetting phase will become 

hydraulically isolated and at high external pressures no more liquid will drain from 

the system resulting in the development of an ÜTeducible saturation (Morrow 1969). 

The apparatus operates by pressure being introduced into a chamber containing the 

wet powder bed. When the pressure is increased, the liquid within the bed suffers an 

increase in pressure, when compared to the liquid on the other side of the membrane 

being at atmospheric pressure, which causes liquid to pass through the sample face
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which is in contact with the membrane. This process continues until the liquid within 

the sample is at atmospheric pressure. When the pressure in the chamber is released, 

the liquid within the sample now falls to below atmospheric pressure and a suction 

process occurs where water is re-absorbed through the membrane from the 

suiTounding reseiwoir of fluid. The amount of fluid removed at vaiious pressures and 

the percentage saturation of the bed can then be related to the pore size within the 

powder bed. As the pressure increases so the narrower pores are able to be drained.

5.2 METHOD

The method used to study the liquid movement through powder beds is based on a 

technique described by Richards (1941). Fielden (1987) used this technique to examine 

the movement of liquid through two giades of Lactose and Microcrystalline Cellulose. 

The following work was canied out using the apparatus described by Fielden et al 

(1992).

5.2.1 Pressure membrane apparatus

The pressure membrane appaiatus consists of a stainless steel pressure chamber 

(Sartorius SM 16223) fitted into three sections (figure 5.1). The bottom section 

consisted of a support to mount the membrane (Nucleopore 0.2 pm). A rubber seal 

was then placed between the membrane and the middle section to keep the chamber 

airtight and between the middle section and top section. The top section was then 

connected to a nitrogen cylinder (BOG) on which a regulator valve (nitrogen M .l SO

NG, BOG) was attached to provide fine adjustment of the pressure. The base of the 

chamber was also connected, via a three way tap, by PVG tubing to a calibrated 

precision bore capillary tube (0.017ml per cm.) of approximately 140cm in length. 

This was positioned horizontally so that the membrane mounting device was level 

with the capillary tube. A meter ruler was placed above the capillary tube so that the 

amount of liquid entering or leaving the sample when the pressure was changed could 

be noted.
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Figure 5.1:- Pressure membrane appaiatus.

5.2.2 Calibration of the precision bore capillary tube

The tube was calibrated before any experimental data took place. The PVG tubing and 

capillary tube was initially filled with water. The position of the meniscus was noted 

and a set displacement of water was drained into a previously weighed beaker via the 

three way tap. The final position of the meniscus was noted. Taking the density of 

water as 1 . 0 0 2  g/cm^, the volume of water removed could be calculated from the 

weight of water collected. From this the volume of water in mis. could be calculated 

and related to the length of water movement in the capillary tube. This was then 

repeated in triplicate to give an average calibration reading of 0.017 ml. per cm of 

tube.

5.2.3 Testing the integrity of the membrane

Before the pressure membrane apparatus was used the membrane integrity needed to 

be assessed. This was canied out by filling the tubing with the degassed test liquid,
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making sure that no air bubbles were present in the tubing or capillary. The liquid was 

degassed by placing the open bottle in an ultrasonic bath for 10 minutes. The 

apparatus was then assembled using a Nucleopore membrane of 25 mm with a pore 

diameter of 0.2 microns which had previously been wetted with the test liquid. The 

cylinder was then half filled with the liquid and a pressure of 13.8 kPa was applied. 

Liquid was then pushed through the membrane to fill up the PVC tubing and entered 

into the capillary tube. Once a suitable position in the capillary tube was reached 

excess fluid was drained of via the three way tap. The pressure was then increased to 

68.9 kPa for 5 mins. If the meniscus remained constant during this period then the 

membrane was assumed to be satisfactory. However, any movement of the meniscus 

meant that the membrane was faulty and the whole process was then repeated again 

with a new membrane until a satisfactory membrane was found.

5.2.4 Experimental procedure

Once a satisfactory membrane had been found the powder bed was then added to the 

pressure chamber. This was achieved by mixing a set amount of powder and liquid 

to produce a slurry. The amount of liquid chosen to produce a sluny was determined 

by initially adding the sample to the apparatus and checking that suitable readings 

could be taken. If too much fluid was present then the liquid would run out of the end 

of the capillary tube and if there was not enough fluid present then insufficient 

movement of the meniscus occuiTcd. Once the amount of liquid added to the powder 

had been determined the powder to water ratio was kept constant throughout the 

experiment, as far as possible, for each powder system.

The slurry was added to the pressure chamber and the air above the chamber was 

moistened by placing a damp filter paper above the powder bed to prevent evaporation 

of the liquid from the sample. The powder bed was then left to equilibrate for an hour 

so that a constant meniscus position was reached. The pressure apparatus was 

connected and excess liquid was drained via the three way tap until the meniscus was 

in a suitable starting position. An initial pressure of 13.8 kPa was applied to the bed 

and readings were taken every minute for the first 5 minutes and then every 5 minutes 

for an hour or until the meniscus remained stationary. This was referred to as the 

drying curve. The pressure was then released and again readings were taken for up to
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an hour and this was known as the wetting curve. The wet powder mass was then 

removed and dried in an oven (Gallenkamp hot box oven with fan, size 1) for 4 hours 

at 100°C. From this the water content of the sample could be found. This procedure 

was then repeated for each of the pressures from 13.8 kPa to 68.9 kPa using a new 

powder bed and membrane each time. Graphs of volume of liquid moved against time 

were then plotted for each of the pressures and powder beds.

The percentage saturation for each powder bed was found by setting the powder bed 

up in the same manner as described above. Then, instead of applying one pressure to 

each powder bed only, a series of increasing pressures from 13.8 kPa to 103.5 kPa 

was applied. At each pressure increase the meniscus was noted after 30 minutes or 

when it had become stationary, before the next increase in pressure was applied. When 

the maximum pressure had been reached the process was reversed by decreasing the 

pressure stepwise, as before, until atmospheric pressure was reached, noting the 

meniscus each time. The powder bed was then removed and dried as before to find 

the liquid content present. The percentage saturation (volume of liquid in lOOg of 

powder) at each pressure was then calculated from:-

wt. water loss + A

% saturation = ---------- 1-002---------- x  100 Equation 5.1
wt. dry powder

where:- A = (volume at 0 kPâ ĝ̂ j - volume at X kPa) x 1.002

Graphs of pressure against percentage saturation was then plotted for each powder 

with each liquid. The mean hydraulic radius was also calculated and plotted against 

percentage saturation for each sample.

. , .. , , r  X COS0 Equation 5.2
mean hydraulic radius (m) = ------------

where:- F = surface tension 
0  = contact angle
Pc = capillary pressure
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5.3 RESULTS

5.3.1 Liquid movement at various pressures

As the pressure is increased, for all three powder beds, the volume of liquid drained 

out of the powder beds is increased (see graphs 5.2 to 5.4). The amount of liquid 

drained out of the bed is dependent upon the powder with barium sulphate having the 

least volume drained and the powder mixture having the greatest volume drained. 

For barium sulphate, the volume of liquid drained is very slight suggesting that the 

powder bed consists mainly of very narrow pores. These pores however, are easily 

accessible as when the pressure is increased, the change in the volume drained is only 

mai'ginal. However, with Avicel PHIOI, as the pressure is increased, the volume of 

liquid drained is also increased. This indicates that Avicel PHIOI consists of both 

large pores which drain at low pressure (as indicated by the large volume drained) and 

naiTow (not as accessible as the barium sulphate) pores which drain at the higher 

pressures. For the powder mixture, as the pressure is increased the hysteresis also 

increases indicating that at low pressure only a small number of laige pores are 

present which are emptied readily and as the pressure is released, only a small volume 

is reabsorbed. However, as the pressure is increased the smaller pores are able to 

empty causing a greater volume to be drained. When the pressure is released, a large 

volume of liquid is reabsorbed as the smaller pores have a high suction potential. 

Hence, a greater hysteresis is seen at high pressures.

When the liquid is changed, the shape of the wetting/drying curves is also altered, as 

seen in graph 5.5. As the surface tension of the liquid is decreased the fluid becomes 

more mobile through the powder bed causing a larger volume of liquid to be drained. 

Due to this, more fluid is reabsorbed when the pressure is removed resulting in a large 

hysteresis being formed.

5.3.2 Capillary pressure against percentage saturation curves

Here, it is seen from graphs 5.6 to 5.8 that in all cases, for the drying curve, as the 

pressure is increased more liquid is drained from the powder bed resulting in the 

percentage saturation value decreasing. However, a certain pressure is reached where 

by increasing the pressure, no more liquid is drained and a limiting saturation is
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reached. This has been described by Monow (1969) and is termed the "irreducible 

saturation". He found that the most important variable in determining the magnitude 

of the ineducible saturation was the way in which the various sized pores were 

distributed within the porous matrix. The model, in figure 5.9, can be used to describe 

a type of heterogeneity comprised of 2  regions having an entry pressure of P2  and P3  

surrounded by regions of entry pressure of P̂  and P4  which are in contact with the 

membrane. If the entry pressure is inversely proportional to the pore size then by 

considering the above situation entiy pressures can be related as follows:

Pi < <  P3 < P4

Where P̂  will drain at the lowest pressure with P4  draining at the highest pressure. 

Therefore, at the lowest pressure P̂  will drain and will cause hydraulic isolation of the 

pore in P2 . When the pressure is increased to P2 , the pores are unable to drain as they 

are not in contact with the membrane. As the pressure is increased further, the pores 

in P3  are unable to drain due to them being bounded by the higher entry pressure 

region P4 . When the pressure is again increased further to P4 , these pores will drain 

along with those from P3 . This results in the iiTeducible saturation of the 4 regions 

being due the liquid retained in region P2  which has the second laigest pores in the 

model. A high irreducible saturation has been shown by Moitow (1969) to be found 

in systems where drainage networks are formed from clusters of fine particles in a 

matrix of coarse particles or where different wetting properties of two powders with 

the same particle size particles occur.

A difference is also seen for all graphs (5.6 to 5.8) between the saturation of the 

powders depending whether the drying or wetting curve is considered. This has been 

described by Fielden et al (1992) where the saturation is lower at a given pressure, for 

the wetting curves, when compared to the drying curves. This is due to several causes,

a. The geometric non-uniformity of the individual pores which results in irregular 

shaped voids. This leads to the "ink-bottled" effect where a relatively wide void of 

radius, R, bounded by a narrow channel of radius, r,(see figure 5.10).
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■ 11.550 WATER. 5.00 POWDER, 0.14 kg /cm 'Z  
V 11.550 WATER. 5.00 POWDER. 0.28 kg/cm "2 
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-  11650 WATER. 6.00 POWDER. 0 6 4  kg/cm ‘ 21.6
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0 12 24 36
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Figure 5.2:- Volume of liquid moved as a function of time at various pressures for
Avicel PH 101 and water.

■ 2.80 WATER. 14.00 POWDER. 0.14 kg/cm *2
▼ 2.80 WATER. 1 4 6 0  POWDER. 0 6 8  kg /cm '2
*  2 6 0  WATER. 1 4 6 0  POWDER. 0.49 kg /cm “ 2
•  2 6 0  WATER. 14.00 POWDER. 0.84 kg /cm '2
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BROKEN LME -  WETTWO

0 6  - f -

Figure 5.3:- Volume of liquid moved as a function of time at various pressures for
barium sulphate and water.
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0.8

■ 6.10Q WATER, S J Q Q  POWDER, 0.14 kg /cm '2
V 6.10G WATER. 5.0G POWDER, 0.28 kg/cm "2
*  4.88G WATER. 4.0G POWDER, 0.49 kg/cm %
-  4.27Q WATER. 3.50 POWDER. 0.84 k«/cm *2

0.4

0 12

TIME (m inute*)

Figure 5.4:- Volume of liquid moved as a function of time at various pressures for 
an equal mixture of barium sulphate to Avicel PH 101 and water.
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Figure 5.5:- Volum e of liquid moved as a function of time at a pressure of 0.28 
k g /cn r for Avicel PH lO l using different solutions.
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Figure 5.6:- Applied air pressure as a function of percentage saturation for Avicel
PH 101 using various liquids.
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Figure 5.7:- Applied air pressure as a function of percentage saturation for barium
sulphate using various liquids.
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Fig u re  5.8:-  A p p lied  air  p ressure  as a fu n c t io n  o f  p e rc e n ta g e  sa tu ra t io n  fo r  an equa l  
p o w d e r  m ix tu re  o f  b a r iu m  su lpha te  to A vice l PH  101 u s in g  v a r io u s  l iqu ids .

P4PI

P3P2

s e m i p e r m e a b l e
m e m b r a n e

Figure 5.9:- Heterogenous pore model with entry presssures of P, < P  ̂ < P  ̂ < P4
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(a) (b )

Figure 5.10:- "Ink-bottle" effect as illusti'ated in (a) capillary drainage and (b)
capillaiy rise.

If the pore is saturated initially then, the pore will drain when the pressure exceeds 

Pr but if the pore is to re-fill the pressure needs to decrease to below Pr. Since R is 

greater than r then P̂  will be greater than Pr (as P = 2y/r) and hence, the pore fills at 

a lower pressure in the soiption (wetting phase). Therefore, desorption (drying) 

depends on the naiTow radius whereas sorption depends on the maximum diameter of 

the large pores.

b. The contact angle of the advancing (wetting) phase is greater than the receding 

angle. This results in a greater suction occuning in the desorption phase than in the 

soiption. Contact angle hysteresis tends to arise due to surface roughness within the 

sample or impurities that may occur on the solid surface affecting the displacement 

of the liquid molecules.

c. Entrapped air within the matiix can cause a decrease in water content of newly 

wetted bed. Hence, if the hue equilibrium is not established initially then hysteresis 

will occur. This can be avoided by degassing the liquid prior to use.

The results show that Avicel PH 101 gives the greatest limiting saturation values 

followed by the powder mixture then the barium sulphate bed. This also confirms that 

barium sulphate consists mainly of naiTow pores whereas Avicel PH 101 has both wide 

and narrow pores in its stmcture. The powder mixture shows properties of both
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powders with those of Avicel PHlOl dominating over those of baiium sulphate as the 

limiting saturation of the powder mixture is higher than that seen with barium sulphate 

and that greater differences occur between the drying and wetting curves.

By changing the liquid used, changes are seen in the percentage saturation values. 

When a surfactant is added to the system, the limiting saturation value is increased for 

all three powder beds except when the liquid is 0.01% PF6 8  where the values remain 

similar to that obtained with water. This disagrees with the work canied out by 

Morrow (1969) whereby the irreducible saturation was invariant with the wetting 

properties of a homogenous system. However, this work was canied out on uniform 

glass beads and the results found here are in agreement with the work carried out by 

Fielden et al (1992) who found that the wetting phase did influence the irreducible 

saturation of the system. The results found here indicate that the powder mass 

increases in saturation as the surface tension of the liquid decreases, showing that the 

fluid is able to enter nanower pores. As the ineducible saturation value is increases 

when a surfactant is added to the system, then the fluid must enter more pores where 

the hydraulic isolation will occur.

When 25% glycerin is used as the liquid, the iiTeducible saturation value is decreased, 

which indicates that the more viscous liquid is unable to enter as many pores and 

hence results in less fluid being hydraulically isolated within the system. This effect 

was seen less with the mixture of Avicel PHlOl and barium sulphate where the 

addition of a more viscous liquid resulted in a slight increase in the irreducible 

saturation of the system.

5.3.3 Mean hydraulic radius

Figures 5.11 to 5.13 show the change in the mean hydraulic radius with percentage 

saturation for the three beds analysed. It should be stressed that the results only give 

an indication of the pore size distribution as equation 5.3 assumes that zero contact 

angle occurs at the solid-liquid interface (as discussed in section 1.43).

For all the powder beds, similar ranges of pore size were obtained with the range 

being between 0.5 and 5/im. As the pore size increases, so the difference between the 

wetting and drying saturation increases, showing that the larger pores (with the
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Figure 5.11:- Mean hydraulic radius as a function of percentage saturation for 
Avicel PHlOl using various liquids.
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Figure 5.12:- Mean hydraulic radius as a function of percentage saturation for 
barium sulphate using various liquids.
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Figure 5.13:- Mean hydraulic radius as a function of percentage saturation for an 
equal powder mixture of barium sulphate to Avicel PHlOl using various liquids.

greatest volume) were being filled/emptied.

5.4 CONCLUSIONS

From the results it was possible to differentiate between the three different powder 

beds and the type of liquid used. The simplest method of distinguishing between the 

samples is by using the volume of liquid moved as a function of time but there are 

some disadvantages to using this. First, at least two different pressures should be used 

to ensure that conect interpretation of the pore structure is made and secondly, the 

results produced may not be consistent since the structure of the powder bed will alter 

each time a run is made. Therefore, it is better to measure the movement of liquid as 

a function of pressure (and produce pressure against percentage saturation graphs) as 

only one powder bed is required per sample, hence, this eliminates the changes in bed 

structure and sampling. Also, the characteristics of the powder bed can be deteimined 

over a large range of pressures so that a more extensive analysis can be carried out 

to give an indication of the relative pore size of the materials being studied. The use
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of the mean hydraulic radius to compare different powders and liquid gave limited 

information.

However, from the results it was observed that the barium sulphate powder bed 

consisted mainly of nanow but accessible pores which was demonstrated by low 

percentage saturation values being found which did not alter much when the pressure 

was increased. On the otherhand, Avicel PHlOl powder beds comprised of both wide 

pores (due to the high saturation values) and narrower pores (less accessible than the 

barium sulphate) which emptied at the higher pressures. The powder mixture contained 

a combination of all pores described. The Avicel PHlOl characteristics dominated the 

system in terms of its liquid movement.

The liquid binder used influenced the percentage saturation results with the addition 

of a surfactant causing an increase in the saturation showing that fluid was able to 

enter pores where hydraulic isolation was likely to occur. When 25% glycerin was 

added to the powder beds, the limiting saturation value decreased showing that the 

fluid was unable to enter all the pores (as the percentage saturation value was also 

lower) and that less isolation of the fluid occuned within the system. For all powders 

and liquids tested similar mean hydraulic radius values were obtained within the 

mati'ices.

Hence, the use of the pressure membrane technique is useful in determining the pore 

size distribution within a given system especially in terms of the size and accessibility 

of the pores within the matrix. This is an important feature for the process of extrusion 

and spheronisation where the pressure is being applied to a wet powder mass. From 

the results obtained using this technique, by adding Avicel PHlOl to a formulation, 

fluid is distributed in both wide and narrow pores and hence, at low pressures, fluid 

is able to be released from the wide pores but as the mixture becomes dry and the 

force increases more fluid is able to be drained from the narrower pores to provide the 

lubricity required for extrusion to take place.
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CHAPTER 6:- RHEOLOGICAL CHARACTERIZATION 

6.1. INTRODUCTION

6.1.1 General rheology

Rheology can be defined as the study of the deformation and flow of matter. 

Deformation applies to the solid like (elastic) behaviour and flow relates to the fluid 

(viscous) behaviour.

For simplification, if a cube, consisting of infinitely thin parallel layers of material 

(see figure 6 . 1 ) is considered then if the bottom most layer is held stationary and a 

force (F) is applied in a horizontal direction at the uppermost layer then for an ideal 

solid, obeying Hook's law of elastic deformation, the material will be displaced along 

the X axis to a new position (x + dx) and will then stop.

F
dx

X

Figure 6.1:-Deformation occuring in a simple cube model.

The shear strain (y) can be found from:-

Y = dx/dz Equation 6 .1
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The shear stress (x) will be given by the ratio of the shearing force to the area to 

which it is applied i.e.

A = xy 

X = F/A Equation 6.2

From Hooks law where the shear stress is proportional to strain

X = Gy

where G = a constant known as the shear modulus

Equation 6.3

If the stress is now removed, the strain will instantly return to zero to give complete 

recovery. An example of this effect can be seen when considering the behaviour of 

an elastic spring. When it is streched by a weight suspended from it the spring 

deforms but once the weight is removed the spring returns to its original unstreched 

position. This can be summarized in figure 6.2:-

s tra in

time

Figure 6.2:- The effect of an applied stress on a solid material.

Conversly, when a material behaves as a Newtonian liquid, the applied force will
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result in flow at a constant velocity or constantly changing strain. This can be 

described as a dashpot model comprising of a piston moving through a viscous fluid. 

The strain (or shear) rate (Y) i.e. the time derivative of strain can be calculated from:-

y = dy/dt Equation 6.4

From Newton's law of flow the stress is found to be proportional to the shear rate:-

X = rj.y Equation 6.5

where T| = a constant known as the viscosity and is a measure of how a material will 

flow under stress.

Therefore, the greater the stress, the greater the rate of shear strain. This time, if the 

stress is removed, the strain will remain i.e. the material will have undergone 

permanent deformation. This can be summarized as seen in figure 6.3:-

s tra in

time

stress  s tress

Figure 6.3:- The effect of an applied stress on a fluid material.

However, it is found that many materials are not purely solid or liquid in behaviour 

and often show properties which are between the two. These are known as visco
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elastic materials and can be described by coupling the spring and dashpot models in 

parallel to show a combination of both elastic and viscous behaviours which is 

referred to as a Voigt or Kelvin model as seen in figure 6.4:-

e lastic ity
v iscos ity

s tr e ss

Figure 6.4:- A model of the Voigt or Kelvin model.

The following figure (6.5) shows the effect that occurs when a stress is applied to the 

system as described before:-

Here it can be seen that the strain eventually reaches a constant position due to the 

spring reaching equilibrium. Once the stress is removed, the strain eventually goes 

back to its original position and the timescale required is dependant upon the damping 

effect of the dashpot.

Here, the stiain is the same as in the spring and dashpot systems and hence the total 

stress of the system is given by:-

X = G.y 4- q.y Equation 6 . 6
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s t r a i n

t im e

s t r e s s  s t r e s s

Figure 6.5:- The effect of an applied stress on a visco-elastic material.

This then can give rise to a relationship between the strain and time for a visco-elastic 

material under stress which is:-

y a  1  - e

where RT is the retardation or relaxation time given by:

RT = ti/G

Equation 6.7

Equation 6 . 8

The relaxation time is characteristic for the material and describes both the degree and 

rate of deformation at any time. The greater the viscosity of the viscous component 

the greater the RT and the longer the system takes to reach a steady state.

Flow curves

A materials flow properties can be seen when a shear stress against shear rate is
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plotted. Five main types of flow behaviour are usually seen in normal circumstances 

and are summarized below and are seen in figure 6 .6 .

Newtonian.

This is the simplest relationship which can occur where the shear stress is proportional 

to the shear rate and the constant of proportionality is refened to as the viscosity:-

X = rj.y  Equation 6.9

Only for a Newtonian fliud is it correct to state the liquid has a given viscosity. For 

all other systems both the viscosity and shear rate need to be stated.

Pseudoplastic and dilatant.

With dilatant flow the viscosity increases with increasing shear rate and is sometimes 

known as shear tliickening. Conversly, pseudoplastic occurs when the viscosity 

decreases with increasing shear rate and can be refeiTed to as shear thinning. Both 

these flow behaviours are power-law relationships and can be described as:-

X = k.y" Equation 6.10

where

k = a constant known as the consistency index 

n = a constant known as the flow behaviour index

For pseudoplastic behaviour it is found that n < 1 and for a dilatant fluid n > 1.
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s h e a r
s t re ss

yield
s t r e s s

sh e a r  r a te

Figure 6 .6 :- Various flow behaviours.

where

1 = Newtonian flow
2 = Shear thinning
3 = Shear thickening
4 = Herschel Bulkley
5 = Bingham

Bingham and Herschel Bulkley.

Both these plots show that a yield stiess {x j  must be reached before any appreciable 

flow occurs within the system. For the Bingham model, once the yield stress has been 

reached, Newtonian flow occurs within the system and a general approximation of the 

stress over a range of shear rates can be found from:-

X = Xo + k.y
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For the Hershel Bulkley model, once flow begins, the material appears to be shear 

thinning in nature and can be described by the following equation

X = Xq + k.y" Equation 6.12

Since many materials are non-Newtonian in behaviour i.e. the apparent viscosity varies 

with the shear rate, it is necessary to measure the apparent viscosity over a wide range 

of sheai* rates so that flow characteristics of the materials can be made. The following 

work looks at two different methods for chaiacterising the flow of materials. One is 

based on an oscillatory method and the other using a capillary rheometer. Each of 

these methods will now be discussed in further detail.

6.1.2 Capillary extrusion theory.

Capillaiy extrusion rheometers work by extruding material at a known and controllled 

temperature through a orifice of known geometry. The volume of material extruded 

at a given time and the force required to do this is measured throughout the process. 

Work carried out by Harrison (1982), Fielden (1987) and Raines (1990) have used a 

extruder to extrude material, at differing speeds, through various lengths to radius dies. 

The force required (measured by a load cell) was used to help construct shear stress - 

shear rate curves to characterise the rheological properties of the system based on the 

Bagley approach (Bagley 1957) which determines the end correction in capillaiy flow 

and the Benbow approach in which the pressure drop for extmsion at the die entry can 

give the initial die wall shear stress and has been found to be satisfactory in describing 

the flow of paste (Benbow 1971). However, disadvantages were seen with this system 

in that the many experiments needed to be carried out to construct the shear stress - 

shear rate graphs and an alternative capillary rheometer system was investigated for 

the following work. The system used was an Acer 2000 (Polymer Lab. Ltd., 

Loughborough, U.K.). This system functions by loading the material into a barrel, 

which is kept at a constant pre-set temperature. The material is forced through a die 

of known diameter and length and the pressure required for the extrusion to take place 

is monitored continuously in the region above the die by a pressure sensor. At set
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intervals the ram speed is decreased, while the pressure is still being monitored, so 

that at the end of the run a series of pressure and ram speeds are obtained. From this 

data the apparent shear stress (x) can be calulated from (Baker et al 1992):-

P r
2 L

where P = the measured pressure drop across the die 
r = the radius of the capillary die 
L = the length of the die

The apparent shear rate (Y) can be calculated from:-

y, . 4 Q

Equation 6.13

7T

Equation 6.14
where Q = the volume of throughput and can be calculated from:-

Q = 7 C V Equation 6.15
where R = the radius of the banel 

V = the speed of the ram

A plot of shear stress against apparent shear rate gives rise to a characteristic flow

curve for each material tested. The apparent viscosity can also be calculated since the

viscosity is the ratio of the shear stress to shear rate and graphs of apparent viscosity -

shear rate can also be produced for each material.

For the true sheai' stress and true shear rate to be calculated it is necessary, as with 

the other method, to make a correction for the pressure drop across the die. This is 

due to the fact that a certain amount of pressure is required to cause the material to 

reduce its cross section from that of the banel to that of the die. As before, the 

method developed by Bagley (1957) can be used to correct the pressure by generating 

flow curves through dies of the same diameter but differing lengths or, a more 

convient method, is to use a die with zero length but the same diameter as those used 

in the experiment. The pressure required to extrude the material at different shear rates 

is assumed to represent the entrance pressure and can be subtracted from the measured 

pressure obtained with a capillary. The advantage of this method is that only one extra 

experiment is required to calculate the true wall shear stiess.

The shear rate found from equation 1.13 can only be applied to Newtonian fluids and 

a conection must be made for non-Newtonian fliuds.
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In some cases, wall slip can occur within the die. This is caused by material adhering 

to the wall of the die (Baker et al 1982) and produces a characteristically shaped flow 

curve as seen in figure 6.7 and difficulty in analysing the curves occurs.

no slip

log
sh e a r
s t re ss
(Pa)

slip

log sh e a r  r a t e  (per  sec.)

Figure 6.7:- A plot of log shear stress against log shear rate showing the effect of 
slip of fluid at the die wall during extrusion.

Work has been carried out using this capillary rheometer to show the rheological 

characterisation of various nitrocellulose mixtures and gun propellants (Baker et at 

1982, 1984 and 1985). It has been shown that rheological studies have been effective 

in identifying and aiding practical processing problems.

6.1.3 Parallel plate theory.

From work canied out by McRitchie (1993) it was found that using the oscillation 

mode, compared to the creep mode, higher shear values were obtained and hence, the 

results obtained using the oscillation rheometer may be of more benefit.

Oscillation examines material changes over a relatively short period of time, less than
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a few seconds. A small amplitude sinusoidally oscillating stress is applied to the 

sample and the resulting strain is compared to the stress. If a material is purely elastic 

then it will be Hooken in nature resulting in the strain being proportional to the stress. 

Hence, the strain response will be in-phase with the stress wave form and the phase 

difference, (6 ), will be zero i.e.:-

no phase  
difference

s t r e s s
am p l i tud e

sh e a r
s t re ss s t r a in

a m pl i tud e

s h e a r
s t ra in

Figure 6 .8 :- Waveform for a purely elastic sample.

Conversly, for a purely viscous material, the strain rate will be proportional to the 

stress and hence the stress and strain waveforms will be 90° out of phase and thus:-
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90 degrees  
out  of phase

sh e a r
s t r e ss

sh e a r
s t r a in

Figure 6.9:- Waveform for a purely viscous sample.

This is due to the fact that when the stress is at its maximum the strain rate is at its 

minimum and this is seen at the point where the strain waveform goes through zero. 

At the maximum strain waveform, the rate of change of the strain is zero and this is 

where the stress goes through zero.

As seen earlier, most materials are rarely purely elastic or viscous and are usually seen 

as a combination, visco-elastic. Therefore, this results in the phase angle being 

somewhere between 0 and 90° when oscillation work is carried out and hence the 

waveform looks like that seen in figure 6 . 1 0 :-
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between 0 and  9 0  
I degrees

sh e a r
s t re s s

s h e a r
s t r a in

Figure 6.10:- Waveform for a visco-elastic sample.

Therefore, the greater the phase angle the more fluid like is the material. If the ratio 

of the stress amplitude to strain amplitude is measured, this gives rise to a term known 

as the complex modulus (G*). The elastic component of this is referred to as the 

storage modulus (O') and the viscous component is known as the loss modulus (G"). 

The complex modulus can be considered as a complex number made up of a real (in- 

phase) component (G') and an imaginery (out of phase) component (G") and can be 

described as:-

G* = G + iG"

Equation 6.16

where i = / ^
These two components can be found from the construction of a triangle as seen in 

figure 6 . 1 1 :-
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G*

G'

G"

Figure 6.11:- Caluclation of G' and G" components.

where 8 = phase angle 
G' = G* cosô 
G" = G* sinô

The dynamic viscosity, J]', can also be found from:-

T) = G"/co Equation 6.17

where co = frequency in rad s'̂  (where Ijcrad = 1  cycle)

Therefore during oscillation, both the elastic and viscous componenets can be 

measured over the time scale, depending on the frequency of oscillation. Generally, 

at lower frequency (or longer time scales) a predominately viscous response is seen 

and vice versa.

By using oscillation, the storage, loss and complex modulus can be found to give an 

indication of the elasicity/viscosity of a given mixture.

6.2 METHODS

6.2.1 Parallel plate

Oscillation tests were chosen for the samples based on the work carried out by
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MacRitchie (1993). From this work, oscillation rheometry demonstrated that such an 

approach was useful and reproducible information on the rheological behaviour of 

various lactose: Microcrystalline Cellulose: water mixtures. Both creep and oscillation 

results could be used to compare with the results obtained from capillary rheometry 

(rheometry using the ram extruder). As the oscillatory results involved higher sheai* 

values (ranging from 1 0 ^ to 1 0   ̂when compaied to creep values of 1 0   ̂to 1 0 '̂  s'̂  and 

capillary values of 10̂  to 10"* s'*), these results maybe of more merit (MacRitchie 

1993).

Experimental procedure

6.2.1.1 Preparation of the plugs

The method that was used is similar to that described by MacRitchie (1993). Wet 

powder mixtures were prepared as described in section 3.2.1. Plugs were made by 

using the ram extruder (described in section 3.2.2.) with a blank die replacing the 

single holed die. A fixed amount of wet mixture (see table 6 .1 below) was compressed 

at a velocity of 50mm/min. with a final compression of 3 kN being employed for the 

dry and good mixtures. However, a force of 10 kN was required for the wet mixtures 

as low compression forces were unable to remove the large voids in the plug. The 

amount of mixture added was chosen so that a final plug height of approximately 

11mm was produced. The wet plugs were then subjected to oscillatory test using a 

controlled stress rheometer.

barium sulphate:Avicel 
PHIOTG.M.S.

Weight of powder added 
to make plug

2 :8 : 0 7.5g

5:5:0 &0 g

8 :2 : 0 11.5g

4:4:2 8 .0 g

8 :1 : 1 11.5g

9:0:1 liO g

Table 6.1:-Weight of wet powder added to make plugs for varying mixtures.
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6.2.1.2 Oscillatory tests

Oscillatoiy tests were caiTied out using a parallel plate rheometer (Carri-med CSL500, 

version 4.5). The plugs were compressed between a 2cm cross hatched solvent trap 

platen and a cross hatched plate (figure 6 . 1 2 ) to ensure that the sample was properly 

gripped. The plugs height was measured to two decimal places using a micrometer. 

The depth of compression for each plug was kept at 0.7mm and a temperature of 20°C 

was maintained using a Peltier temperature control system housed in the rheometer. 

For each sample a torque sweep was carried out from 1 - 25mNm at a frequency of

O.lHz and a frequency sweep from 0.01 - lO.OHz at a fixed torque (stress) of 8 mNm, 

both of which were repeated in triplicate. For each sweep, values of G', G", G* and 

delta were measured at set inteiwals thioughout each test run.

6.2.2 Capillary rheometer

Wet powder mixtures were made up as described in section 3.2.1. Die lengths of 

5mm, 10mm and 15mm were chosen each with a diameter of 1mm and an entrance 

angle of 60°. A pressure transducer of 70 MPa was attached to the Acer as shown in 

figure 6.13a and b so that the pressure changes occuning at the die could be 

measured. The temperature was set at a constant 22°C for all experiments and speeds 

of 400, 200, 100 and 50mm/min. were chosen for each run. The die was placed, cone 

shape up, into the die mount and screwed into the base of the barrel. The machine was 

then calibrated with the piston in its highest position out of the barrel before the 

sample was loaded. The mixture was placed into the barrel (length approximately 

38cm and width 2.0cm), with a metal encasement surrounding it, and large voids were 

removed by compressing the material using a metal screw end rod. This was repeated 

until the ban*el was full. The piston (length 34cm) was placed into position and 

screwed into the ram holder. This was then lowered using the hand held control into 

the baiTel until extrudate began to emerge. The piston was then raised and removed. 

The banel was then refilled with the wet powder mass until it was full again. The 

piston was reattached and, as before, was lowered until extrudate emerged. The 

machine was then set to run starting at 400mm/min. and decreasing, in a stepwise 

manner with respect to time, ending at a speed of 50mm/min. After each run the die 

was removed an the banel cleaned out before the next i*un took place.
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Figure 6.12:- Parallel plate viscometer
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Figure 13a:- Capillary rheometer (Acer)
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Figure 6.13b:- Capillai'y rheometer die assembly.

A graph of pressure against displacement yas produced for each mn and stored on the 

hard disk. Single runs using the 10mm and 15mm dies were carried out for each 

mixture but the 5mm die was repeated to make sure that consist results were 

produced. For the dry mixtures however, the die length of 15mm was not used as the 

pressure for extrusion was too high and the machine automatically stopped. As well 

as the pressure against displacement graphs, shear stress against shear rate graphs were 

produced for each mixture at each die length to radius ratio.

6.3 RESULTS

All the raw data is tabulated in the appendix. For the parallel plate experiments, 

certain points throughout the sweep run were chosen for tabulation as a large amount 

of data was obtained for each experiment. For the results shown in the following 

section, the raw data was used in conjunction with the graphs produced. The graphs 

were included in the text so that an idea as to the typical shape of the line could be 

seen.
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6.3.1 Capillary apparent viscosity as a function of shear rates.

Graph 6.14 represents a typical plot produced and shows how the moisture content 

influences the apparent viscosity. From the results it can be seen that as the mixture 

becomes wetter so the apparent viscosity decreases. As the shear rate is increased so 

the mixtures become less viscous. This shows that as the shear rate is increased so the 

solid structure within the sample is breaking down and becoming more fluid in nature. 

By looking at the viscosity values at a shear rate of 3.43s‘ it may be possible to 

indicate if a mixture will produce good spheres. For all mixtures tested, the apparent 

viscosity values for a dry mixture appear to be greater than 2.5Pas, for a good mixture 

the values lie between 2 and 2.5Pas and for a wet mixture the values tend to be less 

than 2Pas.

When different mixtures were compared with each other similar results were seen in 

both the shape of the curves produced and the data. Generally as a mixture becomes 

wetter, the apparent viscosity/shear rate approaches linearity. With dry mixtures, there 

appears to be a sudden drop in viscosity at a shear rate value of 4.02s *. This maybe 

due to slip occurring within the die.

Graph 6.15 shows the effect of changing the die length with good mixtures of baiium 

sulphate to Avicel PH 101 to water ratio of 5:5:6. Data relating to the other ratios is 

tabulated in the appendix, table A8-A10. As the die length is increased so the 

viscosity decreases slightly but generally the viscosity values at a shear rate of 3.43s * 

still fall within the range stated before (except for the 8:2:3 with a die L/R of 15/0.5). 

As the concentration of barium sulphate increases, so a greater difference is seen 

between the three dies. This maybe due to the fact that when high quantities of barium 

sulphate are extruded many problems occur with water migration and the force 

required for extrusion to take place is greatly increased. For dry mixtures, with a high 

barium sulphate content, it is not possible for the mixture to be extruded due to the 

high forces required.
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Figure 6.14:- Capillary rheometer apparent viscosity as a function of shear rate for 
a ratio of barium sulphate to Avicel PH 101 of 5:5 at varying water quanties using

a 5 by 1 die.
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Figure 6.15:- Capillary rheometer apparent viscosity as a function of shear rate for 
a ratio of barium sulphate to Avicel PH 101 to water of 5:5:6 using various die

lengths to radius ratios.
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Figure 6.16:- Capillary rheometer shear stress as a function of shear rate for a ratio 
of barium sulphate to Avicel PHI01 of 5:5 at varying water levels using a 5 by 1

die.
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Figure 6.17:- Capillary rheometer shear stress as a function of shear rate for a ratio 
of barium sulphate to Avicel PH 101 to water of 5:5:6 using various lengths to

radius ratios.
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6.3.2 Capillary shear stress against shear rate.

Again, graph 6.16 shows a typical graph highlighting the effect of changing the 

moisture content of a given mixture. When the log shear stress v log shear rate graphs 

are compared to those showing the apparent viscosity the graphs appear to be less 

linear. The curves tend to indicate that slip of fluid at the die wall is occurring due 

to material adhering to the wall of die as similar shape graphs are seen when 

compared to the figure 6 . 8  in section 6.1.2. When wall slip occurs the material is at 

zero velocity at the die wall and forms a uniform velocity across the cross section of 

the die. This is known as plug flow and this was noted when the wet plug was 

removed at the end of the run, where a smaller diameter tube of material was seen 

within the plug.

A similar trend is seen to that found with the apparent viscosities, in that the drier 

mixtures give the highest shear stress values and generally, as the shear rate is 

increased the shear stress also increases. Again, as seen with the apparent viscosities, 

at a shear rate value of 3.43s'̂  that limits can be set for a dry, good and wet mixture. 

Here, for a dry mixture the value of the shear stress is greater than 5.9 Pa, for a good 

mixture the value lies between 5.5 and 5.8 Pa and for a wet mixture the value is less 

than 5.5 Pa.

When different mixtures are compaied, again, similai* shape graphs are seen and that 

as the mixture becomes wetter so the line approaches linearity.

Graph 6.17 shows the effect of changing the die length for a good mixture of barium 

sulphate to Avicel PH 101 ratio of 5:5. It is seen that the lowest length of die gives the 

highest values of shear stress. One of the reasons why the shear stress decreases as the 

die length increases is that as the die becomes longer so the friction and apparent 

viscosities falls due to the shear acting for a longer time which could result in the 

material increase in temperature and reducing the shear stress.

The flow patterns that occur within the material, by looking at the graphs, seems to 

suggest that a yield point needs to be reached before flow begins. However, due to the 

unevenness of the curves it is difficult to tell which type of flow occurs within the 

samples.
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6.3.3 Parallel torque sweeps.

Graph 6.18 illustrates the effect of the storage modulus, O', and the loss modulus, G", 

for a good mixtures of differing barium sulphate to Avicel PH 101 ratios (data relating 

to the dry and wet mixtures is tabulated in table AS to A19 in the appendix). From 

the results it can be seen that the ratio of barium sulphate to Avicel PHlOl of 5:5 and 

2 : 8  produce similar results which are markedly different from the results obtained with 

the 8:2 mixture. Although the values of the storage and loss modulus are greater for 

the 8 : 2  mixture the shape of the curves are similar to those seen with the other two 

ratios. In all cases the storage modulus decreases as the torque increase which shows 

that the structure is being broken down and becoming less elastic in nature. The loss 

modulus also decreases but to a lesser extent than that seen with the storage modulus. 

When dry, good and wet mixtures are compared, it is seen that differences in the 

shape of the curves exist where by increasing the moisture content the stress and strain 

becomes less consistent. Dry mixtures have the highest G' and G" values, which 

indicate that these mixtures are more solid in nature, which is to be expected. There 

seems to be a greater breakdown in structure with the wetter mixtures than with the 

drier mixtures when the torque is increased. This shows that the wetter mixtures 

become more fluid like in nature when put under increasing stresses, whereas dry 

mixtures tend to hold there structure.
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Figure 6.18:- The storage modulus (G') and the loss modulus (G") of good mixtures 
of barium sulphate and Avicel PH 101 with water using a torque sweep carried out

at an oscillatory frequency of 0 . 1  hz.
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Figure 6.19:- The storage modulus (G') and the loss modulus (G") of dry mixtures 
of barium sulphate, Avicel PH 101 and G.M.S. with water using a torque sweep 

canied out at an oscillatory frequency of 0.1 Hz.
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Figure 6.20:- The complex modulus (G*) and tan delta of good mixtures of barium 
sulphate and Avicel PH 101 with water using a torque sweep carried out at an

oscillatory frequency of 0.1 Hz.

When G.M.S. is added to the mixtures (see graph 6.19), the G' and G" values are 

increased. This shows that the mixture is both highly elastic and viscous in nature. 

Again, similar trends are seen between the dry and wet curves with the wet mixtures 

showing a greater breakdown in structure.

It should be noted, to make comparison, that different portions of the structural curves 

will be seen as the same torque values were applied for all three types of mixtures, 

dry, good and wet, which possess very different structures. Hence, this maybe one of 

the reasons why the dry mixtures appear not to change its structure very much over 

the torque range chosen but the wet mixtures do. The good mixtures show a constant 

value region (between 2 and 5 mNm) before the storage and loss modulus begin to 

fall. The wet mixtures show a continual change throughout the run suggesting that 

break down in structure occurs from the start of the run.

Graph 6.20 shows the effect of the complex modulus, G*, and tan delta on a good 

mixture of varying barium sulphate to Avicel PH 101 content. Again, the 8:2 mixture
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produced higher values than the 5:5 and 2:8 mixtures. There are very notable 

differences between the dry, good and wet mixtures. The dry mixtures have a higher 

G* value, which implies that they are more elastic in nature, and it appears that the 

complex modulus decreases more with increasing stress, as the mixture becomes 

wetter. This shows that the strain is greatly increased within the samples as the stress 

is increased, due to the complex modulus being a ratio of the stress to strain.

Tan delta is seen to be greater with wetter mixtures, which indicates that the mixture 

is more fluid like. Also as the mixture becomes wetter, the tan delta values increased 

more as the stress is increased showing that, as more liquid is present, the structure 

breakdown is faster than those which are drier.

Again differences are seen when G.M.S. is added to mixtures. Here, very siuprisingly, 

tan delta for dry mixtures decreases, showing that the mixture is becoming more 

elastic in nature as the stress is increased. This is very peculiar as the complex 

modulus, as seen with the other mixtures, decreases showing that the structure is being 

broken down and becoming more fluid like in nature. Therefore, it appears when 

G.M.S. is added to a mixture a very complex structure is seen within the material with 

both the elasticity and viscosity predominating greatly.

6.3.4 Parallel plate frequency sweeps.

Frequency sweeps look at the effect of changing the length of time that the stress 

(torque) is applied and is illustrated in figure 6 . 2 1  and 6 .2 2 .

Here again, the 8:2 mixture have higher values of G, G", G* and tan delta when 

compared to the 5:5 and 2:8 mixtures.

The values of G', G", G* and tan delta decrease as the mixtures become wetter 

indicating that a greater fluidity of the system as the water content increases. For all 

mixtures, similar trends are seen in the shape of the graphs. When the frequency is 

increased, the material becomes more elastic in nature. This is seen by the storage 

modulus, G', increasing as the frequency decreases. The loss modulus, G", which gives 

an indication to the fluidity of the system decreases, showing the mixture is becoming 

less fluid in nature. This then results in the complex modulus increasing showing that 

elasticity dominates the systems and tan delta is seen to decrease, showing that the 

structure is becoming more elastic in nature.
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Again, formulations containing G.M.S. have the highest values for O', G", G* and tan 

delta showing that the addition of the G.M.S. has a maiked influence on the structure 

and rheology of the material.

6.4 CONCLUSIONS

From the work carried out it can be seen that differences and similarities are found 

in the rheological characterisation. Both of the methods used had advantages and 

disadvantages.

It was possible, using the capillary rheometer, to distinguish between dry, good and 

wet mixtures. Values for the shear stress and apparent viscosities, at a given shear rate 

value of 3.43s \  can be used to predict if a mixture will produce good spheres. 

However, using the capillary rheometer, the incline of the curves, especially for the 

shear stiess, was uneven and it appeared that slip at the die wall was occuning during 

the extrusion process, which makes it difficult to characterise the flow properties. 

Hence, no definite rheological model could be found to describe the flow properties. 

The parallel plate provided useful information on the characterisation of the materials 

tested. Unlike the capillary rheometer, it was found that clear distinctions between 

mixtures could be made especially where a high proportion of barium sulphate or 

G.M.S. were present. However, unlike the capillary rheometer, it was not possible to 

predict if a material would produce good spheres as each mixture must be considered 

individually. Differentiation between a dry, good and wet mixture, within a given 

mixture, was possible. The values of G', G", G* and tan delta were dependant upon 

the mixture being tested. However, the parallel plate did provide valuable information 

regarding the elasticity and viscosity of a given material.

From the overall results, by using both techniques, valuable information can be gained 

on the rheological characterisation of the materials. However, more work needs to be 

carried out on different mixtures to find out how useful the information found in the 

present work conelates with other mixtures before firm statements can be made.
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CHAPTER 7:- STATISTICAL ANALYSIS

7.1 INTRODUCTION

A statistical analysis programme was used to interpret the data obtained from the 

sphere characterisation (shape, size, density and porosity) and rheological properties 

of the mixtures. This was used to provide a way of initialising the vast quantity of 

data produced from various experiments. Simple examination of the data was 

insufficient to determine which factor(s) were significant for each variable studied. 

The factors that were chosen to be analysed were:-

1. The barium sulphate to Avicel PH 101 ratio.

2. The presence of G.M.S. in a mixture.

3. The liquid content used.

4. The type of liquid used.

5. The speed of extrusion.

The statistical analysis programme was used to assess how these factors influenced the 

properties of granules

a. Shape factor (E,).

b. Aspect ratio (AR).

c. Perimeter (P).

d. Medium particle size (MPS).

e. Interquartile range (IQR).

f. Density (D).

g. Porosity (POR).

A level of significance was found for each variable and also the extent to which the 

various factors interacted with each other. The analysis of the rheological data was 

carried out slightly differently with only the water, solid and the interaction being 

considered.

7.2 METHOD

A statistical package for social science (S.P.S.S. version 4.0 1992) was used to analyse
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the data. For each mixture studied, data relating to the granules shape factor, aspect 

ratio, perimeter, medium particle size, interquartile range, density and porosity was 

collected (as tabulated in tables 3.2 to 3.6 and A1-A8). For mixtures without G.M.S. 

present, the individual granule characteristics i.e. Shape factor etc. were compared to 

each other in terms of the barium sulphate to Avicel PH 101 ratio, the speed of 

extrusion used, the liquid content and the type of liquid used, by caixying out an 

analysis of variance to evaluate the significance that each factor had on the properties 

of the granule produced. Also, the interaction between factors was carried out to 

determine if one factor influenced another factor. If the type of liquid used was found 

to have a significant effect on a granule property then a more detailed analysis of the 

liquid used was carried out to see which liquid significantly differed from the standard 

using water.

For mixtures containing G.M.S., the individual granule chaiacteristics were compared 

with each other and also to mixtures where a similar barium sulphate to Avicel PH 101 

to water ratio's were used, so that the significance due to the presence of G.M.S. could 

be determined. Again, an analysis of variance was carried out to compare the granule 

data to indicate if the barium sulphate to Avicel PH 101 ratio, presence of G.M.S., 

liquid content and speed of extrusion significantly influenced the granule 

characteristics. The analysis of possible interactions between factors was also carried 

out.

The analysis of the rheological data was carried out slightly differently. Here, for each 

mixture tested, data was taken from the vaiious rheological graphs (as tabulated in 

table A9 to A 19) and the significance of the solid content, water content and the 

interaction between the solid content and water content were then assessed using a 

multivariate analysis of variance (MANOVA). A multivariate analysis was required, 

instead of the simple analysis of variance used previously because the rheological 

curves were described by a set of data points rather than just one specific point. For 

the capillary rheometer, the rheological cuiwe was characterized by the shear stress and 

sheai* viscosity values at set shear rate points along the curve. For the parallel plate 

viscometer, the curve were characterized by the storage modulus (G'), loss modulus 

(G"), complex modulus (G*) and tan delta values at set points along the cuiwe. Here, 

for each mixture there was 4 variables (i.e. G', G ", G* and tan delta) for 1
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characteristics i.e. the 4 different frequency values (0.01, 0.1274, 1.129 and 10 Hz) for 

the frequency sweep graphs and 2 torque values ( 8  and 18 mNm) for the torque sweep 

graphs. Therefore, the analysis now goes from a simple analysis of variance to a 

multivariate analysis of variance. With this approach, the 4 single values of G', G", 

G* and tan delta or the shear stiess or viscosity values for the capillary ACER, are 

tieated as a whole chaiacteristic and the various factors (solid content ratio, water and 

both together) can be investigated with regard to their significance in the rheological 

chaiacteristics of various mixtures. However, it must be noted that for the capillary 

rheometer results, only the data obtained using the 5 by 1 die could be used as the 

MANOVA requires replicates to be made and no repeats were carried out using the 

10 by 1 and 15 by 1 dies. For the parallel plate viscometer each curve was carried out 

in tiiplicate and the average values were tabulated in the appendix. From the analysis, 

a multivaiiate test criteria (T") was obtained for each characteristic. However, this 

value is then tiansferred to give a Fisher value (F), as using this value it is easier to 

identify the probability (P̂ ) value from statistical tables. Also, it is possible to see if 

all the variables i.e. G' etc. aie all significant in the determination of the rheological 

characteristics. If a variable is found to be non significant, then this variable can either 

be coiTelated to another variable or all the variables combined and therefore, it does 

not need to be measured in the future.

7.3 RESULTS

A probability of 0.05 was taken as the borderline between significant and an 

insignificant result. If the level of significance was below this value then a significant 

change had occuned. As the level of significance approached 0 then this resulted in 

the factor becoming increasingly significant in its effect. The following results are 

divided into 3 sections:-

1. A study of the changes in sphere characteristics for mixtures containing barium 

sulphate and Avicel PH 101.

2. A study of the effects of adding G.M.S. to mixtures with respect to sphere 

characteristics.

3. Rheological characterisation.
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7.3.1. A study of the changes in sphere characteristics for mixtures containing 

barium sulphate and Avicel PH 101.

The results of the analysis of variance is tabulated in table 7.1, 7.2 and 7.3. Table 7.1 

shows the level of significance produced for each factor and variable studied. Table

7.2 highlights the significant interactions that occur between factors and which granule 

characteristic this affects. Table 7.3 shows the detailed liquid interaction, when a 

significant effect was seen between the type of liquid used and variable studied as 

seen in table 7.1. Here, comparisons of the granule characteristic data produced were 

made in terms of the liquid used. If a difference was seen between one liquid and 

another liquid, for the same mixture, then this was highlighted.

level of significance, P̂

FACTOR B:A ratio Liquid content Type of liquid Extrusion speed

VARIABLE

shape factor 0.003 0 . 0 0 0 0 . 0 0 1 n.s.

Aspect ratio n.s. 0 . 0 0 0 0.032 n.s.

Perimeter 0 . 0 0 0 0 . 0 0 0 n.s. 0.004

Median particle 
size

0 . 0 0 0 0 . 0 0 0 n.s. 0.004

Interquartile
range

0.008 0 . 0 0 0 n.s. 0.004

Density 0 . 0 0 0 n.s. 0 . 0 0 0 0 . 0 0 1

Porosity 0 . 0 0 0 n.s. 0 . 0 0 0 0 . 0 0 1

n.s. = not significant (P̂  > 0.05)

Table 7.1:- The level of significance, Pp obtained between each factor and variable
studied.
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Factor B:A Liquid content Type of liquid Extrusion speed

B:A - P, MPS, IQR D, POR -

Liquid content - - - E„ AR

Type of liquid - - - AR

Extrusion speed - - - -

Table 7.2:- The significant interactions that occur between each factor for each
variable studied.

Liquid 25% glycerin 0.1% S.L.S. 0.01% PF6 8 0.0001% PF6 8

water D, POR E„ AR, D, 
POR

E„ AR, D, 
POR

Er, AR, D, 
POR

25% glycerin - E„ AR, D, 
POR

E„ AR, D, 
POR

E„ AR, D, 
POR

0.1% S.L.S. - - E„ AR, D, 
POR

Ep AR, D, 
POR

0.01% PF6 8 - - - -

(no significant interaction occurred between tlie type of liquid and the perimeter, 
median particle size and interquartile range)

Table 7.3:- Detailed interaction of the type of liquid used where a significant effect 
was observed between the type of liquid and the variable studied.

7.3.11. Shape factor (EJ.

The results, in table 7.1, indicate that the barium sulphate to Avicel PH 101 ratio, 

liquid content and type of liquid all have a significant effect on the shape factor of the 

granules. However, the extrusion speed on its own is not a significant factor but this 

can not be ignored as can be seen in table 7.2, there is an interaction between liquid 

content and the extrusion speed. This means that the extrusion speed has some effect 

on the liquid content data and hence can not be ignored altogether. From the detailed 

results for the type of liquid used, table 7.3, it can be observed that water and 25% 

glycerin behave in a similar manner but 0.01% S.L.S. and the two strengths of PF6 8  

are significantly different from water and hence influences the mean shape factor 

results. It can also be seen that there is no difference in the effect produced by using
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PF 6 8  within the range of 0.01% to 0.0001%.

7.3.1.2. Aspect ratio.

Differences in results between the shape factor and aspect ratio can be identified in 

table 7.1. For the aspect ratio, only the liquid content and type of liquid used appear 

significant but an interaction between the liquid content and extrusion speed and the 

type of liquid used and extrusion speed are noted in table 7.2. Therefore, the extrusion 

speed can not be ignored totally. The results indicate that the aspect ratio is not as 

sensitive as the shape factor in the characterization of the shape of granules as 

indicated by the level of significance values, in table 7.1. Here, the aspect ratio has 

higher levels of significance when compaied to tlie shape factor while the barium 

sulphate to Avicel PH 101 ratio does not appear to influence the aspect ratio. This 

indicates that the results obtained from the image analyzer shows that the shape factor 

is a better factor for shape classification of spheres than the aspect ratio. This could 

be due to the fact that the shape factor examines not only overall shape but also the 

surface roughness of the granules.

7.3.13. Perimeter.

Here the barium sulphate to Avicel PH 101 ratio, liquid content and extrusion speed 

have a significant effect on the results, see table 7.1. The barium sulphate to Avicel 

PH 101 ratio and liquid content interact with each other (table 7.2) indicating that the 

barium sulphate to Avicel PH 101 ratio results depends upon the liquid content chosen. 

The analysis indicates that the extrusion speed has a significant effect on the perimeter 

of the granules produced. This is because at the slower speed the liquid is able to flow 

more easily during the extrusion process, resulting in the initial extrudate collections 

being wetter in consistency and hence, producing larger granules during the 

spheronisation process.

7.3.1.4. Median particle size.

The results (table 7.1) show that the barium sulphate to Avicel PHlOl ratio, liquid 

content and extrusion speed have a significant influence on the median paiticle size. 

There is also an interaction between the solid content and the liquid content as seen 

in table 7.2. The results from the median particle size and mean perimeter are similar 

which is to be expected as they should be related.
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7.3.1.5. Interquartile range.

The interquartile range gives an indication as to the range of granule sizes that are 

present within a given batch. The results produced here are similai* to those found with 

the mean perimeter and median particle size although, from table 7.1, it can be 

observed that the baiium sulphate to Avicel PHlOl ratio does not produce as 

significant effect on the interquartile range.

7.3.1.6. Density.

The results show (table 7.1) that the solid content, type of liquid used and the 

extrusion speed are all significant in the densification of the granules. There is also 

an interaction between the solid content and type of liquid used (table 7.2). When 

looking at the detailed liquid type results (table 7.3), it is observed that the effects of 

water and glycerin are different whereas previously they have been shown to be 

similar. Therefore, from this it can be concluded that the type of liquid used affects 

the density of the granules. Again, there was no significant difference seen between 

the two PF6 8  concentrations tested.

7.3.1.7. Porosity.

The results (table 7.1, 7.2 and 7.3) for the porosity are found to be similai* for those 

seen for the density which is to be expected as the density and porosity are linked.

Overall, from the results it was found that by using S.P.S.S. differences were 

identified between the variables used and the different factors investigated. Using this 

approach, it was possible to determine which factors were more significant for each 

variable. The type of liquid used was also found to significantly affect the granule 

shape, density and porosity. From table 7.3, glycerin and water give similar data 

relating to the granules shape but differences are seen in the granule density and 

porosity characteristics. However, differences in the granules shape, density and 

porosity data were observed when a suifactant was added to the system when 

compared to water although, there was no difference seen when the two PF6 8  

concentrations are compaied.
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7.3.2. A study of the effects of adding G.M.S. to mixtures with respect to sphere 
characteristics.

The results of the statistical analysis are presented in tables 7.4 and 7.5. Table 7.4 

shows the level of significance produced between each factor and the variable studied. 

Table 7.5 highlights the significant interactions that occur between factors and for 

which granule characteristic this affects.

level of significance, P̂

Factor B:A ratio G.M.S. Liquid content Extrusion speed

Variable

Shape factor 0.022 0.000 n.s. n.s.

Aspect ratio 0.014 0.001 n.s. n.s.

Perimeter n.s. n.s. n.s. 0.028

Median particle 
size

n.s. n.s. n.s. n.s.

Interquartile
range

n.s. 0.045 n.s. n.s.

Density 0.000 0.000 0.021 n.s.

Porosity n.s. 0.000 n.s. n.s.

n.s. = not significant (P, > 0.05)

Table 7.4:- The level of significance obtained between each factor and variable
studied.

Factor B:A ratio G.M.S. Extrusion speed

B:A ratio - P, MPS, POR P

G.M.S. - - P, MPS

Extrusion speed - - -

(there was not enough variation in liquid content results to test this interaction with 
the other factors and hence this was left out).

Table 7.5:- The interactions that occuiTcd between each factor for each variable
studied.
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7.3.21. Shape factor (Ê ).

The results (table 7.4) indicate that both the ratio of barium sulphate to Avicel PHlOl 

and the G.M.S. have a significant effect on the values of shape factor but the quantity 

of liquid and the extrusion speed were not significant. There was no interaction 

between the factors and hence, each factor acts individually.

1 3 .2 2 . Aspect ratio.

Again, as seen with shape factor (table 7.4), only the barium sulphate to Avicel PHlOl 

ratio and G.M.S. content of the mixtures significantly effects the aspect ratio with no 

interactions occuning between factors.

T.3.2.3. Perimeter.

Here (table 7.4), only the speed of extrusion seems to effect the perimeter of the 

granules which is surprising as it would be though that the liquid content also has an 

important influence on size. However, the barium sulphate to Avicel PHlOl ratio and 

the G.M.S. content seem not to influence the perimeter of the particles. Interactions 

between the different factors occuned (table 7.5) and also, for the porosity data only, 

all three factors interacted together. This indicated that the barium sulphate to Avicel 

PHlOl ratio and G.M.S. content of the mixtures cannot be ignored as these have an 

influence on the speed of extrusion results.

T.3.2.4. Median particle size.

Here, none of the factors seem to have any significant effect (table 7.4). This is 

surprising as it was thought that the speed and liquid content particularly might 

influence the median particle size. An interaction between the ratio of barium sulphate 

to Avicel PHlOl and the G.M.S. content and the G.M.S. content and speed of 

extrusion occuiTed (table 7.5) and needs to be considered, although the factors, when 

considered individually, had no significant influence on the median paiticle size.

7.3.2.S. Interquartile range.

Here only the G.M.S. content has a significant effect on the interquartile range (table 

7.4). The ratio of barium sulphate to Avicel PHlOl, liquid content and speed of 

extrusion do not seem to have a significant influence. Therefore, it seems that the size 

of the particles and their interquaitile range is dependant mainly on the speed of 

exti'usion and the G.M.S. content and are not significantly altered by the barium 

sulphate to Avicel PHlOl ratio or the liquid content. There were no interaction found
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between the various factors for the interquartile range.

7.3 2.6. Density.

Only the speed of extrusion had no influence on the density of the particles with the 

barium sulphate to Avicel PHlOl ratio, G.M.S. content and liquid content having 

significant effects (table 7.4). This is to be expected, as the amount of solid present 

within the mixture wül give varying density measurements. No interaction was 

observed between the various factors for the density results.

1 3 .2.1. Porosity.

Only the G.M.S. content has an influence on the porosity of the granules produced 

(table 7.4). This maybe linked to the visual analysis obseiwations {section 3.3.2) where 

high contents of G.M.S. resulted in the granules having appaient holes in their 

stiucture which would make them more porous than those without G.M.S. However, 

the ratio of barium sulphate to Avicel PH 101 can not be ignored as this is seen to 

interact with the G.M.S. content (table 7.5).

7.3.3. Rheological characterisation

The following tables show the multivariate test criteria value, T ,̂ which is then 

transferred to the Fisher value, F. From the F value, the level of probability, Pp can 

then be found from statistical tables. As the value of T  ̂ and F become higher so the 

factor that is being studied becomes more significant in its effect. This is able to be 

achieved as the number of degrees of freedom is always the same for each of the 

curves analysed. If this had not been the case then, the mean effect would have to be 

used. The characteristic of a curve, based on the readings of G', G", G* and tan delta, 

is represented as the frequency values or the torque values and for the capillary 

rheometer is represented by the shear stress or shear viscosity values. The factors that 

are considered in all cases is the solid content (relating to the proportions of the solid 

components), water content and an interaction of the two. The comments section in 

the table highlights the variables, G',G",G* and tan delta, which are non significant. 

This means that for the characteristic being studied, this variable does not need to be 

measured in the future, as the variable coiTelates with either another variable or a 

combination of all the variables to produce a similar result. If the comments section 

is left blank then this means that all the variables need to be analysed to characterize
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the rheological properties of the curve.

7.3.3.1 Mixtures containing barium sulphate and Avicel PHIOI.

7.3.3.1.1 Evaluation by parallel plate frequency sweep.

Here, the values of G', 0", G* and tan delta were found at set frequency values of 

0.01, 0.1274, 1.129 and 10 Hz. The barium sulphate to Avicel PHlOl ratio, the water 

content and the interaction of the two were analysed to see which factor was 

significant in the determination of the rheological characterization of the mixtures. The 

results are tabulated in table 7.6.

The results in table 7.6 show that both the water content, barium sulphate to Avicel 

PHlOl ratio and the interaction of the two significantly affect the Irequency sweep 

characterization in terms of the G', G", G* and tan delta values. However, the barium 

sulphate to Avicel PHlOl ratio appears to have a more significant effect than the 

water content and the interaction between the two, as seen by the higher values of T̂  

and F obtained at the various frequency values studied. It is observed that the lower 

frequency values provide the most sensitive results as shown by the higher values of 

T  ̂ and F. When all the frequencies values are combined, it can be seen that the 

frequency values do not coiTelate with each other and therefore, it is necessary to 

consider all the frequency values results although, only the extreme values of the 

frequency sweep may need to be considered to give an overall view of the rheology 

of the system being tested i.e. at 0.01 and 10 Hz.

7.3.3.1.2 Evaluation by parallel plate torque sweep.

Here, the values of G', G", G* and tan delta were found at torque values of 8 and 18 

mNm along the curve. The barium sulphate to Avicel PHlOl ratio, water content and 

an interaction of the two were analysed to deteiTnine which factor was significant in 

the rheological characterization.
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Freq.value Main factor j2 F Pr Comments

0.01 Hz. interaction 55.65 46.95 0.000 -

water 52.80 92.40 0.000 -

solid 105.98 185.46 0.000 -

0.127 Hz. interaction 94.27 79.54 0.000 G" n.s.

water 86.14 150.75 0.000 G" n.s.

solid 194.17 339.79 0.000 -

1.129 Hz. interaction 90.06 75.98 0.000 G' + 0 n.s.

water 134.08 234.64 0.000 G" n.s.

solid 193.11 337.95 0.000 0 n.s.

10.0 Hz interaction 11.76 9.92 0.000 -

water &89 15.56 0.000 -

solid 20.98 36.72 0.000 -

Combination interaction 1472.98 34.52 0.000 * see below

of all four water 563.57 35.22 0.002 # see below

Frequencies solid 1463.91 91.49 0.000 $ see below

n.s. = not significant (P̂  > 0.05)
* = G"(0 .i2 7 4 ). G"(i 12 9 ) and 0 ( 1 129 ) not significant
#  =  G  (o.i274)and (1.129) Significant 
$ = 0 (1 .1 2 8 ) not significant

Table 7.6:- Multivariate analysis results for various mixtures of barium sulphate, 
Avicel PHlOl and water in differing ratios using the frequency sweep curves 

obtained from the parallel plate viscometer to assess the rheological
characterization.

The results in table 7.7 show that at the lower torque value, the water content is more 

significant factor than the barium sulphate to Avicel PHlOl ratio and the interaction 

of the two whereas at a torque values of 18 mNm both the solid and water content 

have a significant role in the rheological chai acterization. When both the torque values 

aie combined it is observed that the two torque values do not correlate with each other
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and that the variables obtained at both the high and low torque values should be used 

for interpreting the rheological data on the torque sweep curves.

Torq. value Main factor j2 F Pr Comments

8 mNm interaction 24.92 21.03 0.000 G* n.s.

water 127.96 223.93 0.000 -

solid 28.83 50.45 0.000 -

18 mNm interaction 116.32 98.15 0.000 -

water 422.32 739.06 0.000 -

solid 427.72 748.51 0.000 -

Combination interaction 169.27 50.25 0.000 G* n.s.

of both water 531.07 331.92 0.000 -

Torques solid 555.11 346.94 0.000 G* n.s.

n.s. = not significant (P, > 0.05)

Table 7.7:- Multivaiiate analysis results for various mixtures of barium sulphate, 
Avicel PHlOl and water in differing ratios using the torque sweep curves obtained 

from the parallel plate viscometer to assess the rheological chaiacterization.

7.3.3.1.3 Evaluation by capillary rheometer.

Here, values of the shear stress and viscosity were taken at set shear rate intervals 

along the rheological curves. Only the data obtained using the 5 by 1 die could be 

used as only this with this die were replicates made.

The results, in table 7.8, show that the viscosity and shear stress give very differing 

results (as seen by the T  ̂ and F values especially when both characteristics are 

combined) which is to be expected as they describe different rheological 

chaiacteristics. For the sheai* stiess results, the interaction between the solid content 

and water content plays a more important role than the solid and water content on
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their own. However, for the viscosity results, similar levels of significance are seen 

between the factors although the importance of each factor is less than when compared 

to the shear stress values, as indicated by lower values of and F. Therefore, by 

using the capillary rheometer to characterize rheologically a mixture, both the viscosity 

and shear stress values play important roles.

Test Main factor j2 F Pr Comments

viscosity interaction 2271.99 1916.99 0.000 -

water 501.53 877.67 0.000 -

solid 1174.83 2055.96 0.000 -

shear stress interaction 36891.82 31127.47 0.000 -

water 10658.65 18652.64 0.000 -

solid 18443.36 32275.89 0.000 -

Combination interaction 87681.03 28009.22 0.000 -

of both water 0.000 -

parameters solid 0.000 -

Table 7.8:- Multivariate analysis results for various mixtures of barium sulphate, 
Avicel PHlOl and water in differing ratios using the shear stress and viscosity 

curves obtained from the capillary rheometer to assess the rheological
characterization.

7.3.3.2 Mixtures containing barium sulphate, Avicel PHlOl and G.M.S.

7.3.3.2.1 Evaluation by parallel plate frequency sweep.

Again, the values of O', G", G* and tan delta were found at set frequency values of 

0.01, 0.1274, 1.129 and 10 Hz. The baiium sulphate to Avicel PHlOl to G.M.S. ratio, 

the water content and the interaction of the two were analysed to see which factor was 

significant in the determination of the rheological characterization of the mixtures. The 

results are tabulated in table 7.9 where it maybe observed that differences are seen in 

the characterization of mixtures using the frequency sweep curves when compaied to 

mixtures without G.M.S. (section 7.33.1.1). Here, the water content appeal's to have
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a more significant role in the rheological characterization than the solid content and 

the interaction of the two factors. Again, the lower frequency values give the more 

sensitive results, which is shown by the probability values being 0.000 and higher 

and F values being obtained. By combining all 4 frequencies it was observed that no 

significant difference were seen between the values and that they correlate with each 

other. Therefore, it is only necessary to use 1 frequency value as a variable to 

characterize the mixture. With this in mind, it would be possible to use the lower 

frequency values to describe the mixtures as this was seen to provide the more 

sensitive results.

Freq.value Main factor T“ F Pr Comments

0.01 Hz. solid 55.62 69.52 0.000 -

water 141.27 176.58 0.000 -

interaction 59.64 74.55 0.000 -

0.127 Hz. solid 21.12 26.40 0.001 G" n.s.

water 294.82 368.53 0.000 -

interaction 2&98 37.47 0.001 # see below

1.129 Hz. solid 10.35 12.93 0.008 G" n.s.

water 145.13 181.42 0.000 -

interaction 10.11 12.63 0.008 # see below

10.0 Hz solid 8.03 10.03 0.013 # see below

water 71.24 89.06 0.000 -

interaction 10.43 13.03 0.007 # see below

Combination solid - - - -

of all four water - - - -

Frequencies interaction - - - -

n.s. = not significant (P̂  > 0.05)

# = G', G' and G* are not significant

Table 7.9:- Multivariate analysis for various mixtures of barium sulphate, Avicel 
PHlOl, G.M.S. and water in differing ratios using the frequency sweep cuiwes 

obtained by the parallel plate viscometer to assess the rheological characteristics.
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7.3.3.2.2 Evaluation by parallel plate torque sweep.

Again, the values of G’, G", G* and tan delta were found at torque values of 8 and 18 

mNm along the curve. The barium sulphate to Avicel PHlOl to G.M.S. ratio, water 

content and an interaction of the two were analysed to determine which factor was 

significant in the rheological characterization.

Torq. value Main factor T2 F Pr Comments

8 mNm interaction 13.44 16.79 0.004 G" n.s.

water 62.52 78.15 0.000 -

solid 13.95 17.44 0.004 # see below

18 mNm interaction 334.98 418.73 0.000 -

water 1299.90 1624.88 0.000 -

solid 285.06 356.32 0.000 # see below

Combination interaction 13124.35 1640.54 0.019 * see below

of both water 64848.81 8106.10 0.009 -

Torques solid 67940.39 8492.55 0.008 -

n.s. = not significant (P, > 0.05)
# = G', G" and G* not significant
*  =  G " (8 m N m )  ^ot Significant

Table 7.10:- Multivariate analysis results for various mixtures of barium sulphate, 
Avicel PHlOl, G.M.S. and water in differing ratios using the torque sweep curves 
obtained from the parallel plate viscometer to assess the rheological characteristics.

Again, as seen with mixtures absent from G.M.S. (section 7 .3 3 .1 2 )  that both the high 

and low torque values give differing results on the rheological characterization of the 

mixtures and therefore, need to be considered separately as indicated by the high T  ̂

and F values obtained when both chaiacteristics are combined. At the high torque 

value, the water content significantly affects the rheological characteristics of the 

mixtures more than the solid content and interaction of the two factors. However, the 

same is seen at the lower torque value but the significance is less than that seen at the
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higher torque value.

T.3.3.2.3 Evaluation by capillary rheometer.

Again, values of the shear stress and viscosity were taken at set shear rate intervals 

along the rheological curves. Only the data obtained using the 5 by 1 die could be 

used as only this with this die were replicates made.

Test Main factor j2 F Pr Comments

viscosity interaction 416.75 520.94 0.000 -

water 19414.06 24267.57 0.000 -

solid 1381.60 1727.00 0.000 -

shear stress interaction 462.21 577.76 0.000 -

water 21167.78 26459.73 0.000 -

solid 1614.75 2018.44 0.000 -

Combination interaction - - - -

of both water - - - -

parameters solid - - - -

Table 7.11:- Multivariate analysis results obtained for various mixtures of barium 
sulphate, Avicel PHlOl, G.M.S. and water in differing ratios using the shear stress 
and viscosity values obtained from the capillary rheometer to assess the rheological

characteristics.

Table 7.11 shows that either the shear stress or the viscosity values needs to be used 

to rheologically characterize mixtures containing barium sulphate, Avicel PHlOl and 

G.M.S. as when both characteristics are combined with each other the values correlate 

as indicated by the T ,̂ F and P̂  values all being non significant. However, by looking 

at the T  ̂ and F values of the shear stress and viscosity separately it is seen that the 

shear stress results are more sensitive, due to the values being higher although, in both 

cases, the water content plays a more significant role in the rheological 

characterization.
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7.4 CONCLUSION

Differences were seen between mixtures that contained G.M.S. and those which 

contained only barium sulphate and Avicel PHlOl. For mixtures without G.M.S., the 

shape of the granules (shape factor and aspect ratio) were significantly dependent upon 

the barium sulphate to Avicel PHlOl ratio, the liquid content and the type of liquid 

used with the shape factor being the more sensitive parameter in assessing shape. The 

size of the granules was significantly dependent upon the barium sulphate to Avicel 

PHlOl ratio, the liquid content and the speed of extrusion. The density and porosity 

seemed to be affected by the barium sulphate to Avicel PHlOl ratio, the type of liquid 

and the speed of extrusion. In all cases, the interactions between the factors also needs 

to be considered, as some of the factors seem not to directly influence the results but 

may influence responses caused by another factor. The type of liquid had no 

significant influence on the size of the granules but did influence the shape, density 

and porosity of the granules. Water and 25% glycerin appealed to give similar results 

but differences were seen between the two solutions in terms of the density and 

porosity. The two concentrations of PF68 used gave no significant differences on the 

variables tested.

For mixtures which additionally contained G.M.S., differences were seen in the 

granule properties when compared to mixtures containing barium sulphate and Avicel 

PHlOl. Here, the shape of the granules was dependent on the solid content only with 

the speed of extrusion and liquid content not significantly altering the response. The 

size of the granules seems to be only dependent on the speed of extrusion, with the 

interquaitile range was dependent only upon the G.M.S. content. The density of the 

granules was significantly affected by the barium sulphate, Avicel PHlOl, G.M.S. and 

liquid content with the porosity being dependent only on the G.M.S. content. Again, 

the interactions between the various factors need to be taken into consideration before 

drawing any conclusions.

From the results obtained on the rheological characterisation an overall statistical 

coiTelation test was earned out. This showed that the capillary rheometer viscosity and 

shear stress results conelated well with all the frequency values, except the lowest 

frequency value of 0.01 Hz., as well as with the torque sweeps. The frequency and
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torque sweeps also correlated showing that only one of these techniques needs to be 

used to test the rheology of the system. For mixtures containing G.M.S., the capillary 

rheometer apparent viscosity and torque sweeps at 8 mNm provided relevant 

information about the rheology of the mixtures and these two sets of experiments can 

be successfully used in the future rather than carrying out and analysing all other data 

sets.
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CHAPTER 8:- DISCUSSION

The main aim of this thesis was to investigate the effects of altering a formulation by 

changing the liquid binder and the relative proportions of the diy powders added in 

terms of the affect on the extrusion process and the final end product characteristics 

(size, shape , density and porosity).

Initially, the liquid and powder properties were determined to give an idea of the type 

of systems being studied. Here, it was found that both Avicel PHlOl and barium 

sulphate were hydrophilic in nature. When G.M.S. was added to the barium sulphate, 

the combined powder mixture was hydrophobic in nature. When the two surfactants 

and water were added to Avicel PHlOl, barium sulphate and an equal mixture of the 

two it was observed from the swelling data (section 2.3.3.) that a very complex 

systems were produced. Although both barium sulphate and Avicel PHlOl have 

similar hydrophilic properties as indicated by similar contact angles (section 2.4.2), 

the two powders behave very differently in terms of the swellability, when both water 

and surfactants are added to the powders. Avicel PHlOl is able to increase its volume 

by 50% (section 2.4.3.) when water is combined with the dry powder whereas the 

volume of barium sulphate decreases, showing that the powder becomes more compact 

in structure. When a solution of an anionic surfactant S.L.S., is added to the different 

powders (barium sulphate, Avicel PHlOl and an equal powder mixtures of the two) 

the systems become more complex due to the molecular charges that occur within 

assembly of the particles stmcture. Both barium sulphate and the powder mixture 

volume increases until a concentration of 0.1% w/v (critical micelle concentration for 

S.L.S. is 0.23% w/v) where a dramatic decrease in the powder volume is seen 

presumably due to deflocculation. With Avicel PHlOl a stepwise increase in the 

powder volume is observed as the concentration of S.L.S. is increased showing no 

decrease in volume once the critical micelle concentration has been reached. When a 

solution of the non-ionic surfactant PF68 is added then both the Avicel PHlOl and the 

equal powder mixture volume decrease as the concentration of PF68 increases until 

0.1% PF68. Here, the volume of the powders is increased and could be due to 

polymolecular aggregation that occurs within the PF68 (section 2.1.4.1) Sit this point. 

Barium sulphate does not appear to alter its volume when differing concentrations of
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PF68 are added. This shows the powder/liquid interaction is very complex in nature 

and that it is very difficult to characterize a formulation in terms of 

hydrophilicity/hydiophobicity of the powders and liquid properties such as surface 

tension and viscosity.

The movement of liquid through powder beds was used to characterize further the 

foiTnulation in terms of pore structure and how the different liquid binders chosen 

influenced the movement of liquid through the powder beds. This is an important 

characterization to determine and can be related to both the extrusion and 

spheronisation stages of the process. During extmsion water can migrate through the 

powder bed due to the high forces of extrusion. During spheronisation, water migrates 

to the surface of the spheres due to the centiifugal and impact forces. Using this 

technique it was possible to ascertain that the barium sulphate powder beds consisted 

of mainly nairow pores which were easily accessible. This was shown by the % 

saturation of the bed being very low and as the pressure was increased the change in 

% saturation was very slight (see figure 5.7). On the otherhand, Avicel PHlOl 

consisted of both lai'ge pores (shown by a high % saturation value at low pressures) 

and nanow pores which were not as easily accessible as those of barium sulphate for 

when the pressure was increased a change in the % saturation occuned, because at 

higher pressures it is possible to diain the nanower pores (see figure 5.6). The powder 

mixture containing equal parts of barium sulphate and Avicel PHlOl showed a 

combination of the properties of the two powders. A small number of lai'ge pores were 

present as the % saturation value was between the barium sulphate and Avicel PHlOl 

values. A large number of narrow pores was also present within the powder bed and 

a lai'ge hysteresis was produced (see section 5.3.1.) indicating the presence of narrow 

pores.

From the limiting saturation values it was found that Avicel PHlOl produced the 

highest saturation followed by the powder mixture then barium sulphate. This indicates 

that within the Avicel PHlOl structure, there are many pores present where hydraulic 

isolation can occur whereas barium sulphate has very few. When a surfactant is added 

to the systems, the limiting saturation values are increased indicating that the decrease 

in surface tension of the liquid results in the liquid being able to enter more pores, 

especially where hydraulic isolation can occur. By increasing the viscosity of the
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liquid, by adding 25% glycerin, the saturation values decreases showing that the liquid 

is unable to enter as many pores and less liquid is hydiaulically isolated.

The mean hydraulic radius of the vaiious powders was determined using the pressure 

membrane technique (scq figures 5.11 to 5.13). Although the values obtained were 

unable to distinguish between the three different powder beds, barium sulphate, Avicel 

PHlOl and an equal powder mixture of the two, it did, however, provide an indication 

of the pore size within each of the powder beds. Hence, the pressure membrane 

technique was able to further characterize the complex powder/liquid interaction and 

give some idea as to how the liquid moves within the powder system. The way in 

which the liquid is able to move through the powder bed can be related to the 

extrusion process. For Avicel PHlOl, the results from the pressure membrane 

technique indicate that at low pressures the large pores are able to drain to provide 

adequate lubrication for the extiudate to emerge ( s t t  figure 5.6). As the system drys, 

so the pressure required for extrusion increases and hence, the naiTOwer pores within 

the powder molecules are now able to drain to provide the lubricity required for 

extrusion. Therefore, Avicel PHlOl is able to release liquid throughout the process 

and this aids the process of extrusion. Conversely, baiium sulphate releases the 

majority of fluid at low pressure and as the mixture becomes dry no more liquid is 

able to be drained from the system and hence, the force required for extrusion 

increases. This is illustrated by the occuirence of force flow rather the steady state 

extrusion (see figure 3.6). This has been shown to occur by work carried out by Bains 

et al (1992) where, at high barium sulphate contents only a limited range of moisture 

levels allow the good granules to be produced.

The force/displacement graphs, produced during the extrusion process, provide 

valuable information on the formulation being tested (see section 3.3.1). The graphs 

are able to differentiate between dry, good and wet mixtures independent of the 

barium sulphate to Avicel PHlOl ratio. It is also possible to predict if a formulation 

is susceptible to liquid migration, indicated by the length of the steadystate region. If 

a short or non-existent steady state occurs during the extrusion process, this shows that 

the formulation is susceptible to liquid migration and results in an inconsistent 

extrudate being produced. Using these graphs (figure 3.7), it was shown that by adding 

G.M.S. to a mixture resulted in the steady state stage being longer, even for diy
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mixtures. Therefore, G.M.S. acts as a good extrusion aid by lowering the force 

required for extrusion (see table 3.1b) and prolonging the steady state stage. This 

maybe due to G.M.S. acting as a lubricant. By increasing the viscosity of the liquid 

binder it was shown in figure 3.8 that the force requked for extrusion is greatly 

increased after the addition of 25% w/w glycerin to the liquid medium and by using 

100% glycerin, it was not possible to extrude the mixture. Adding a surfactant to the 

system results in the steady state force remaining similar to that seen with water for 

the concenti'ations tested.

Liquid movement during the extiusion phase was taken further by carrying out a series 

of experiments where the quantities of extrudate were collected sequentially {see 

chapter 4). Here, it was possible to show by quantifying the water content of the 

exti'udate, which mixtures produced inconsistent results and how the speed of 

extiusion influenced the migration of the liquid (see section 4.2.2.). The results 

indicated that at high baiium sulphate contents, the liquid movement was greatly 

increased which is in accordance with the predictions made using the pressure 

membrane apparatus and extiusion force profiles. As the mixtures became diy, this 

resulted in the migration of the liquid phase increasing. By adding 25% glycerin as 

the liquid binder, in dry formulations, resulted in a decrease in the migration of the 

liquid and that by adding either a anionic or non-ionic surfactant (0.1% S.L.S., 0.01% 

and 0.0001% PF68) resulted in no considerable change in the liquid movement (see 

figure 4.4). Therefore, by adding a surfactant to a mixture, in the concentrations 

chosen, results in no diamatic change to extrusion profile.

The speed of extrusion influenced the migration of the liquid with the slower speed 

causing the greatest movement {sqq figure 4.2). However, the effect caused by altering 

the speed of extrusion is dependent upon the formulation being tested with the wetter 

mixtures and low barium sulphate contents causing the least change.

Rheological characterization of the mixtures was caiTied out to see if it was possible 

to predict if a mixture would produce good spheres and how the formulation variables 

affected the rheology of the mixture.

Using the capillary rheometer (Acer 2000) it was possible to determine if a mixture 

would produce dry, good or wet granules from both the sheai* stress and apparent 

viscosity values at a sheai' rate of 3.43 s ' independently of the baiium sulphate to
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Avicel PHlOl ratio and whether or not G.M.S. was present (see section 6.3.1 and  

6.3.2). For a good mixture the shear stress value needs to be between 5.5 and 5.8 Pa 

and the shear viscosity values needs to be between 2 and 2.5 Pas at a shear rate of 

3.43 s '\  However, the flow curves produced from the shear stress v shear rate graphs 

indicated that slip was occurring at the die wall during the extrusion process and this 

resulted in difficulty characterizing the flow of the mixture. Therefore, using the 

capillary rheometer, no definite rheological model could be used to describe the flow 

properties of the various mixtures. By using this apparatus, the construction of the 

shear stress v shear rate graphs was much simpler to accomplish than those produced 

using the ram extruder as described by Harrison (1982). Here, it was only necessary 

to carry out one extrusion run to produce the plot where previously several extrusions 

using the ram extruder was required using different speeds and die L/R ratios.

A parallel plate viscometer (Canimed CSL 500) was also used to determine the 

rheological characteristics of the materials. However, it is not possible to relate 

directly the rheological characteristics determined here as high shear rates are required 

for sphere forming properties of the formulation and by using the parallel plate 

viscometer, in the oscillation mode, low shear rates are applied to the mixtures 

(ranging from 10 to 10'  ̂ s'̂ ) when compared to the capillary rheometer shear rates 

of 10̂  to 10"* s'̂  . However, by using the parallel plate viscometer, the structure of the 

mixture is not disturbed, which is not the case with the capillary rheometer. By using 

the parallel plate viscometer, information on the elasticity and viscosity of the mixture 

was identified. Using this technique, it was not possible to predict whether a mixture 

would be dry, good or wet. The apparatus was able to differentiate between a dry, 

good or wet mixture with a specified barium sulphate to Avicel PHlOl ratio but the 

values obtained were relevant for that mixture only. Generally, the wetter mixture 

gave the lowest values of the storage modulus (G'), loss modulus (G"), complex 

modulus (G*) and tan delta indicating that the mixture became more fluid like in 

nature and less elastic. The higher the barium sulphate content of the mixture, the 

higher the values of both elasticity and viscosity (see figure 6.18). By adding G.M.S. 

to a formulation, large changes in the rheological characteristics were seen with higher 

elasticity and viscosity values being found ( s t t  figure 6.19). Therefore, by using the 

parallel plate viscometer data relating to the viscosity and elasticity of the system can
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be determined.

Although predictions of the effect of adding different binding solutions to varying 

formulations of barium sulphate to Avicel PHlOl mixtures it is the final product 

chai'acteristics that are important.

The shape of the granules were classified initially by visual analysis as to whether 

they were dry, good or wet where dry particles were clearly elongated and wet 

particles had a large granule size. Further to this, a more detailed analysis was carried 

out to determine the shape factor, E„ and aspect ratio (see section 3.2.53). The shape 

factor, Ep is a new factor which can be used to classify the sphericity of granules as 

described by Podczeck and Newton (1994). From the results produced in this thesis, 

the shape factor values was able to differentiate between the granules produced by 

good or dry formulations with good formulations having a high shape factor value 

when compared to dry mixtures (see table A1 to A8). However, the shape factor, Ê , 

values was not always able to differentiate between a good or wet mixture as a wet 

mixture can produce round granules that are too lai'ge to be classified as good (see 

table 3.4).

Although some assumptions could be made from the granule chaiacterization i.e. 

image analysis, density, porosity etc. it was very difficult to interpret all the data in 

terms of formulation and process vaiiables. Therefore, a statistical analysis programme 

was employed to inteipret the granule characteristics (size, shape, density and 

porosity) found from the various formulation and process factors studied (see chapter 

7).

Here it was seen that for mixtures barium sulphate and Avicel PHlOl the shape of the 

granules was significantly influenced by the barium sulphate to Avicel PHlOl ratio, 

the liquid content and the type of liquid used, although the speed of extmsion can not 

be ignored as this interacts with some of the factors. The barium sulphate to Avicel 

PHlOl ratio, liquid content and speed of extiusion are all significant factors in the 

determination of the granule size but the type of liquid used having no significant 

effect. The density and porosity of the granules were significantly affected by the solid 

content, the type of liquid and the speed of extrusion. For all cases where the type of 

liquid was a significant factor water and glycerin gave similar results, except in the 

case of density and porosity values, and that the two strengths of PF68 were found to
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give similar results to each other in the end product characteristics.

For granules containing G.M.S., differences were seen from those mixtures containing 

barium sulphate and Avicel PHlOl only. Here, the shape of the granules was 

significantly affected by the solid content only with the liquid content and speed of 

extrusion having no significance. The size of the granules was significantly altered by 

the speed of extrusion and G.M.S. content. Only the speed of extmsion had a 

significant influence on the density data with the porosity being only affected by the 

G.M.S. content. Again, the interactions that occur between factors needs to be taken 

into consideration for although an individual factor may not have influence on the 

granule characteristics it may have an influence on the effect of another factor. 

Therefore, all the factors studied had some significant influence on the final end 

product whether G.M.S. was present or absence. This means that all factors need to 

be determined at the beginning of an experiment. The type of liquid binder chosen is 

also important. A 25% glycerin solution seems to only significantly affect the density 

and porosity of the granules. Either strength of PF68 can be used as they both produce 

similar results to each other. Although surfactants seemed not cause too many changes 

in the extrusion process, a significant difference was seen between the shape, density 

and porosity of the granules, although the size appeared to be the same, when 

compared to those produced using water only.
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CHAPTER 9:- CONCLUSION

The work has clearly shown that by altering the formulation and process conditions 

changes are seen in final end product characteristics.

Although barium sulphate and Avicel PHlOl are both hydrophilic in nature they 

behave very differently when combined with liquids. From the pressure membrane 

apparatus it was concluded that barium sulphate powder beds consisted of narrow 

accessible pores whilst Avicel PHlOl consisted of large and narrow pores with 

different accessibilities. A powder mixture containing equal parts of barium sulphate 

and Avicel PHlOl shows properties relating to both the individual powders but 

predominantly those of Avicel PHlOl.

Rheological characterisation of the different formulations, using the capillary 

rheometer, indicated that it was possible to predict if a formulation would produce dry, 

good or wet granules irrespective of the ratio of barium sulphate to Avicel PHlOl. It 

was also possible, by using the parallel plate viscometer, to show rheological 

differences between the different ratios of barium sulphate to Avicel PHlOl and 

whether G.M.S. was present. By adding G.M.S. to a formulation, the elasticity and 

viscosity of the mixture was increased and from the extrusion profile, with the ram 

extruder, the steady state stage was prolonged. This could be associated with the 

lubricating effect of G.M.S.

Adding a surfactant to a formulation gave no dramatic change in the extrusion profile 

and it was possible to produce granules with the concentrations that were studied. 

Adding 25% glycerin to a formulation resulted in a slight increase in the steady state 

force during the extrusion process but again it was possible to produce good granules. 

Although it was possible to change the liquid binder characteristics i.e. surface tension 

and viscosity, to produce good granules, the characteristics of the final product were 

changed in terms of the shape, size, density and porosity values. Increasing the 

viscosity of the binder resulted in a significant change in the density and porosity 

values whilst addition of a surfactant caused significant changes in the shape, density 

and porosity. Adding G.M.S. to a formulation also affected the granules size and 

porosity chaiacteristics.

Therefore, all factors need to be considered when deciding what materials need to go
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into a formulation to produce granules by extrusion and spheronisation as the addition 

of substances to a foiTnulation can cause changes in the final granule characteristics. 

By using the different techniques discussed in this thesis, it was possible to 

characterise a mixture and to some extent predict whether dry, good or wet granules 

could be produced from preliminary studies.

Further work that needs to be carried out includes, the use of different insoluble 

inorganic powders e.g. calcium diphosphate, calcium carbonate etc. to see if the 

classifications made here can be related to other insoluble powder systems or if it is 

limited to just the powders used in this work. This can then be extended further to 

investigate inorganic and organic chemicals which are partially or fully water soluble. 

Also, powder systems containing GMS need to be tested using the pressure membrane 

technique so that characterization of water movement in these powder bed systems can 

be made. There is also a need to provide quantification of the predication of the 

relationship found within this work by studying a wider range of powders.
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Table A l:-  Sphericity data for mixtures containing barium sulphate (B), Avicel
PH lO l (A) and water (W) extruded at either 200mm/min. (F) or 20mm/min. (S).

MIX
TURE
B:A:W

Shape Factor Aspect Ratio Perimeter (mm)

t-test aiith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0:10: 
8.17 F

18.140 0.3559 0.1535 8.7676 1.1724 0.1067 2810.3 487.22

0:10: 
8.17 S

20.871 0.3511 0.1351 9.2996 1.1940 0.1171 4169.5 572.52

0:10: 
10 F

19.364 0.4208 0.1201 7.1813 1.1045 6.3587
E-02

2114.2 323.63

0:10: 
10 S

19.662 0.5015 8.9336
E-02

7.9949 1.0852 3.9976
E-02

3886.3 363.87

0:10: 
12 F

8.5660 0.4632 0.1639 3.3021 1.1243 0.1251 6529.7 941.60

0:10: 
12 S

7.9935 0.5058 0.1496 2.9596 1.1006 9.8209
E-02

6385.8 1615.6

2:8:6.5
F

23.324 0.3558 0.1195 11.446 1.1722 8.1704
E-02

2958.5 440.11

2:8:6.5 
S

13.910 0.2609 0.2486 7.1410 1.3861 0.3427 5286.7 973.67

2:8:8
F

22.485 0.4228 0.1028 10.458 1.1099 4.7275
E-02

2205.2 286.93

2:8:8
S

15.700 0.5442 9.2663
E-02

5.5237 1.0726 4.1808
E-02

4155.3 347.86

2:8: 
10.5 F

12.115 0.5214 0.1193 5.6532 1.0829 0.0480 6077.6 1641.4

2:8: 
10.5 S

12.348 0.5012 0.1274 4.6718 1.0967 7.6757
E-02

6476 1034.7
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Table A l continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A) and water (W) extruded at either 200mm/min. (F) or 20mm/min.

(SX

MIX
TURE
B:A:W

Shape Factor Aspect Ratio Perimeter (mm)

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

5:5:4.5
F

10.906 0.3635 0.2505 4.1984 1.3104 0.4555 4009.0 1514.0

5:5:4.5
S

12.230 0.3155 0.2511 6.1301 1.3264 0.3304 5070.1 913.66

5:5:6
F

20.224 0.4792 9.4676
E-02

7.9206 1.0831 3.8530
E-02

2317.8 291.14

5:5:6
S

21.336 0.5550 6.4597
E-02

8.0394 1.0697 2.6139
E-02

4809.1 131.00

5:5:8
F

9.3267 0.5117 0.1251 3.9698 1.0966 6.9928
E-02

10933 1152.9

5:5:8
S

11.844 0.4266 0.1337 5.1921 1.1580 0.1114 15136 1240.9

8:2:
2.125
F

11.875 0.5446 0.1222 5.0988 1.0901 6.9506
E-02

5379.5 367.45

8:2:
2.125
S

12.958 0.4405 0.1308 5.7246 1.139 9.4721
E-02

16951 1055.1

8:2:3
F

13.297 0.5783 9.1277
E-02

3.1990 1.0645 5.4199
E-02

4031.3 2483

8:2:3
S

20.566 0.4597 9.7771
E-02

9.0001 1.1119 0.0554 13631 559.94

8:2:4
F

16.004 0.5713 7.8915
E-02

4.4085 1.0682 4.5359
E-02

7874 480.66

8:2: 
4 S

13.144 0.5051 0.1290 4.9840 1.0956 7.7293
E-02

11023 717.60
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Table A2:- Sphericity data for mixtures containing barium sulphate (B), Avicel
PH lO l (A) and 25% Glycerin (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter (mm)

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0:10: 
8.17 F

22.083 0.3452 0.1295 10.442 1.1820 9.6179
E-02

4101.4 274.78

0:10: 
8.17 S

13.000 0.3466 0.2194 4.3515 1.2641 0.3642 4446.5 1488.8

0:10: 
10 F

16.467 0.4461 0.1304 2.7700 1.1012 0.1562 3609.8 277.61

0:10: 
10 S

16.370 0.5299 9.5057
E-02

5.9123 1.0794 4.7217
E-02

3758.9 469.44

0:10: 
12 F

14.742 0.4397 0.1488 6.7316 1.1181 8.2079
E-02

5803.7 1607.5

0:10: 
12 S

18.066 0.4093 0.1333 6.8199 1.1559 0.1202 6516.7 2317.5

2:8: 
7 F

23.425 0.3167 0.1307 9.7461 1.2194 0.1301 4057.6 236.52

2:8: 
7 S

16.450 0.3246 0.1828 5.2357 1.2447 0.2765 4594.6 1591.5

2:8: 
8 F

27.812 0.2485 0.1274 12.573 1.2507 0.1185 3254.4 538.37

2:8: 
8 S

15.248 0.4295 0.1486 6.9156 1.1248 8.6746
E-02

4897.4 482.69

2:8: 
10.5 F

17.873 0.4978 9.9762
E-02

6.6159 1.0929 5.6624
E-02

7423.7 1513.8

2:8: 
10.5 S

13.058 0.5213 0.1238 5.3178 1.0913 6.8318
E-02

7288.2 1754.0
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Table A2 continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A) and 25% Glycerin (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter (mm)

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

5:5: 
5 F

19.458 0.4087 0.1239 9.5837 1.1409 7.4460
E-02

3563.1 320.70

5:5: 
5 S

16.259 0.2901 0.1999 7.2948 1.3184 0.2698 5608.8 742.17

5:5: 
6 F

12.240 0.4766 0.1579 5.8600 1.1166 9.2502
E-02

3836.5 420.63

5:5: 
6 S

13.305 0.5631 0.0992 5.2241 1.0688 3.900
E-02

4793.2 374.82

5:5: 
8 F

13.374 0.4560 0.1203 7.3967 1.1470 7.9257
E-02

20705 210.07

5:5: 
8 S

14.705 0.5195 9.4037
E-02

6.9620 1.0956 4.7998
E-02

14806 942.22

8:2: 
2.5 F

22.557 0.1754 0.1800 11.267 1.4682 0.2687 6938.3 825.29

8:2: 
2.5 S

13.102 0.5288 0.1193 4.5286 1.0872 7.3728
E-02

6820.3 559.20

8:2: 
3 F

8.4237 0.4020 0.2920 4.8853 1.3177 0.4019 6111.1 707.45

8:2: 
3 S

9.9663 0.5372 0.1509 1.4030 1.0808 0.2058 6361.3 603.96

8:2: 
4 F

13.990 0.5523 0.0998 5.5361 1.0712 0.0399 5089.4 354.03

8:2: 
4 S

14.157 0.5545 9.7605
E-02

4.3845 1.0748 5.6252
E-02

6865.2 797.99
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Table A3:- Sphericity data for mixtures containing barium sulphate (B), Avicel 
PHIOI (A) and 0.1% S.L.S (L) extruded at either 200mm/min. (F) or 20mm/min.

(S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0:10: 
8.17 F

22.074 0.3747 0.1201 10.069 1.1714 9.2313
E-02

3132.2 360.90

0:10: 
8.17 S

16.312 0.4221 0.1421 8.0038 1.1554 0.1019 4949.8 471.50

0:10: 
10 F

19.391 0.4647 0.1040 7.3817 1.0890 4.6995
E-02

2246.5 285.27

0:10: 
10 S

14.964 0.5709 8.4614
E-02

4.7789 1.0632 3.4327
E-02

4418.2 356.89

0:10: 
12 F

12.330 0.5191 0.1323 5.1013 1.0917 7.1746
E-02

4066.1 805.82

0:10: 
12 S

11.214 0.5627 0.1180 3.3888 1.0752 0.0734 4608.8 791.61

2:8: 
6.5 F

20.774 0.4187 0.1127 10.400 1.1579 8.0174
E-02

3299.7 350.21

2:8: 
6.5 S

14.849 0.4374 0.1488 8.3577 1.1650 0.1058 4979.5 472.96

2:8: 
8 F

11.298 0.5564 0.1211 5.1508 1.0703 4.1623
E-02

2809.7 398.15

2:8: 
8 S

13.590 0.5928 8.1760
E-02

5.3442 1.0628 3.0273
E-02

4746.4 387.38

2:8: 
10.5 F

14.656 0.5467 9.8062
E-02

6.4422 1.0824 4.6626
E-02

5439.9 889.27

2:8: 
10.5 S

15.148 0.5268 0.1041 6.5360 1.0917 5.5974
E-02

6927 1492.4
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Table A3 continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A) and 0.1% S.L.S (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

5:5: 
4.5 F

12.893 0.3978 0.1931 4.5983 1.2265 0.2868 3871.0 994.35

5:5: 
4.5 S

11.960 0.5585 0.1131 5.6110 1.0881 0.0606 5006.6 464.86

5:5: 
6 F

14.355 0.5325 0.1071 5.1577 1.0709 4.2472
E-02

2292.7 320.64

5:5: 
6 S

12.904 0.5978 8.3393
E-02

4.6636 1.0617 3.2901
E-02

4786.4 172.55

5:5: 
8 F

15.474 0.4529 0.1357 9.3793 1.1591 8.9849
E-02

10426 492.09

5:5: 
8 S

17.491 0.4362 0.1268 9.1524 1.1632 9.5213
E-02

11480 684.50

8:2:
2.125
F

11.918 0.4641 0.1695 5.6355 1.1630 0.1544 6484.2 502.65

8:2:
2.125
S

14.697 0.5017 0.1194 8.1825 1.1178 6.7249
E-02

13761 771.42

8:2: 
3 F

20.104 0.5584 6.7386
E-02

6.9015 1.0673 2.7990
E-02

3978.8 258.36

8:2: 
3 S

14.773 0.5914 0.0758 5.3171 1.0630 3.0613
E-02

7390.5 238.77

8:2: 
4 F

13.193 0.5814 9.0327
E-02

5.8977 1.0685 0.0342 7459.8 201.18

8:2: 
4 S

14.391 0.4966 0.1244 7.8474 1.1134 6.6192 14125 939.53
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Table A4:- Sphericity data for mixtures containing barium sulphate (B), Avicel
PHlOl (A) and 0.01% PF6 8  (L) extruded at either 200mm/min. (F) or 20mm/min.

(SX

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0 : 1 0 : 
8.17 F

19.977 0.3409 0.1295 9.6468 1.1735 8.7556
E-02

3240.8 336.74

0 : 1 0 : 
8.17 S

17.889 0.3312 0.1480 7.9572 1.2228 0.1453 4310.0 538.24

0 : 1 0 : 
10 F

16.635 0.4398 0.1318 7.0601 1.1140 7.4194
E-02

3359.2 294.17

0 : 1 0 : 
10 S

15.787 0.4718 0.1245 7.0388 1.1054 6.5699
E-02

3816.4 419.63

0 : 1 0 : 
12 F

11.621 0.4887 0.1124 5.4701 1.1081 6.2301
E-02

8773 2447.3

0 : 1 0 : 
12 S

12.828 0.4248 0.1267 5.3353 1.1405 0.0942 7662.5 1901.3

2 :8 : 
6.5 F

21.942 0.3142 0.1404 8.3603 1.1956 0.1316 3389.9 653.35

2 :8 : 
6.5 S

15.020 0.2988 0.2123 7.0636 1.2832 0.2434 4944.5 690.27

2 :8 : 
8  F

14.760 0.3415 0.1956 5.7090 1.1829 0.1770 3001.9 426.18

2 :8 : 
8  S

16.094 0.4816 0.1179 7.1154 1.1060 6.5644
E-02

4629.8 369.67

2 :8 : 
10.5 F

18.115 0.4581 0.1018 8.0130 1 . 1 1 2 2 5.7005
E-02

4964.9 486.79

2 :8 : 
10.5 S

13.991 0.4776 0.1230 5.7190 1.1194 8.7861
E-02

5520.7 884.06
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Table A4 continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A) and 0.01% PF68 (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. aiith.
mean

S.D.

5:5: 
4.5 F

16.790 0.4060 0.1448 5.4876 1.1536 0.1464 3886.2 614.15

5:5: 
4.5 S

11.570 0.3131 0.2669 6.5826 1.3317 0.3134 5215.3 672.00

5:5: 
6  F

17.872 0.5137 9.3487
E-02

6.8587 1.0798 4.1052
E-02

3474.6 402.82

5:5: 
6  S

16.731 0.5556 0.0821 7.0379 1.0725 3.2712
E-02

5199.4 247.69

5:5: 
8  F

9.2301 0.4353 0.1320 5.2031 1.1542 8.5054
E-02

15626 2800.6

5:5: 
8  S

8.4875 0.4339 0.1442 4.2720 1.1618 0.1104 14885 1491.0

8 :2 :
2.125
F

10.562 0.5450 0.1372 3.7658 1.0912 9.6288
E-02

5472.3 448.02

8 :2 :
2.125
S

8.8597 0.3172 0.1891 4.2219 1.2678 0.2090 13391 2107.4

8 :2 : 
3 F

17.485 0.5777 6.9642
E-02

5.0489 1.0622 3.1147
E-02

5311.2 182.98

8 :2 : 
3 S

17.852 0.5685 7.1873
E-02

6.3032 1.0644 2.7372
E-02

5784.9 137.63

8 :2 : 
4 F

14.414 0.5489 9.8608
E-02

5.9544 1.0802 4.7738
E-02

5362.2 221.04

8 :2 : 
4 S

13.060 0.5231 8.5085
E-02

5.4427 1.0863 4.1742
E-02

8526.9 414.43
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Table A5:- Sphericity data for mixtures containing barium sulphate (B), Avicel
PH lO l (A) and 0.0001% PF68 (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0 : 1 0 : 
8.17 F

20.582 0.3561 0 . 1 2 1 0 9.7591 1.1695 8.4021
E-02

3395.0 387.46

0 : 1 0 : 
8.17 S

17.972 0.3372 0.1452 8.7647 1.2160 0.1270 4397.3 532.39

0 : 1 0 : 
10 F

21.514 0.4321 0.1044 8.5065 1.1073 0.0559 2893.6 316.42

0 : 1 0 : 
10 S

18.505 0.4988 9.5960
E-02

7.9249 1.0866 4.1579
E-02

3973.0 425.84

0 : 1 0 : 
12 F

12.744 0.5025 9.5134
E-02

5.3944 1.0884 4.3969
E-02

5391.2 1341.6

0 : 1 0 : 
12 S

9.5759 0.4931 0.1313 4.2652 1.1056 7.5375
E-02

6218.9 1355.8

2 :8 : 
6.5 F

21.937 0.3167 0.1249 10.246 1.2058 0.1023 3349.6 445.08

2 :8 : 
6.5 S

20.019 0.2941 0.1440 9.7342 1.2623 0.1444 4709.4 538.53

2 :8 : 
8  F

18.047 0.4436 0 . 1 2 0 0 8.3631 1.1097 5.8965
E-02

3099.9 372.61

2 :8 : 
8  S

18.643 0.5075 9.1956
E-02

7.2239 1.0912 5.0155
E-02

4493.3 458.04

2 :8 : 
10.5 F

13.961 0.4951 0.0894 6.0176 1.0992 4.8235
E-02

8612.5 9988.6

2 :8 : 
10.5 S

10.889 0.4716 0.1252 4.6213 1.1171 8.1758
E-02

7101.6 1447.8
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Table A5 continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A) and 0.0001% PF68 (L) extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:L

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

5:5: 
4.5 F

13.467 0.3634 0.2029 6.0422 1.2250 0.2165 4237.2 1008.7

5:5: 
4.5 S

11.434 0.3245 0.2630 6.7287 1.3238 0J#83 5268.1 589.00

5:5: 
6  F

17.303 0.5057 9.9832
E-02

5.5055 1.0798 0.0511 2972.5 262.77

5:5: 
6  S

15.533 0.5098 0.1093 5.9382 1 . 1 0 0 0 7.1517
E-02

4885.7 279.05

5:5: 
8  F

8.6836 0.4506 0.1688 5.0776 1.1594 0.1152 15264 1402.2

5:5: 
8  S

13.850 0.3932 0.1261 7.2032 1.1781 9.3968
E-02

12474 1889.5

8 :2 :
2.125
F

10.050 0.5251 0.1415 3.4931 1.1046 0.1170 5375.8 422.71

8 :2 :
2.125
S

14.421 0.0540 0.1526 5.6435 1.4362 0 . 2 2 2 0 10909 2262.7

8 :2 : 
3 F

8.5814 0.5229 0.1870 3.5332 1.1177 0.1555 5661.9 317.36

8 :2 : 
3 S

17.565 0.5737 7.0947
E-02

5.3459 1.0583 2.4311
E-02

5758.6 173.38

8 :2 : 
4 F

10.594 0.5375 0.1268 4.8580 1.0682 3.6745
E-02

6120.2 348.35

8 :2 : 
4 S

9.1275 0.5600 0.1019 3.3934 1.0737 0.0487 9703.9 772.35
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Table A6:- Sphericity data for mixtures containing barium sulphate to Avicel
PH lO l to glycerin content of 5:5:7 extruded at either 200mm/min. (F) or

20mm/min. (S).

%
Glyce
rine

Shape Factor Aspect Ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

0% F 12.617 0.5366 0.1195 6.7134 1.0875 5.003
E-02

5728.1 691.69

5% F 14.964 0.5724 0.0838 5.0962 1.0652 3.5020
E-02

5368.3 621.19

10% F 11.654 0.5151 0.1424 5.6450 1 . 1 0 1 0 7.6459
E-02

6064.4 1206.2

25% F 11.738 0.5197 0.1387 4.5829 1.0891 7.5787
E-02

5383.9 854.53

50% F 14.417 0.4873 0.1288 5.8550 1.1064 8.0214
E-02

5508.1 1160.4

50% S 15.447 0.4024 0.1590 7.6931 1.1418 9.3622
E-02

5203.7 1178.3

75% F 11.859 0.3655 0.2292 5.1994 1.1931 0.2082 6625.0 1246.4

75% S 11.789 0.3136 0.2340 4.4955 1.2491 0.2942 5116.0 1085.8

1 0 0 % NO SPHERES
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Table A7:- Sphericity data for mixtures containing barium sulphate (B), Avicel
PH lO l (A), G.M.S.(G) and water (W). extruded at either 200mm/min. (F) or

20mm/min. (S).

MIX
TURE
B:A:G
:W

Shape factor Aspect ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

1:4:5:4
F

15.063 0.6113 6.5091
E-02

4.2708 1.0532 2.1854
E-02

6505.4 199.00

1:4:5:4
S

15.184 0.5941 7.2584
E-02

4.7050 1.0578 2.6750
E-02

6776.5 350.70

2:4:4:4
F

11.206 0.5862 0.1033 4.6332 1.0689 0.0441 6716.1 231.99

2:4:4:4
S

14.672 0.5752 8.4211
E-02

5.9598 1.0649 2.9637
E-02

6243.6 180.39

3:4:3: 
4.5 F

10.287 0.6074 9.7957
E-02

3.2495 1.0587 4.0778
E-02

5535.0 412.25

3:4:3: 
4.5 S

10.632 0.6221 8.5015
E-02

2.9338 1.0518 2.8536
E-02

5981.6 338.00

3:4:3: 
4.8 F

10.054 0.6283 8.5588
E-02

2.8995 1.0508 2.6533
E-02

5568.0 333.28

3:4:3: 
4.8 S

13.435 0.5812 8.8808
E-02

5.4614 1.0671 3.5113
E-02

5975.2 349.93

4:4:2:3
F

19.454 0.3876 0.1317 10.624 1.1903 0 . 1 0 0 0 6698.2 261.31

4:4:2:3
S

20.087 0.3425 0.1434 10.413 1.2522 0.1441 6676.2 340.45

4:4:2: 
3.5 F

13.647 0.5925 8.1593
E-02

5.9287 1.0664 0.0315 5877.4 137.80

4:4:2: 
3.5 S

15.162 0.6057 6.7282
E-02

4.9388 1.0580 2.5828
E-02

6151.1 185.40

4:4:2:4
F

16.916 0.5769 7.2323
E-02

6.9382 1.0665 2.7089
E-02

5178.3 262.16

4:4:2:4
S

15.140 0.6038 6.8279
E-02

5.3909 1.0596 0.0258 5785.2 272.43
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Table A7 continued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A), G.M.S.(G) and water (W). extruded at either 200mm/min. (F)

or 20mm/min. (S).

MIX
TURE
B:A:G
:W

Shape factor Aspect ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

4:4:2: 
4.8 F

10.907 0.5908 0.1031 3.8129 1.0629 4.2616
E-02

5036.9 276.84

4:4:2: 
4.8 S

13.313 0.5891 8.5407
E-02

5.0893 1.0626 3.1400
E-02

5546.6 291.26

4:4:2: 
5.5 F

17.305 0.4977 0.1030 7.4778 1.1040 6.0550
E-02

6388.7 688.78

4:4:2: 
5.5 S

15.847 0.5071 0.1083 8.7695 1.1079 5.4749
E-02

5999.3 458.59

4:4:2:6
F

16.313 0.4776 0.1180 9.0704 1.1287 6.9163
E-02

8742.7 474.96

8 :1 : 1 : 
1.75 F

14.072 0.6096 7.0535
E-02

4.3304 1.0548 2.4199
E-02

5232.6 200.59

8 :1 : 1 : 
1.75 S

12.683 0.6286 6.7681
E-02

4.1537 1.0533 2.2777
E-02

5857.3 167.35

8 : 1 : 1 :
1.875F

15.577 0.6161 6.0772
E-02

3.5061 1.0498 1.9925
E-02

6888.3 155.37

8 : 1 : 1 :
1.875S

11.175 0.6287 0.0766 2.2453 1.0482 2.6075
E-02

6462.1 274.99

8 : 1 : 1 : 2

F
9.7683 0.6109 0.1006 3.8954 1.0587 3.3980

E-02
5651.9 422.69

8 : 1 :1 : 2

S
11.689 0.5847 9.9937

E-02
5.6999 1.0704 3.7762

E-02
5906.4 352.55

8 : 1 :1 :
2.125F

9.557 0.6057 0.1067 2.9723 1.0638 5.6617
E-02

5976.3 397.88

8 : 1 : 1 :
2.125S

12.056 0.6087 8.2840
E-02

4.5471 1.0578 2.7775
E-02

6044.5 195.24
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Table A7 cotinued:- Sphericity data for mixtures containing barium sulphate (B),
Avicel PH lO l (A), G.M.S.(G) and water (W). extruded at either 200mm/min. (F)

or 20mm/min. (S).

MIX
TURE
B:A:G
:W

Shape factor Aspect ratio Perimeter

t-test arith.
mean

S.D. t-test arith.
mean

S.D. arith.
mean

S.D.

8 : 1 :1 :
2.375F

12.787 0.5831 9.2256
E-02

5.7348 1.0704 3.7532
E-02

5748.6 314.64

8 : 1 : 1 :
2.375S

9.6757 0.5820 0.1227 3.9114 1.0709 5.5933
E-02

6422.9 269.84

8 : 1 : 1 :
2.875F

17.798 0.4513 0.1186 9.5720 1.1473 7.9294
E-02

9004.0 544.64

8 : 1 : 1 :
2.875S

17.732 0.4239 0.1300 7.8746 1.1697 0.1165 9021.5 652.84

9:0.5: 
0.5: 
1.75 F

14.629 0.5490 9.7150
E-02

5.3100 1.0837 5.8246
E-02

5688.3 635.22

9:0.5:
0.5:
1.625F

13.198 0.6021 7.9223
E-02

5.2164 1.0612 2.8791
E-02

6067.0 1184.0

9:0.5:
0.5:
1.625S

16.482 0.2789 0 . 2 0 2 0 9.4684 1.2821 0.1808 11154 2181.0

8 :0 :2 :
1.125F

12.257 0.6119 7.9639
E-02

4.5041 1.0585 0.0291 5851.5 494.85

8 :0 :2 :
1.125S

12.993 0.5851 8.9687
E-02

5.3712 1.0673 3.6018
E-02

5705.3 512.74

8 :0 :2 : 
1.25 S

12.267 0.5819 9.6881
E-02

4.9527 1.0677 3.9547
E-02

5968.4 316.64

9:0:1: 
1.25 F

10.935 0.5264 0.1415 5.2085 1.1099 9.4896
E-02

7222.3 1525.5

9:0:1: 
1.25 S

14.549 0.4973 0.1227 6.6714 1 . 1 2 1 2 8.6127
E-02

11486 764.43
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Table A8:- Results obtained from the capillary rheometer (Acer 2000) graphs of
apparent viscosity as a function of shear rate for various mixtures of barium
sulphate (B) to Avicel PH lO l (A) (to G.M.S.) to water using a 5 by 1 die.

Mixture 
B:A:(GMS) 
: water

Apparent viscosity, Pas, using a 5 by 1 die (first repeat)

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2:8:6.5 2.71 (2.73) 2.44 (2.44) 2.03 (1.83) 1.87 (1.79)

2 :8 : 8 2.45 (2.36) 2.13 (2.13) 1.83 (1.80) 1.65 (1.62)

2:8:10.5 2.03 (1.98) 1.77 (1.78) 1.43 (1.49) 1.22 (1.25)

5:5:4.5 2.65 (2.56) 2.45 (2.31) 1.94 (1.88) 1.82 (1.79)

5:5:6 2.24 (2.23) 2.01 (2.04) 1.58 (1.56) 1.45 (1.42)

5:5:8 1.68 (1.75) 1.44 (1.54) 1.31 (1.19) 1.09 (1.00)

8:2:2.125 -(-) ' (■) ■ (■) ■ (")

8:2:3 2.48 (2.41) 2.07 (2.10) 1.84 (1.89) 1.62 (1.62)

8:2:4 1.92 (1.88) 1.74 (1.69) 1.51 (1.48) 1.18 (1.18)

4:4:2:3 2.58 (2.56) 2.32 (2.31) 1.93 (1.98) 1.77 (1.76)

4:4:2:6 1.88 (1.95) 1.66 (1.75) 1.49 (1.46) 1.25 (1.25)

8:1:1:1.75 2.48 (2.48) 2.23 (2.21) 2.01 (1.97) 1.67 (1.66)

8:1:1:2.75 1.61 (1.67) 1.47 (1.51) 1.25 (1.23) 1 . 0 2  ( 1 .0 1 )

9:0:1:1.25 2.30 (2.35) 2.08 (2.09) 1.82 (1.78) 1.43 (1.43)
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Table A9:- Results obtained from the capillary rheometer (Acer 2000) graphs of
apparent viscosity as a function of shear rate for various mixtures of barium
sulphate (B) to Avicel PHlOl (A) (to G.M.S.) to water using a 10 by 1 die.

Mixture 
B:A:(GMS) 
: water

Apparent viscosity. Pas, using a 10 by 1 die

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2 :8 :6 .5 2.49 2 . 2 2 1.78 1 . 6 8

2 :8 : 8 2.25 2.08 1.75 1.51

2:8:10.5 L 8 8 1.65 1.43 1.19

5:5:4.5 2.37 2.09 1.84 1.64

5:5:6 2 . 0 0 1.81 1.53 1.36

5:5:8 1.69 1.49 1.26 0.99

8:2:2.125 - - - -

8:2:3 2.08 1.89 1.62 1.45

8:2:4 1.78 1.52 1.34 1 . 0 1

4:4:2:3 2.45 2.19 1.85 1.62

4:4:2:6 1 . 8 6 1.72 1.42 1.24

8:1:1:1.75 2.27 2.05 1.78 1.52

8:1:1:2.75 1.54 1.40 1.19 0.92

9:0:1:1.25 2.13 1.82 1.52 1 . 2 0
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Table A 10:- Results obtained from the capillary rheometer (Acer 2000) graphs of
apparent viscosity as a function of shear rate for various mixtures of barium
sulphate (B) to Avicel PH lO l (A) (to G.M.S.) to water using a 15 by 1 die.

Mixture 
B:A:(GMS) 
: water

Apparent viscosity, Pas’ using a 15 by 1 die

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2 :8 :6 .5 - - - -

2 :8:8 2.16 1.99 1.70 1.47

2:8:10.5 1.85 1 . 6 8 1.42 1.19

5:5:4.5 - - - -

5:5:6 2 . 0 1 1.84 1.40 1.27

5:5:8 1.65 1.47 1.26 1 . 0 0

8:2:2.125 - - - -

8:2:3 1.85 1.75 1.61 1.38

8:2:4 1.57 1.43 1.26 (198

4:4:2:3 - - - -

4:4:2:6 1.83 1.64 1.39 1.18

8:1:1:1.75 - - - -

8:1:1:2.75 1.54 1.37 1 . 2 0 0.95

9:0:1:1.25 - - - -
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Table A l l : -  Results obtained from the capillary rheometer (Acer 2000) graphs of
shear stress as a function of sheai' rate for various mixtures of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water using a 5 by 1 die.

Mixture 
B:A:(GMS) 

: water

Shear stress, Pa, using a 5 by 1 die (first repeat)

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2 :8 :6 .5 6.14 (6.15) 6.16 (6.16) 6.06 (5.86) 6 . 2 0  (6 . 1 2 )

2 :8 : 8 5.87 (5.79) 5.85 (5.85) 5.86 (5.83) 5.97 (5.95)

2:8:10.5 5.46 (5.41) 5.49 (5.50) 5.45 (5.52) 5.55 (5.58)

5:5:4.5 6.08 (5.99) 6.18 (6.03) 5.97 (5.91) 6.14 (6.12)

5:5:6 5.66 (5.66) 5.74 (5.76) 5.61 (5.59) 5.77 (5.75)

5:5:8 5.11 (5.18) 5.15 (5.27) 5.34 (5.22) 5.42 (5.32)

8:2:2.125 - (-) -(-) - (-) ■ (■)

8:2:3 5.91 (5.84) 5.79 (5.83) 5.86 (5.91) 5.94 (5.95)

8:2:4 5.34 (5.31) 5.47 (5.41) 5.53 (5.51) 5.51 (5.51)

4:4:2:3 6.01 (5.99) 6.04 (6.03) 5.95 (6.01) 6.10 (6.09)

4:4:2:6 5.31 (5.38) 5.38 (5.47) 5.52 (5.48) 5.58 (5.58)

8:1:1:1.75 5.90 (5.90) 5.95 (5.93) 6.04 (5.99) 6.00 (5.99)

8:1:1:2.75 5.03 (5.09) 5.19 (5.24) 5.28 (5.26) 5.35 (5.34)

9:0:1:1.25 5.73 (5.78) 5.80 (5.80) 5.84 (5.81) 5.75 (5.76)
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Table A12:- Results obtained from the capillary rheometer (Acer 2000) graphs of
shear stress as a function of shear rate for various mixtures of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water using a 10 by 1 die.

Mixture
B:A:(GMS)
:water

Shear stiess, Pa, using a 10 by 1 die

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2:8:6.5 5.91 5.94 5.81 6 . 0 0

2 :8 : 8 5.68 5.80 5.78 5.83

2:8:10.5 5.31 5.38 5.46 5.52

5:5:4.5 5.79 5.82 5.87 5.96

5:5:6 5.43 5.53 5.55 5.69

5:5:8 5.12 5.21 5.28 5.32

8:2:2.125 - - - -

8:2:3 5.50 5.60 5.64 5.78

8:2:4 5.20 5.23 5.37 5.34

4:4:2:3 5.88 5.92 fk8 8 5.95

4:4:2:6 5.29 5.44 5.44 5.56

8:1:1:1.75 5.70 5.77 5.81 5.84

8:1:1:2.75 4.96 5.12 5.21 5.25

9:0:1:1.25 5.56 5.46 5.55 5.50
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Table A l3:- Results obtained from the capillary rheometer (Acer 2000) graphs of
shear stress as a function of shear rate for various mixtures of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water using a 15 by 1 die.

Mixture 
B:A:(GMS) 

: water

Shear stress, Pa, using a 15 by 1 die

Log shear rate 
3.43 s '

Log shear rate 
3.72 s '

Log shear rate 
4.02 s '

Log shear rate 
4.33 s '

2:8:6.5 - - - -

2 :8:8 5.59 5.71 5.73 5.80

2:8:10.5 5.28 5.40 5.45 5.52

5:5:4.5 - - - -

5:5:6 5.44 5.56 5.42 5.60

5:5:8 5.07 5.19 5.29 5.33

8:2:2.125 - - - -

8:2:3 5.28 5.47 5.65 5.71

8:2:4 4.99 5.15 5.29 5.31

4:4:2:3 - - - -

4:4:2:6 5.26 5.36 5.42 5.51

8:1:1:1.75 - - - -

8:1:1:2.75 4.96 5.10 5.23 5.28

9:0:1:1.25 - - - -
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Table A14:- Results obtained from the torque sweep graphs at a torque value of 8
m Nm carried out at a frequency of 0.1 Hz for various ratios of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a torque of 8  mNm and frequency of 0.1 Hz.

G' E6  (Nm ") G" E6  (Nm-2) G* E6  (Nm-2) Delta C)

2:8:6.5 13.973 1.556 14.060 6.34

2 :8 : 8 7.009 0.938 7.072 7.64

2:8:10.5 2.271 0.429 2.312 10.71

5:5:4.5 15.565 1.491 15.640 5.53

5:5:6 7.996 1.259 8.096 8.97

5:5:8 1.700 0.416 1.750 13.80

8:2:2.125 31.117 6.436 31.826 11.65

8:2:3 19.630 2.985 19.860 8.63

8:2:4 5.237 1.218 5.376 13.10

4:4:2:3 19.410 5.188 2 0 . 1 2 0 14.80

4:4:2:6 3.775 0.903 3.881 13.46

8:1:1:1.75 24.473 5.850 24.170 13.47

8:1:1:2.75 2.172 0.832 2.326 2 1 . 1 2

9:0:1:1.25 11.701 .4.993 12.730 2189
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Table A 15:- Results obtained from the torque sweep graphs at a torque value of 18
mNm carried out at a frequency of 0.1 Hz for various ratios of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a torque of 18 mNm and frequency of 0.1 Hz.

G' E6  (Nm ") G" E6  (Nm-2) G* E6  (Nm ") Delta C)

2 :8 :6 .5 12.996 1.514 13.083 6.65

2 :8 : 8 6 . 0 1 1 1.008 6.096 9.55

2:8:10.5 1.422 0.391 1.474 15.41

5:5:4.5 14.765 1.849 14.880 7.03

5:5:6 6J»98 1.241 6.420 11.16

5:5:8 0.878 0.293 0.925 1&58

8:2:2.125 28.956 5.134 29.416 10.29

8:2:3 17.766 2.244 18.076 10.71

8:2:4 3.508 1.080 3.671 17.12

4:4:2:3 18.936 3.863 19.336 11.46

4:4:2:6 2.617 0.744 2.721 15.88

8:1:1:1.75 23.376 5.326 23.973 12.81

8:1:1:2.75 0.722 0.307 0.785 22.97

9:0:1:1.25 4.830 2.313 5J58 23.30
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Table A 16:- Results obtained from frequency sweep graphs at a frequency value of
0.01 Hz. carried out at a torque of 8 mNm for various ratios of barium sulphate

(B) to Avicel PHlOl (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a frequency of 0.01 Hz. and torque of 8  mNm.

G' E6  (Nm ") G" E6  (Nm ") G* E6  (Nm-2) Delta 0

2:8:6.5 11.973 2.525 12.240 11.89

2 :8 : 8 4.044 1.463 6.165 13.73

2:8:10.5 1.549 0.436 1.609 15.79

5:5:4.5 5.308 0.379 1.363 16.31

5:5:6 5.978 1.662 6.205 15.54

5:5:8 1.243 0.445 1.321 19.70

8:2:2.125 21.703 12.229 25.006 28J5

8:2:3 15.713 5.422 16.626 19.02

8:2:4 3.469 1.342 3.719 21.15

4:4:2:3 14.330 6.179 15.640 23.43

4:4:2:6 2.831 1.014 3.008 19.74

8:1:1:1.75 11.590 4.344 12.375 21.27

8:1:1:2.75 1.207 0.670 1.381 29.05

9:0:1:1.25 6.682 4.251 7.923 32.80
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Table A17:- Results obtained from frequency sweep graphs at a frequency value of
0.1274 Hz. carried out at a torque of 8 mNm for various ratios of barium sulphate

(B) to Avicel PHlOl (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a frequency of 0.1274 Hz. and torque of 8  mNm.

G' E6  (Nm ") G" E6  (Nm'Z) G* E 6  (Nm ") Delta O

2:8:6.5 16.006 1.097 16.040 3.97

2 :8 : 8 7.981 0.975 8.041 6.94

2:8:10.5 2.076 0.362 2.107 9.802

5:5:4.5 1.774 0.170 1.783 5.51

5:5:6 8.196 1.178 8.280 8.182

5:5:8 1.780 0.419 1.829 13.24

8:2:2.125 35.726 10.194 37.416 14.19

8:2:3 24.826 3.472 25.073 7.96

8:2:4 5.581 1.249 5.719 12.69

4:4:2:3 21.183 3.549 21.526 (^39

4:4:2:6 4.239 0.938 4.342 12.51

8:1:1:1.75 19.225 3.472 29.870 1 0 . 6 8

8:1:1:2.75 2.060 0.803 2 . 2 1 1 21.38

9:0:1:1.25 19.953 6.643 19.230 2 0 . 2 2
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Table A 18:- Results obtained from frequency sweep graphs at a frequency value of
1.129 Hz. carried out at a torque of 8 mNm for various ratios of barium sulphate

(B) to Avicel PH lO l (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a frequency of 1.129 Hz. and torque of 8  mNm.

G' E6  (Nm-2) G" E6  (Nm-2) G* E6  (Nm-2) Delta (")

2:8:6.5 16.436 1.030 16.470 338

2 :8 : 8 9.079 1.035 9.138 6.52

2:8:10.5 2.432 0398 2.465 9.25

5:5:4.5 1.969 0.224 1.984 6.41

5:5:6 9.510 1.003 9.563 6 . 0 1

5:5:8 2.168 0.483 2 . 2 2 1 12.59

8:2:2.125 38.726 9.274 40.083 11.41

8:2:3 27.960 2.609 28.083 5.32

8:2:4 6.372 1.208 6.482 10.60

4:4:2:3 17.030 3.564 25.300 8 . 0 2

4:4:2:6 5.242 0.890 5.317 9.65

8:1:1:1.75 22.520 3.252 22.760 8.32

8:1:1:2.75 2.599 0.879 2.744 18.88

9:0:1:1.25 23.600 5.420 24.226 13.25
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Table A19:- Results obtained from frequency sweep graphs at a frequency value of
10 Hz. carried out at a torque of 8 mNm for various ratios of barium sulphate (B)

to Avicel PH lO l (A) (to G.M.S.) to water.

Mixture 
B:A:(GMS) 

: water

Average values at a frequency of 10.0 Hz. and torque of 8  mNm.

G' E6  (Nm ") G" E6  (Nm-2) G* E6  (Nm ") Delta C)

2:8:6.5 17.826 1.091 17.710 3.54

2 :8 : 8 10.304 0.637 10.334 4.68

2:8:10.5 2.967 0.341 2.987 6.24

5:5:4.5 2.145 0.160 2.175 4.36

5:5:6 10.848 0.978 10.878 5.26

5:5:8 2.719 0.486 2.762 10.14

8:2:2.125 43.590 8.739 44.573 10.79

8:2:3 31.043 2.308 31.13 4.23

8:2:4 7.695 1.051 7.769 T78

4:4:2:3 28.596 2.715 28.033 6.59

4:4:2:6 6.355 0.555 6.381 5.09

8:1:1:1.75 24.035 2.392 24.085 4.88

8:1:1:2.75 3^:96 0.932 3.426 15.97

9:0:1:1.25 27.138 3.825 27.300 7.049
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