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Abstract  

Several manufacturing industries are looking into transferring from batch operation to 

continuous operations, due to advantages offered in ease of scale up and high 

throughput. The Twin Screw Granulator (TSG) offers continuous manufacturing. However, 

there is still a knowledge gap in completely understanding the mechanisms of the 

continuous granulation. This includes understanding the effect of the critical parameters 

on the granulation process and the product properties. This will enable optimizing the 

operation condition to obtain the desired granule properties (i.e. desired granulation) 

while minimizing powder caking onto the barrel surface (i.e. undesired granulation).  

This research focuses on investigating the influence of the liquid binder viscosity at varying 

shear stresses, on both desired and undesired granulation. Different powders with 

different properties were considered to gain better appreciation of the importance of 

liquid-powder interaction. The research showed that both desired and undesired 

granulation was affected by the liquid binder viscosity. The effect of liquid binder viscosity 

varied as the shear stress applied was changed as well as the type of powder being used. 

During low shear stress (i.e. conveying element only), increasing liquid binder viscosity 

limited the spreading of the liquid. This limitation showed to give similar trends for the 

desired granulation regardless of the powder property, while the undesired granulation 

showed to be influenced by the powder property. For desired granulation, the granules 

size distribution widens with increasing the liquid viscosity, with elongated granules. The 

primary particles on the surface remained unaffected, while loosely bonded, creating 

considerable air voids within its internal structure. For undesired granulation, the way the 

powder caked to the surface of the barrel showed to be independent of the powder 

property, while showing difference when the liquid binder viscosity is changed. Using low 

liquid binder viscosity resulted in powder caking, initiating from the side and advancing to 

the centre, while the high liquid binder viscosity resulted in powder caking to be initiated 

from the centre of the barrel. On the other hand, the mass of powder caking onto the 

surface of the barrel was influenced by both the liquid binder viscosity and powder 



II 

 

property. Increasing the liquid binder viscosity resulted in a reduction in the mass of 

powder caking for lactose and MCC. Whereas for the formulation, the amount of powder 

caking on the barrel surface, decreased first followed by a significant increase with 

increasing liquid binder viscosity.    

Increasing the shear stress applied on the material (i.e. using conveying and kneading 

elements) resulted in different trends in the properties of granules (desired granulation) 

and powder caking (undesired granulation) as the liquid binder viscosity increased, when 

compared with their corresponding trends whilst applying low shear stress. The increase 

in shear stress helped to improve the spreading and mixing of liquid binder with the 

powder (particularly for higher liquid binder viscosity). For desired granulation, the lactose 

powder showed growth, in particular for the viscous liquid binder, due to the enhanced 

mixing while a reduction in big granules (≥3000 µm) for MCC and formulation. Also, the 

granules tended to have a rougher surface as the liquid binder viscosity was increased, 

regardless of the material. The granule’s surface topography showed to be more 

compacted and with less air voids within its internal structure. This was more influenced 

by the increase in the stress rather than the liquid binder viscosity or material property. 

For undesired granulation, the powder caking showed to give uniform behaviour (i.e. 

propagating from the side of the barrel) regardless of the liquid binder viscosity or the 

powder property. On the other hand, the mass of powder caking showed to be dependent 

on the powder property and the liquid binder viscosity. The ribbon of caked powder 

showed to have more compacted surface topography with less air voids internally, 

regardless of powder property and liquid binder viscosity. The tendency of powder caking 

showed possible influences in the integrity of the product, different powders within a 

blend showed a difference in tendency to adhere to the surface of the barrel.  

Finally, the liquid binder viscosity and shear stress showed to influence the surface 

velocity of the granules which was measured using the PIV. The granules showed different 

surface velocity when moving from one screw to another, due to obstructions in the 

regions between the two screws. Generally, for low shear stress, depending on the liquid 

binder viscosity and the property of the material, obstruction between screws was more 
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prominent to occur. Increasing the shear stress reduced the level of obstruction, while 

reducing the difference in momentum gained as well as a lower surface velocity of the 

granules in both screws.  
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Chapter 1 Introduction  

1.1 Granulation background  

Granulation, also known as agglomeration (size enlargement), is the process in which 

particles are brought into contact with each other to form larger, or semi-aggregate, 

granules [1-3]. Granulation aims to improve the flow of materials as well as enhancing 

their compaction/homogeneity, reduce the production of dust (which minimizes losses, 

inhalation and explosion risks), increase the bulk density and prevent segregation of 

downstream blend of materials. Therefore, the application of granulation is used by a 

wide range of industries, such as pharmaceutical, food, chemical, ceramics, detergents, 

and fertilizers [4]. Such a technology is broadly classified into two classes; dry and wet 

granulation.  

 

1. Dry granulation: is a process that applies mechanical compression to bring the 

powder particles into contact to form a granule without using any liquid solution 

e.g. roller compaction. This technique is ideal for products that may be sensitive to 

moisture or heat [5].  

2. Wet granulation: is a process that depends on the use of liquid (water alone or 

with binder), to act as an adhesive to form a wet mass from the powder, as 

illustrated schematically in Figure 1-1. The particles are brought together by the 

use of the combination of capillary and viscous forces in the wet state. The wet 

mass is dried, where the permanent bonds are formed to give agglomerates [6].   

 

 
Granulation powder 

Granulation liquid 

Mixed via Granulator 

Granules 

Figure 1-1 Schematic representation of the wet granulation. 



  

2 

 

Both methods of granulation (wet & dry) have some advantages and disadvantages. 

Granulation importance has grown fast in the industrial world. Wet granulation is well-

established and accounts for more than 70% of the global industry’s granulation [7]. 

 

In the pharmaceutical field, drug products are produced using an active pharmaceutical 

ingredient (API). API powder has a relatively small particle size (˂100µm), while tending to 

possesses high cohesivity and poor flowability [8]. Such characteristics (of API) can present 

difficulties while intending to use a simple direct compaction technology to produce 

tablets. Therefore, granulation process becomes of a necessity in the pharmaceutical field 

as an intermediate process for the production of granules, which are subsequently 

compressed into tablets. However, the API materials are usually used in a formulation 

with one or more excipient materials (inert material). Excipient materials are 

pharmacologically inert as their inclusion as a part of drug formulation is to improve 

various functional roles. The functional roles of the excipient can be to regulate the 

quantity of API, enhancing compatibility of the formulation as well as aiding the binding of 

primary particles, lubrication source during processing, taste masking, or modifying the 

drug release. Such function makes these excipient have a great influence during the 

design and development of dosage form [9]. Moreover, the materials (active and inert 

materials) will have to be mixed homogeneously before granulation, as the purpose of 

granulation is to maintain the homogeneous mixture and prevent segregation, due to 

different primary particles properties (such as size), while also improving their flowability 

and compactibility [8]. 

1.2 Performance of Wet Granulation 

Wet granulation techniques can be carried out continuously or on a batch basis, where 

each one offers different advantages [2]. 

1.2.1 Batch process 

The pharmaceutical industry has depended largely on the batch processing for most of its 

granulation operations. This is due to a number of reasons; such as that the batch process 

is ideal for small volumes of material, which are routinely processed within the 
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pharmaceutical industry [10, 11]. The batch process is considered as a suitable method for 

materials that are heat-sensitive as well as being a flexible procedure for variety of 

productions [12]. Such advantages are considered the easiest way to comply with 

regulation and minimizing any production of off-specification materials. Some of the most 

frequently used batch granulation techniques are briefly discussed below.  

 

High shear granulation (HSG) is widely used in the pharmaceutical industries for blending 

and granulation. Within the granulator, the mixing between the primary solid particle and 

granulation liquid is performed using an impeller to keep the particles moving, and a 

chopper; which is used to break large lumps into smaller fragments. The granulation 

liquid, used in this technique, can be added in variety of methods such as pouring, 

pumping, melting or spraying from the top. HSG has shorter processing time and uses a 

small amount of granulation liquid binder in comparison with that used during fluidized 

bed granulation. Furthermore, HSG technique allows for a highly cohesive material to be 

granulated [11]. Such technique is commonly known to give granules with a high density 

and uniform size and shape. However, the disadvantages of the high shear granulator 

(HSG) are; the possibility of variation in granule properties from batch to batch, difficulty 

to optimize the process, the requirement of a frequent cleaning as well as the high power 

consumption [13]. 

 

Fluidized bed granulation (FBG) is commonly used in the pharmaceutical industries, 

chemical and food. A powder bed within such a granulator is aerated by fluidizing air/gas. 

The fluidized air is passed through a bed of solid particles at a certain velocity, which cause 

solid particles to act as fluid or a free mobility. This creates a turbulent mixing in the 

granulator, which improves the mixing and hence resulting in the formation of granules. 

The granules produced obtain sufficient strength to sustain themselves within the 

granulator, while having an adequate porosity allowing for a quick dissolution. The 

fluidized bed granulation offers a major advantage in eliminating the need for an 

additional drying process, as the entire process can be carried out in a single unit. 
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However, the disadvantage of such technique are; the de-fuildizing of the solid particles, 

the need of dust recovery equipment and problems of powder caking to the surface of the 

equipment [10, 14].  

 

1.2.2 Continuous process 

Although, the aforementioned batch techniques (FBG &HSG) are well established within 

the pharmaceutical field, each technique offers some limitations. The size of each batch 

will be restricted by the capacity of the given equipment. To scale-up such granulator (to 

allow for a high throughput) comes with many complications. This will inflict an increase in 

both time and cost of the process making such a technique an inefficient choice. 

Furthermore, monitoring and controlling batch equipment can present many difficulties. 

The continuous process can offer a potential solution to overcome such limitations. Some 

of the advantages, offered by a continuous process, are as follows: 

 

 Continuous process can ensure a higher throughput of materials, with 

considerably smaller equipment footprint in comparison with that of the batch 

process, as well as being easy at changing process parameters during 

production.  

 Such a process can be fully automated and has lower associated costs, as it 

requires less space and workers. 

  Continuously processes present less complexity during scaling up into a 

commercial scale installation takes place and hence reduction on capital costs.  

 

The continuous process can be considered more efficient as it allows for higher 

throughput in a short time [2, 12, 13, 15, 16]. Though, the drawbacks to the continuous 

process could be the waste of drug materials lost at start, as the system will need to reach 

steady state prior to production of the desired granules at the given process variables. 

This is not the case in the batch process as no material is wasted at the start. Twin screw 

extruders can be used as wet continuous granulation [12]. 
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Twin screw granulator (TSG) is a continuous process, which is rapidly growing in 

importance in the pharmaceutical industry, as it is more efficient and the granules it 

produces have improved properties [17]. The emergence of twin screw granulator, as a 

desirable choice for continuous wet granulation is owed to the advantages offered by such 

a technique. This equipment allows for a continuous granulation of primary particles, with 

high productivity, automated control and energy efficiency, and therefore, results in a 

reduction of the operational cost. Furthermore, the twin screw granulator allows more 

consistency within the granule properties (e.g. size and shape), while ability to change 

process variables more easily.  

 

1.3 Thesis overview 

 

 Chapter 2: The scope of this chapter focuses on the literature of wet granulation, 

back ground information on twin screw granulation and previous work done within 

twin screw granulation. 

 

 Chapter 3: This chapter focuses on the material used during this study and the 

experimental and analysis methodology of the main experiments conducted during 

this study. 

 

 Chapter 4: This chapter explores the influence of liquid binder viscosity on the 

granule properties, as the shear stress and the material varied. The material used 

during this chapter are; lactose, MCC and formulation (the composition of the 

formulation is present in section 3.1.5). The shear stress was varied by changing 

the screw configuration, i.e. conveying elements only (low shear stress) and 

conveying with kneading elements (high shear stress).  
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 Chapter 5: In this chapter, the formulation is used where the effect of binder 

delivery, on the granule properties, is investigated as the shear stress applied was 

varied.  

 

 Chapter 6: This chapter focuses on undesired granulation. It involves optically 

monitoring the behavior of powder caking as the liquid binder viscosity and shear 

stress varied. The material used within this chapter is the same as that in Chapter 4 

& 5. Furthermore, the mass and the properties of ribbon of cakes (such as surface 

topography, structural characterization) were considered. Finally the uniformity 

within the ribbons is studied as lactose and salt used for as powder mixture. 

 

 Chapter 7: This chapter studies the material flow within the barrel by considering 

its surface velocity using Particle Image Velocimetery (PIV). Three material 

considered (lactose, MCC and formulation) with a lowered operation condition 

(such as powder feed rate and screw speed).  

 

 Chapter 8: The overall conclusion of the main findings from each study will be 

presented within this chapter. 

 

 Chapter 9: Within this chapter, areas for further work which could be conducted in 

relation to the twin screw granulation are recommended. 
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Chapter 2 Literature review 

2.1 Mechanism of Wet Granulation 

Although, the mechanism of wet granulation is still not comprehensively understood, the 

most modern approach to describe the mechanism can be split into three stages; wetting 

and nucleation, consolidation and coalescence, attrition and breakage [18], as illustrated 

in Figure 2-1. 

 

Figure 2-1 Schematic of the modern approach for granulation process [18]. 

2.1.1 Wetting and nucleation 

Wetting and nucleation is the first stage of the mechanisms during wet granulation. 

Within this stage, the liquid binder firstly comes into contact with the dry powder to form 

weak and loosely held cluster of particles (called nuclei). The nucleation step will depend 

on two processes; nuclei formation and binder dispersion.  

Nuclei formation 

The nuclei formation process depends upon the wetting thermodynamics and kinetics to 

determine whether the process will be energetically favorable or not. Two of the aspects 

that describe the wetting thermodynamics are the contact angle (between the liquid and 

the solid) and the spreading coefficient [18].  
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Thermodynamics: Contact Angle  

Wetting is the interaction between liquid and solid particles, where it involves the 

formation of three different interfacial boundary surfaces (solid-air, solid-liquid and liquid-

air). The difference of interfacial tensions between these three different boundary 

surfaces acts within the local area of contact to create a contact angle. During the process 

of wetting, the area of the solid-liquid interface replaces a solid-air interface depending on 

the specific surface energy contents of the interface. Therefore, wetting is a 

thermodynamic process; where the extent of wetting and whether it will be spontaneous 

or not, will depend on the free energy available as a result from the difference in surface 

energies of the three interfaces [19, 20]. The contact angle value can be used as a 

parameter to indicate the wettability; though, the contact angle itself is not a primary 

thermodynamic quantity. The degree of wettability between liquid binder and primary 

particles of the powder influences the structure and strength of the produced granules 

[19, 21].  

 

The conditions of the surface of solid powder led to a number of definitions of contact 

angle (intrinsic, actual and apparent contact angle). Intrinsic contact angle is the angle 

formed on an ideal smooth solid surface defined by Young’s Equation (Øy)  (Equation 2-1), 

where γ (mN/m) is surface tension (surface energy) at the local area of contact, where the 

interfaces boundaries (solid, liquid and vapor) are denoted by the s, l, v subscripts 

respectively [19, 20].  

 

       
          

     
  Equation 2-1 

The Young’s contact angle (  ) is based on an ideal solid surface, which is assumed to be 

smooth, homogeneous, rigid and both chemically and physically inert with respect to the 

liquid droplet deposited on the surface. Generally, if the contact angle is less than 90°, 

then the wetting of the solid surface of the powder bed will be good, as the droplet will 

tend to spread over a large surface area of the solid. In the case of water, the material will 

be classified as hydrophilic. The material will be considered as hydrophobic, if the contact 



  

9 

 

angle is greater than 90°. The wetting of the surface will be poor and hence the spreading 

of the droplet will be over a smaller area of the solid surface. This is schematically show in 

Figure 2-2. This affinity between the liquid and solid is an important factor during the 

wetting and nucleation stage, as it will have an effect on the strength of the granules 

produced [19]. 

 

Figure 2-2 Droplet classification [22]. 

 

The contact angle measurement can vary substantially when performed on a powder bed. 

This is due to many factors that can affect the outcome, such as the roughness of surface 

of the powder bed and the viscosity of the droplet.   

 

Such roughness in solid surface of the powder bed, can cause the base of the droplet to 

deviate from attaining circular shape once placed on the solid surface. This causes 

different contact angles values given, e.g. advancing, receding [20, 23]. The contact angle 

that can be measured is referred to as the ‘apparent contact angle’. This is the angle 

between the apparent surface of the solid and the tangent to liquid interface [23]. A 

model by Robert Wenzel [21] has been proposed to relate the ‘apparent contact angle’ in 

a real system to the Young’s contact angle (intrinsic/ideal angle) [22-24]. This model 

accounted for the surface roughness, where the system is homogeneous (no pocket of air 

between the liquid and the material), Wenzel proposed the following model: 

Cos    = rRF  Cos    
Equation 2-2 

where    is the observed angle on the rough surface of powder bed (Wenzel’s angle), rRF 

is the roughness ratio and    is the contact angle on a smooth surface (Young’s contact 

angle). Wenzel’s roughness ratio compares the real area of the rough surface available in a 

system with the area of the smooth surface area. This will always be greater than one and 
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because of this, if the material was to be hydrophilic, the roughness will make it more 

hydrophilic, and if it was a hydrophobic, then it will be more hydrophobic [21, 23, 24].  

 

The most fundamental implications of this theory are that, it gives a single value for the 

‘apparent contact angle’. In the case of non-uniform roughness of solid surface, there is a 

range of ‘apparent contact angles’ (the hysteresis range). It has been proven that, 

mathematically, the ‘apparent contact angle’ can be calculated using Equation 2-2 

(Wenzel’s theory), when the size of the droplet is infinitely large in comparison with the 

scale of the surface roughness of the solid [19, 23]. 

 

Thermodynamics: spreading coefficient   

The extent at which the liquid and solid will spread over each other can also be described 

by considering the surface free energy, using the spreading coefficient (ʎ). The spreading 

coefficient takes into consideration the difference between the work of cohesion (WC) and 

the work of adhesion (WA). The work of cohesion is the energy required to separate a unit 

cross sectional area of a material from itself (Equation 2-3 and Equation 2-4). The work of 

adhesion is the energy required to separate a unit area of an interface (Equation 2-5). 

[18]. 

Work of cohesion of solid, WCs = 2 γsv  

Work of cohesion of liquid, WCl = 2 γlv  

Work of adhesion, WA = γsv+ γlv- γsl = (Cos Øy  + 1) 

Equation 2-3 

Equation 2-4 

Equation 2-5 

 

The spreading coefficient is the difference between the work of adhesion and cohesion. 

This can be used to determine if the spreading is thermodynamically favorable or not, as 

there will be three different possible ways for spreading between the solid and liquid to 

take place [18, 19]: 

1. Liquid will spread over the solid (ʎls), creating a film on the solid surface. This will 

result in dense and strong granules. 

2. Solid will adhere to liquid (ʎsl), without the creation of the film. This will result in 

porous and weak granules. 
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3. Both the solid and liquid will have a high work of cohesion, which results in 

minimising the interfacial area.  

 

The spreading coefficient of each phase can be calculated using Equation 2-6 and Equation 

2-7. 

 

ʎls = WA - WCl 

ʎsl = WA - WCs 

Equation 2-6 

Equation 2-7 

 

Nucleation kinetics: 

Generally, the droplet will tend to reach equilibrium when the maximum spread is 

achieved during static bed of powder, where there is no extra energy added to influence 

the kinetic of the droplet. On the other hand, the wetting thermodynamic may not have 

enough time to reach equilibrium state, during granulation, due to the mixing/agitation 

from granulator that takes place simultaneously. In the wetting process, the droplet will 

penetrate through the pores of the powder to form a nucleus, and as the nucleus grows, 

the excess liquid migrates to the surface. This makes the nuclei size distribution a function 

of both the wetting thermodynamic and kinetic [18].  

 

There are two proposed nucleation mechanisms, which depend on the size of the droplet 

in relation to the size of the particles. Distribution mechanisms; this occurs when the size 

of droplet is smaller than the particles causing a coalescing between particles, which gives 

nuclei with trapped air [18], as illustrated in Figure 2-3a. Immersion mechanisms; this 

occurs when the size of the droplet is larger than the size of the particles. The liquid will 

tend to penetrate through the capillary pores forming highly saturated initial 

agglomerates, as shown in Figure 2-3b.  
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Figure 2-3 Mechanisms of nucleation (a) Distribution, (b) Immersion [25]. 

 

Furthermore, the penetration of the droplet through porous powder bed is driven by the 

Laplace capillary suction pressure, Pc, given in Equation 2-8 [19], where the          ,   

characterize the size of pore within the bed, liquid surface tension and actual solid-liquid 

contact angle respectively [18, 19]. 

 

   
         

     
 Equation 2-8 

Droplet penetration time is the time taken for the drop to penetrate through the porous 

bed until it is no longer appears on the solid surface of the powder bed. This can vary 

significantly, where the penetration through a loosely packed porous bed is shown to be 

complex and greatly dependent on the microstructure of the bed. Monitoring the 

penetration of the droplet on a static powder is useful to indicate how readily the liquid 

wets the powder and, hence nucleation [18, 19, 26]. 

 

The liquid viscosity, surface tension, contact angle as well as the pore radius will influence 

the penetration of the liquid into the pores of the powder bed. The viscosity of the droplet 

will act against flowing through the powder pores. During granulation, limited movement 

of the liquid will require a mechanical dispersion of the binder as otherwise it will reduce 

the production of nuclei [18]. The pore radius will also dictate the surface curvature of the 

liquid as it flows through the pores. As the pore widens the surface curvature of the liquid 
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will reduce causing a reduction in advancing. If the pore widens further so that the 

curvature of the liquid disappears, this results in a cease of flowing of the liquid through 

the pore [26].  

 

So during granulation to achieve ideal nucleation conditions; short penetration time (can 

be achieved by small droplets), low liquid binder viscosity and porous powder (without 

macrovoids), must be achieved [19]. The wetting and nucleation process can be split into 

three different regimes as shown in Figure 2-4. The figure describes the relationship 

between dimensionless spray flux (Ψa) and penetration time (τp). Dimensionless spray flux 

(Ψa) is governed to describe the powder surface which is covered by the liquid binder [27].  

  

Figure 2-4 Nucleation zone regime [27]. 
 

In the drop controlled regime, the liquid binder penetrates immediately through the 

pores, as binder comes into contact with a powder bed. The lower the liquid binder 

viscosity the quicker it will penetrate (e.g. distilled water). This is predicted to produce a 

narrow size distribution range[27].  
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In the mechanical dispersion regime, the nuclei formation is expected to be reduced. This 

is due to the increase in liquid binder viscosity, where it causes a delay in the penetration 

time/spreading. This is predicted to produce a broader size distribution range, where it 

will be vital to control the mechanical mixing and agitation and delivery method of 

granulation liquid such as drop size, nozzle height etc [27]. 

2.1.2 Consolidation and Coalescence 

The nuclei (or initial granules), may undergo a further processes known as consolidation 

and coalescence. During the consolidation process, the granules collide with each other or 

on the wall of the granulator. These collisions result in consolidation, which may 

subsequently deform the granules and reduce their size and the porosity while squeezing 

out the entrapped liquid binder to their surface [18].  

Capillary and viscous forces 

The migration of the liquid into the surface of the nuclei/initial agglomerate, promotes 

growth. The main process of growth in the nuclei is by coalescence. Coalescence process is 

the sticking/binding of two different nuclei/granule. Generally, coalescence can be 

successful if sufficient deformation and granulation liquid are available on the contact 

surface of colliding granules in order to form strong binding forces that will resist breakage 

[28, 29]. This can be illustrated by viscous Stokes number (   ) (shown in Equation 2-9), 

where the colliding granules must dissipate their energy in order to coalesce.  This can be 

achieved if the colliding velocity of the particles (  ) results in their relative kinetic energy 

being insufficient to overcome the retarding force of the particles with a given density 

(   ). This could be challenging, as particles of the material will have different velocity 

within the granulator. 

 

The presence of liquid on the surface of particles/granules during collision can also aid in 

dissipating energy. The liquid binder during granulation will give rise to capillary forces 

(     and viscous forces (     , as shown in Equation 2-10 and Equation 2-11, respectively. 

These forces will depend on the radius of the particle (r), surface tension ( ) and viscosity 

( ) of the liquid as well as the relative velocity of particle i onto particle j (     ). Increasing 

the liquid binder viscosity will increase the strength of the liquid bridges which will also 
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result in higher energy dissipation, during collision, and hence growth due to coalescence 

[30]. 

 

    
      

 
 

Equation 2-9 
 

     
   

  

  
 Equation 2-10 

 

          
      

  
 

  
 Equation 2-11 

 

2.1.3 Breakage and attrition 

Due to the collisions and impact (i.e. stress) in the granulator, the wet granules can 

undergo breakage and attrition. Breakage process occurs when wet or dry granules 

impacted, where the stress cause a fracture within the granules. The extent of this 

breakage will depend on the strength of the initial granule, where the strength of the 

granule can be controlled by the formulation variables (e.g. amount of the liquid and the 

viscosity of the liquid) and processing condition (e.g. impeller/mixer speed). Furthermore, 

attrition of the granules is when the surface of the granules is gradually worn away in an 

opposite process to coalescence. Therefore, the breakage and attrition of the granules will 

have an influence on the final granule size distribution [18]. 

 

2.2 Wet granulation behaviour  

2.2.1 Desired granulation (Regime maps) 

Wet granulation process is performed using liquid binder to form liquid bridges between 

the primary particles producing larger granules. The liquid binder brings primary particles 

together by a liquid bridges via a combination of surface tension, capillary and viscous 

forces [31].  Such process can be achieved using a variety choices of equipment including 

twin screw granulator (TSG), high shear mixers (HSM) and fluidized bed (FB), [2, 27].  

 

The extent of granulation of primary particles, during wet granulation, will depend upon 

process variables (which determine the stress imparted on the material), and formulation 
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variables (determine the strength of the bond formed). The stress applied by the system 

can ensure a better distribution of the liquid binder, which influence the strength of the 

aggregates/granules and eventually determine its size. This is indicated by the size 

distribution reported by many different researches on different equipment, i.e. 

production of granules and fine/un-granulated powder at a given conditions [32-35].  

 

To understand the influence of these variables (process and formulation) on the extent of 

granulation, number of researchers have developed a regime map for different equipment 

such as high shear mixer [31] and twin screw granulator [36]. The regime map aims to 

characterize the growth behavior of granules within the granulator, based on wet 

granulation mechanisms [31].  

 

Iveson and Litster [31] proposed that there are many types of growth behavior exhibited 

by the High Shear Mixer (HSM).  The different exhibited behaviour were categorized as 

“dry”, “Nucleation”, “crumb”, “Steady Growth”, “Induction”, “Rapid Growth” and 

“slurry/over-wet mass”.  

 

The granulation can result in no or little growth (during “dry” and “Nucleation”) due to 

insufficient use of liquid. Further increase in liquid binder show a slow growth initially and 

followed by a rapid growth (i.e. going through the “induction”, “steady Growth” to finally 

“Rapid Growth”). At given stress (i.e. process conditions) depending on the formulation 

used (i.e. amount of binder and viscosity) weak aggregates could be formed, i.e. loose 

crumb, which will undergo constant breakage and reforming as a result of cushion with a 

larger granule. Excess of liquid binder addition to the system could lead to overwetting of 

the powder forming an oversaturated slurry. Further details on the types of growth 

behavior is discussed in more detail elsewhere in the literature [31].  

 

The author [31] hypothesized that these behaviors can be considered as a function of the 

pore liquid saturation and the degree of deformation imparted on the 
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aggregates/granules within the granulator [31]. To measure the liquid saturation they 

used the maximum granule pore saturation (     , Equation 2-12, as the granule pore 

liquid saturation could change with time due to the consolidation of granules and 

evaporation of liquid binder and the dissolution of soluble components into the liquid 

phase. To account for the degree of deformation, they introduced the deformation 

number (   , Equation 2-13: 

 

     
           

      
 Equation 2-12 

   
    

 

  
 Equation 2-13 

 

where   is mass ratio of liquid to solid,    is density of the solid particles,      is the 

minimum porosity,    is density of liquid,    density of materials,   is particles collision 

velocity and    is the dynamic yield stress of material.  

 

Although, twin screw granulator (TSG) produces granules via wet granulation, the 

mechanism is different to that in high shear granulator. TSG is a continuous system where 

the mechanisms of wet granulation are assumed to be physically separated [36], whereas 

in HSM (batch system) they occur simultaneously [31]. Another key difference is that TSG 

has a smaller free volume, hence the wet powder mass may undergo higher stresses. 

These stresses will further assist the distribution of liquid binder, to form the initial 

granules, and deform, consolidate or break the granules. The stress can be related to the 

torque produced by the motor to convey the material, which can change with a change of 

fill level [36]. Dhenge el at. [36] proposed a slightly altered regime map, as shown Figure 

2-5. 
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Figure 2-5 Granule growth regime map for twin screw granulation [36]. 

 

The regime map, Figure 2-5 shows a relationship between Deformation value (β) and 

liquid/solid ( /S) x  inder viscosity. Deformation value (β) is the ratio of the stresses acting 

on the on the powder/granules over the strength of granules. This indicates the level of 

deformation in the granulation system. The combined product of (L/S) x Binder viscosity is 

used to indicate the pore saturation, as they found that varying the viscosity of the liquid 

at the same L/S ratio will vary the pore saturation [36].  

 

Although the addressed factors by Dhenge el at. [36], ultimately resulted in proposing 

altered equations to Equation 2-12 & 13, it marked an essential step forward to 

understanding the granulation within twin screw granulation. These equations describe 

the relationships between level of liquid and the mechanical property of the material on 

the product outcome, which are fundamental to understanding the wet granulation 

mechanisms. However, further amendments to those equations and to that proposed by 

Dhenge el at. [36] is necessary to allow such equations to be more applicable to the twin 

screw granulation. Such improvement should take into consideration the screw 
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configuration variable and how it influences the liquid-powder uniformity. This variable is 

hugely important to the liquid distribution, as well as shear stress which would be 

imparted on the given particles.  

2.2.2 Undesired granulation (powder caking) 

Agglomeration is a natural phenomenon, where fine powder particles can be 

agglomerated via various granulation techniques (dry or wet). The outcome from such a 

phenomenon, i.e. granules is considered as a desired product and hence many techniques 

have been developed to intentionally agglomerate, fine particles into granules, in a 

controlled manner. However, under certain conditions, agglomeration of particles can 

take place where it would be considered undesired, and usually referred to as  powder 

caking/stickiness [37, 38] (During this work, it will be referred to as powder caking).  

 

Powder caking is an undesired widespread phenomenon in the process industries, where 

it involves the transformation of solid powder into coherent mass that resists the flow of 

materials. Such a problem is frequently encountered by various equipment dealing with 

particulate material; such as granulation equipment (roller compactor, high shear mixer, 

and spray drying), and during storage in silos and bags [39-42].  

 

The tendency of the powder to cake could be related to the cohesion and the adhesion 

forces of the powder. The cohesion forces are an internal property of the material, which 

is a measure of the forces holding the powder particles together. The particles will tend to 

form bonds to stick to each other as they come into contact, unless there is a force greater 

than the cohesive force which has the ability to break the bond between them. 

 

The adhesion forces are interfacial property of the material, which is a measure of the 

tendency of the material to stick/form a bond with the surface of the wall. The particles 

will tend to adhere to the surface unless a force greater than the adhesion force is applied 

[38, 42].  
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Nevertheless, the formation of powder caking during processing, transportation and 

storage may vary in a change in powder, material composition, particle size, particle 

shape, moisture content, pressure, and variation in temperature and humidity, as well as 

the nature of the physical process in which these particles of powder are brought into 

contact. This dependence on so many factors, implicated the understanding and defining 

the mechanisms of powder caking in a given powder system [39-42]. Yet, the cohesive and 

adhesives mechanisms are exploited to provide a better understanding of the powder 

caking/stickiness [38].  

 

The cohesive and adhesive mechanisms are similar, although, the high cohesion force is 

not always associated with the high adhesion force (and vice versa). Generally, the 

mechanisms for the inter-particle attraction can be accounted for by considering five 

major groups (shown below) for forming inter-particle bond. These five inter-particle 

bonding mechanisms will vary on dominance in a given system, though; more than one 

mechanism can apply to powder caking/stickiness. These mechanisms are shown as 

followed [38, 41, 43]: 

 

1. Intermolecular and electrostatic forces:  

These are surface forces. Among these forces is the Van der Waals attraction force, which 

depends on the dipole attraction on molecular level, and it becomes more effective over a 

very short distance. Other forces, such as electrostatic forces act on a longer range in 

comparison with the Van der Waals forces [41]. Such forces are generally less effective 

during wet granulation as opposed to dry granulation. During wet granulation, the bonds 

formed to bind particles together are mainly resulted from mobile binding (such as 

capillary forces) [38]. 

 

2. Mobile liquid bridges:  

When the liquid is added to a powder bed, the liquid tends to be mobile between the 

primary particles, forming liquid bridges. Most of the wet agglomerates are formed due to 
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the liquid bridges forces, holding the primary particles together. The formation of 

agglomerate due to these liquid bridges can be categorized into three ways, due to the 

distribution of the liquid between the primary particles. These are illustrated as follows:  

 

Pendular state: this state occurs when the voids between primary particles are partly 

filled with the liquid, i.e. in low moisture level, as shown in Figure 2-6 (a). During this state, 

the primary particles are held together by lens-shaped rings of liquid. This results in 

adhesion of particles due to the surface tension forces of the liquid-air interface and the 

hydrostatic suction pressure in the liquid bridge.  

 

Capillary state: this state occurs once all the air, present between primary particles, has 

been displaced where the primary particles become adhered to each other by the capillary 

suction at the liquid-air interface, as illustrated in Figure 2-6 (c). This state can be achieved 

by either increasing the liquid or decreasing the space between the particles. The formed 

liquid bridges at this state give the agglomerate a certain tensile strength.  

 

Funicular state: This state represents the intermediate stage between the two states 

(pendular and capillary states). As, the liquid advances to displace the air, between the 

primary particles, the particles tend to arrange in a funicular state as shown in Figure 2-6 

(B).  

 

 

Figure 2-6 Forms of liquid states with mobile bridges [38].  
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3. Immobile liquid bridges: 

The immobile liquid bridges are formed as result of a thin layer of viscous binder present 

on the surface of the particle. Such a film tends to adhere particles together and reducing 

the distance between them as well as increasing the contact area (this will also increase 

the Van der Waals attraction as the particles get close). The immobile liquid bridges can 

form a strong bond between the particles (could be stronger than the bonds formed due 

to mobile liquid in the case of a very viscous binder), however, as the liquid level increases 

beyond the thin film then the liquid can become a mobile liquid to form liquid bridge, 

where interfacial tension and capillary pressure tend to create a strong bond between the 

particles.   

 

4. Solid bridges: 

The solid bridges within agglomerate can be formed via various mechanisms. The solid 

bridges can be formed as particles come into contact, at a temperature high enough to 

cause the surface of the particle to melt and causing a molecular diffusion mutually at the 

point of contact (this is called sintering). Furthermore, the solid bridges can be formed by 

chemical reaction and hardening binder, which will depend solely on the participating 

materials, their reactivity and tendency to harden. The fluctuation in temperature can give 

arise to solid bridges due to crystallization of dissolved materials. The structure of the 

bond tends to be porous; therefore, the strength of the bond will depend on the amount 

of solid deposited and the crystal structure.  

 

5. Mechanical interlocking.  

The mechanical interlocking of particles tends to contribute to overall strength of 

agglomerate. The tendency of such bonding will depend largely on the particle/granule 

shape. The needle shaped crystal and fibers can give arise to a mechanical interlocking. 

The resulted lumps can be very strong, where the particle will be required to broken to 

break such a bond.  
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2.3 Background of Twin Screw Granulator 

The twin screw granulator evolved from the extrusion process. Extrusion is a process in 

which a continuous feed of material is mixed with a continuous flow of granulation liquid, 

aided by the rotation of the twin screws. The material is then forced through an orifice by 

means of pressure, where the orifice is referred to as an extruder die and the end product 

is called extrudate, where it tends to obtain the shape of the die.  

 

The twin screws are built modularly using modular blocks referred to as elements. The 

elements come in different geometries and they impact the material differently. This 

allows for a vast difference in design within twin screws, which can in principle operate 

differently and produce different properties of the product (i.e. granules). Likewise, the 

removal of the die, at the end of the extruder, and replacing it with conveying elements 

resulted in changes of product property, where granules are produced instead of 

extrudates [44, 45]. 

2.3.1 Application of the twin screw extruder in pharmaceutical field 

Extrusion is used as a process of converting raw materials (fine primary particles) into 

products (granules) with more desirable properties (e.g. size, shape, density etc.). 

Extrusion can be ideal for the high throughput production of consistent product as it is a 

continuous process.  

 

Extrusion was primarily designed for cooking and processing of food. It since gained some 

importance in other fields such as pharmaceutical field. Within the pharmaceutical field, 

the extruder can be performed on two applications, namely; hot melt extrusion and cold 

extrusion. The use of cold extrusion (i.e. wet granulation) is more desired as most of the 

drugs and excipients are heat sensitive, except in the case of the production of sustained 

release tablets where melt extrusion is used [46-48]. 

 

The first introduction of the twin screw granulation from the cold extrusion, in the 

pharmaceutical industry, was made by Gamlen and Eardley (1986)[49].  Continuous wet 
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granulation using a twin screw granulator is ideal for a wide range of drug production. 

Twin screw granulation is also used to produce other products that are heat-sensitive and 

enables retention of heat labile components, such as vitamins (cold extrusion) [50-52]. It 

can be used to produce effervescent paracetamol granules [53] and the granulation of 

lactose and microcrystalline cellulose powder [54]. It was also noted by Keleb et al [47] 

that using α-lactose monohydrate in the twin screw granulation, has improved the 

tableting of materials with poor compaction properties.  

2.3.2 Design of the Twin Screw Granulator (TSG) 

The twin screw granulator (TSG) consists of a feeding hopper, two screws (identical in 

design, i.e. twin) inside the confined barrel, with an external cooler and a pump for driving 

the liquid media [48, 55]. The twin screw granulator offers a major attribute due to the 

variety of designs, which can be obtained by changing the type and sequence of the 

elements to create a certain screw configuration in addition the other process variables 

(such as powder feed rate, screw speed, and liquid flow rate). 

 

The direction of the twin screw rotation and arrangement inside the barrel is considered 

to be the basis for classifying different type of twin screw granulators. Such classifications 

can be summarised as follows: 

 Co-rotating Intermeshing 

 Co-rotating Non-intermeshing 

 Counter-rotating Intermeshing 

 Counter-rotating Non-intermeshing 

 

The two screws within the granulator can rotate in the same direction (co-rotating) or in 

opposite directions (counter-rotating). Regardless of the directions of screws rotation, the 

two screws can be arranged in a way to form a closed/semi-closed compartments 

(intermeshing) or separated (non-intermeshing), where the compartments between the 

screws are not closed. The intermeshing and non-intermeshing can be further classified 
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into self-wiping (cleaning deposed powder/material on the screws by themselves) and 

non-self-wiping [45, 46, 56]. 

 

Within a given twin screw granulator, its dimensions can be used to describe it. Its 

element can also differ in dimensions, even if they are the similar type. This is illustrated in 

Figure 2-7 for the conveying elements. The conveying element can come in different sizes 

(this will be described later on in more details). The description of the key dimensions 

(which are considered when distinguishing between them) is presented as follow: 

 

 L/D ratio of barrel - the twin screws are enclosed inside a barrel with a distinct 

length (L) and diameter (D), where L/D ratio represents the Length/Diameter of the 

barrel. Furthermore, the L/D ratio of the barrel is considered to be one of the most 

referenced terms in defining the granulator as such dimensions can define many 

operating characteristic of granulator. This ratio is also considered to have a great 

influence in the effectiveness of the granulator as well as the material, which it can 

process [48].  

 Flight - it is the space given by rotation of a screw to give one complete revolution. 

 Flight width - It is the thickness of edge of the flight. 

 Pitch- this describes the angle of flight relative to the axis of the root. 

 Pitch length - It is the distance between consecutive flights. 

 Channel width – It is the space between flights. 

 Screw diameter (Do) – it represents the distance between the furthest flights 

across the screw shaft.  

 Helix angle –It is an angle, which the flights create from a line that is perpendicular 

to the screw shaft. 
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Figure 2-7 Basic nomenclature of screw element [55]. 

2.3.3 Fundamental of the screw elements   

As previously mentioned, the twin screw granulator is built modularly, where the screw 

configuration can consist of different type of elements, such as conveying and kneading 

elements (these will be described in more details later). These elements will be intended 

for a different application. More than one type of element can be weaved into the shaft to 

give variety of different screw configurations, and hence alerting flow of the material and 

the properties of the product. The screw element will induce different mixing behaviour 

and subsequently changing the mechanisms in which the product are formed by, i.e. 

resulting in changes of product property. 

Mixing behaviour of screw elements 

The twin screw granulator is generally considered as a mixing machine, where two phases 

are mixed together (one or more components of powder and granulation liquid). 

Depending on the type of the screw element used, a different type of mixing can be 

imparted on the material. The mixing behavior of the screw elements can be considered 

as following: 

Distributive mixing behaviour 

Distributive mixing behaviour refers to the spatial rearrangement of the material as the 

screw elements divide and recombine the material while maintaining the morphological of 
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the primary particles. Such repeated rearrangement of the material is important to 

maintain the homogeneity of the components within the blend, as shown in Figure 2-8.   

 

Although, the cross-section of the screws regardless of the elements used will be the same 

as shown in Figure 2-9, the flight and its design will vary. This change will result in differing 

amounts of free volume being available, for the material to reside onto. Furthermore, 

some elements will have a wider flight, giving a higher contact area with material at the 

clearance point and hence, more stress will be imparted on the material. 

 

The screw elements that tend to distribute the material will have a high free volume and 

narrower flight (e.g. free volume between the two consecutive flights as illustrated in 

Figure 2-7). A given screw design can cause more than one mixing behaviour of the 

material within a granulator, the extent of the free volume offered by the element  and 

the level of stress exerted (which can be influenced by the flight of the element) on the 

material can determine which mixing behaviour is more dominant [45, 57-59]. 

 

  

Figure 2-8 Distributive mixing behaviour [45]. 
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Figure 2-9 cross-section of the screws along the barrel  

Dispersive Behaviour 

The dispersive mixing behaviour is experienced when the material is trapped in area of 

high pressure (e.g. when the free volume is small as the distance between the screw 

element and barrel wall is small). This will result in the material being sheared and 

elongated. The dispersive mixing causes a reduction in size and deformation of the 

morphological of the primary particles, as illustrated in Figure 2-10 . For the material to 

undergo a dispersive mixing, the screw element must exceed a certain shear stress (this 

will be dependable on the property of the material) [45, 57-59]. 
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Figure 2-10 Dispersive mixing behaviour [45]. 

 

  Type of screw elements 

The modularity of screw design has provided the user with a tremendous flexibility. Such 

attribute allows the manipulation of the intensity in distributive and dispersive mixing 

within the granulator. This enables the user to generate granules with desired 

characteristic by controlling the degree of the particle buildup, agglomeration and 

homogenization [59]. There are many screw elements, which are available and new 

elements with different geometry are continuously emerging in the market. The most 

commonly used elements within the pharmaceutical field are conveying and kneading 

elements (the following different elements were used during this study). 

Conveying Elements 

Conveying elements are a type of the classical elements, where they are used to transport 

the material forward from the feed point. Such elements are available in many sizes and 

forms, where their use may differ. The pitch length and number of flights can be used to 

describe the conveying elements. The conveying element differ from each other by the 

channel width, where the greater the pitch length the more free volume available and 

hence more material to be conveyed. Figure 2-11 shows long pitch conveying element 

(LPCE) (A) and the short pitch conveying element (SPCE) (B). 
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Vercruysse et al [60] found that the conveying elements require minimal mechanical 

energy, where they provide a degree of distributive mixing, hence a poor consolidation as 

the granulation liquid will not be forced to the surface of the powder [45, 46, 52, 60].  

 

Kneading Elements 

These elements are another classical element type. The kneading elements produce shear 

stress on material, which helps to mix, distribute and disperse the components within a 

formulation. The arrangement of a stack of kneading elements can result in different 

outcomes. The length of the element, number of kneading discs and the offset angle 

between the kneading discs can be used to differentiate between different kneading 

zones within a screw configuration.  

 

The number of the kneading discs and the offset angle at which they are staggered can 

have a great influence in the role of kneading elements and ultimately the product 

properties.  There are three different offset angles 30°, 60° and 90° at which the kneading 

discs can be weaved into the shaft. The larger the offset angle, the more axially open the 

kneading elements will be. Therefore, the material will be well mixed; however, its 

conveying ability will reduce as a result [17, 52]. 

 

A study conducted by Lee et al [17], showed that varying the angle can vary the conveying 

ability of the kneading element. At 30° screw configuration, the fill level increases slowly 

and remains steady in the mixing zones. The 60° screw configuration, which has a slightly 

higher fill level, is less steady through the mixing zones, whereas at 90°, the mixing zone 

has no conveying capacity and, therefore, might be expected to be fully filled for any 

process conditions. Therefore, the components of the formulation at this zone are 

subjected to dispersive and distributive mixing [17, 45]. Four of kneading element discs 

with an offset angle of 60° used during this study as shown in Figure 2-11 (C). The 
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kneading element discs are thinner than the conveying element, 1⁄4 of element length (1 

kneading element zone has 4 discs= 1SPCE). 

 

(A)                      (B)                     (C)  

Figure 2-11 Different common elements used to make up the configuration of the screw: (A) long pitch 

conveying element, (B) short pitch conveying element, (C) kneading element. 

2.3.4 Process and Formulation variables 

It was highlighted previously, that the collision of granules may result is coalescence to 

give a further growth (e.g. granules) within the granulator. If the stress imparted on the 

material is relatively high the bond between the primary particles may break resulting in 

breakage. The balance between the growth and breakage will depend on the stress acting 

on the material as well as the strength of the bonding, as schematically illustrated in 

Figure 2-12. The stress acting on the wet granules will be manipulated by the process 

variables such as screw configuration, screw speed and powder feed rate. The strength of 

the wet granules will be influenced by the strength of the liquid/solid bridges between the 

particles, the amount of liquid used as well as the material properties (such as the 

deformability of material upon collision to help dissipate the kinetic energy). 

 

 

 

 

 

 

 

 

 

 

The granulation process is not limited to achieving growth only (size), as other properties 

such as shape, strength and porosity will influence the downstream process. Such an 

Figure 2-12 Growth and breakages of the granules. 

Breakage 

(Weak Bonds) 
Growth 

(strong bonds) 

Liquid/solid bridges 
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influence can affect the final product (i.e. tablet). Therefore, during the development of 

pharmaceutical products, the changes in mechanisms as the process and formulation 

variables modified needs to be understood. Such understanding will enable the 

manipulation of the variables to obtain the production of granules with the desired and 

consistent properties [61, 62].  

 

The growth and breakage phenomena during granulation could result in a wide size 

distribution [62]. A wide range of size distribution can present a challenge in the 

downstream process. These processes could include drying (where the small granules will 

dry quicker). On other circumstances, a wide size distribution can be considered desirable 

depending on the application. For example if the purpose is to have a better packing of 

the granules then a broad size distribution might be more applicable.  

 

The shape of the granules will also influence the flowability of the granules and packing 

density, which makes such a property of considerable value and must be taken into 

consideration while assessing the quality of the granules. The porosity of the granule will 

have a significant effect on the granule performance, as a low porosity within a structure 

of granule will result in resistance to disperse when placed in water [62].  

 

Process variables 

2.3.4.1.1 The effect of the Screw Configuration 
One of the main attributes of the twin screw granulator is its flexibility. This advantage 

arose due to the fact that the twin-screw granulator is built up modularly. This allowed for 

the achievement of a desired product with minimal downstream processes required.  

 

The understanding of twin screw configuration is vital as different elements could lead to 

different mixing behavior and while imparting different level of stresses on the material. 

The screw configuration can also be altered to give a regime-separated process, to enable 

more control over the granule properties, which is unavailable in the other conventional 

granulation methods [32, 63-65]. 
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This was demonstrated by Dhenge et al [36], who used a formulation (consisting of α-

lactose monohydrate, microcrystalline cellulose, crosscarmellose sodium and  

hydroxypropyl-methyl cellulose), where it was observed that using kneading elements, 

changes the consistency (thickening) of the material while using viscous granulation liquid. 

This is due to an increase in the cohesiveness and frictional resistance of the material to 

flow, i.e. due to the strength of the bonds. This also resulted in an increase in the 

residence time in which the granules spend within the barrel of the twin screw granulator, 

while also requiring higher torque, which reflects the increased stress on the granules 

from the process.  

 

Lee et al [17] supported the results by illustrating that the kneading elements generally 

have a higher residence time and wider residence time distribution compared with the 

conveying zones as well as the fill level, although they used different material 

(microcrystalline cellulose). This is due to the high conveying capacity of the conveying 

elements in comparison to the kneading elements. However, the author also stated that 

at high powder feed-rate and screw speed, the effect of screw arrangement of 30° and 60° 

on the mean residence time becomes less significant. Additionally, staggering the 

kneading element at 90° can cause a blockage in the granulator. This is because the net of 

movement of materials only depends on the gradient fill, since the conveying element has 

no preferential direction as the screw moves the material to the adjacent (forward and 

backward). This can be shown in Figure 2-13, where kneading elements at staggering 

angle of 90° showed the least conveying capacity by having the longest residence time 

[17, 66]. 
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Figure 2-13 the effect on mean residence time by the conveying capacity of each angle degree for the 

kneading element, while using varying the feed-rate and screw speed [17]. 

 

J. Vercruysse et al [52] also found that using the kneading element instead of the 

conveying element created more friction between particles resulting in a higher resistance 

to movement. This accumulated the powder prior to the kneading element zone, where 

the particles are expected to experience a higher stresses. Consequently, the torque 

produced by the granulator was increased to maintain screw speed, as the load on it 

increased. 

 

The increase in the number of kneading elements gives a decreased level of fines and 

shows a growth in size, while consuming higher power as they produce more stress on the 

material. Dhenge et al [36] found that the kneading elements in the screw configuration 

exert both shear and compressive stresses on the wetted powder mass inside the barrel. 

This caused in an increase in the particle packing/densification and consolidation of the 

powder mass. Though, the extent of the densification was found to be depending on the 

binding ability and the amount of granulation liquid (i.e. resistance to the applied 

stresses).   

Powder mixture: 73.5% α-
lactose monohydrate 
Pharmatose 200 M and 20% 
microcrystalline cellulose 
(MCC), 5% Hydroxypropyl 
Cellulose (HPC) and1.5% 
Crosscarmelluose sodium. 
 
Granulation liquid: water 
 
Operating temperature: 20oC 
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Furthermore, increasing the stresses applied on the material, i.e. using kneading 

elements, was generally found to give stronger granules, as Vercruysse et al [52]; 

observed such a trend as they increased the number of kneading elements.  

2.3.4.1.2 The effect of the Screw Speed 
Screw speed is another influential parameter on the granule’s properties. The speed of 

screw can affect the fill level of the material within the granulator. Such an effect can have 

an influence in the residence time and torque, i.e. the stresses experienced by the 

material will vary. 

 

Dhenge et al [2] found that the screw speed has a reverse proportional relationship with 

residence time. An increase in the screw speed increases the conveying capacity, hence a 

decrease in the residence time and torque. This was shown to be in accordance with many 

other studies, as well as the model proposed by Baron et al [2, 67-70]. The screws will be 

starved of powder leading to a decrease of the powder load on the screws and, hence 

decrease in the torque required [2, 68, 71].  

 

In general, the effect of screw speed on the size distribution was seen as minimal. 

However, the screw speed influence becomes greater with a change in the amount of 

liquid used (i.e L/S ratio), as the granules strength will vary. Dhenge et al [2] found that 

using a slow speed of the screw (250rpm) showed an increase in the size of the granules. 

This size increase can be related to the increase in residence time and the degree of fill 

level within the granulator. The additional time allowed more solid particles to bind 

together resulting in the granule growth. This was in accordance with other studies [2, 7, 

64, 68, 72]. Lee et al [3] also found that the screw speed did not affect the granule growth 

when the L/S ratio is low. However, when increasing the L/S ratio, the screw speed 

showed an influence on the d50 of the granules, where increasing the screw speed gave a 

decrease in the d50 value [3, 17, 64].  
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Additionally, increasing the screw speed resulted in more rough and elongated granules as 

result of the higher shear stresses and the lower fill level [2]. However, Lee et al [3] 

showed insignificance effect on the granule porosity as the screw speed was varied using 

microcrystalline cellulose. 

2.3.4.1.3 The effect of the Powder Feed Rate 
The feed-rate is one of the processing parameters that can be altered to attain desired 

granule properties. This refers to the amount of solid powder fed from the hopper into 

the barrel accommodating the twin screws. Varying the powder feed rate will change the 

conditions inside the barrel, which can bring about a different interaction between 

particles within the barrel. The change in the feed rate will give a change in the channel fill 

which will experience a difference in the stresses applied on the material.  

 

Dhenge et al [2, 68] found that an increase in powder feed rate results in a decrease in the 

residence time. This was due to the degree of fill level, where increasing the powder feed-

rate increased the amount of powder in the barrel. This resulted in a higher compaction of 

granules, where the throughput forces to convey the granules forward is much stronger 

(at the same screw speed), which restricted the back-mixing of the powder while 

continuously pushing the material forward reducing its residence time in the granulator. 

This agrees with the model proposed by Ziegler & Aguilar [73]. The increase of feed rate 

will cause increase on the load of the powder on the screws forcing the drive of the screw 

to produce more power to ensure the conveyance of materials at the same screw speed. 

This was also found by Vercruyssea et al [52], as it was shown this increase of load 

brought about the increase of torque [2, 52]. 

 

The change of barrel fill has led to a change of the size distribution. Dhenge et al [2] found 

that increasing the feed rate from 2 kg/h to 5 kg/h, resulted in small sized granules as 

there was a shift from bimodal to mono-modal size distribution as shown in Figure 2-14, 

while using the pharmaceutical formulation. This was due to the reduction of residence 

time, which led to production of a lower percentage for the fraction of big granules [2, 74, 
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75]. These findings were in accordance with those found by Lee et al who used similar 

formulation [17]. 

 

However, D. Djuric et al [76] found that increasing the feed rate resulted in a reduction of 

fine powder production, which increased median size of granules. The contradiction in the 

result was related to the difference in the size of the granulator, the screw configuration 

and materials used. The change in granulator size and screw configuration may have 

changed the fill level of the barrel and therefore, resulted in different stresses applied on 

the material. Furthermore, Vercruysse et al [52] observed that increasing the feed rate did 

not show a significant effect on the size distribution of granules. Although, they noticed a 

variation in the degrees of barrel filling and torque values. This insignificance could be 

related to the fill level not exceeding the limit before it can show an effect on the granule 

size as well as using different formulation.  

 

Increasing the fill level (through higher feed rate) increases the shear forces on the 

granules which resulted in an increase of the strength of the granules while also improving 

their sphericity (i.e. becoming more spherical) [2]. 

 

Figure 2-14 Size distributions for changing powder feed rates [2]. 

 

Powder mixture: 73.5%  α-lactose monohydrate, 20% 
microcrystalline cellulose, 5% hydroxypropyl cellulose and 
1.5% crosscarmellose sodium. 
Granulation liquid: water 
Operating temperature 25oC 
Screw Speed: 400 rpm 
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Formulation variables 

This involves the type and size distribution of the primary powder, binder properties 

(viscosity) and liquid/solid ratio (L/S ratio). These variables will determine the strength of 

the granule and their ability to resist breakage under the stresses imparted on them by 

the process variables.  

 

The composition and the type of the powder (or a mixture) has an effect on the granules 

strength, as different materials will deform differently as well as interacting with 

granulation liquid. A prime example was shown by a study on the lactose-MCC mixture 

conducted by Chitu et al [77] using the high shear mixer (HSM), where it was found that 

changing the MCC contents within the mixture results in a change of binder requirement 

for the granulation. El Hagrasy et al [78] concluded that using a different lactose grade in 

the twin screw-granulator has influenced the final granule physical properties.  

Despite such influence, there are limited studies showing the effect of varying material 

during twin screw granulation.  

2.3.4.1.4 The effect of the Liquid binder Viscosity 
Numerous studies have reported that the liquid viscosity (i.e. solid binder quantity 

dissolved in the granulation liquid) has an effect on the granulation behaviour in a high 

shear granulator and a fluidized bed granulator. This generally results in growth in size of 

granules as the strength of the bond is stronger and able to resist the breakage due to 

stress imparted on them from the granulator. Despite the importance of such variables, 

there are limited number of studies of such parameter and its effect while using a twin 

screw granulator [33]. 

 

The effect of granulation liquid viscosity on the granule properties was looked at by Keleb  

et alKeleb [74]. They observed that increasing the viscosity of the granulation liquid 

reduced the minimum requirement of liquid for granulation to take place. This is due 

binding strength of the liquid bridges when compared to water; this meant granules can 

be formed with fewer liquid bridges [33, 74]. 
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The variation of granulation liquid viscosity showed to affect the granulation differently 

depending on the screw configuration. Dhenge et al [33, 36] has found that in the absence 

of the kneading elements, increasing the granulation liquid viscosity results in a decrease 

in both residence time and torque, while using the pharmaceutical formulation. The 

author related this decrease to the lack in the ability of the viscous granulation liquid to 

penetrate and spread. This resulted in the powder to behave as a dry powder while given 

a bimodal size distribution.  

 

However, in the presence of the kneading elements the materials within the granulator 

tend to behave as a highly concentrated suspension. This was concluded as the higher 

power required form the motor to convey materials forward, which subsequently gave an 

increase in both residence time and torque [33, 36, 79]. The granules formed using a 

viscous granulation liquid were able to withstand the shear stresses and frictions imparted 

upon them by screw rotation and granule collision, due to the increased strength of liquid 

bridges. As a result there was an observation of a growth of the agglomerates/granules 

within the granulator. 

 

Dhenge et al [36] also found that increasing the viscosity of the granulation liquid, while 

keeping L/S consistent, shifts the size distribution from a bimodal to a mono-modal 

distribution. The granule growth was indicated by the increase of d50 as the viscosity 

increased at different L/S ratios as shown in Figure 2-15. Furthermore, the granules tend 

to obtain a more spherical shape while increasing in strength and decreasing porosity as 

more solid binder added to the granulation liquid (i.e. increasing the granulation liquid’s 

viscosity). Although, their findings are informative for the effect of the screw configuration 

while changing the viscosity of the granulation liquid, the author did not consider different 

material.  
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Figure 2-15 Median granule size with increasing amounts of HPC at different liquid to solid ratios [36]. 

 

2.3.4.1.5 The effect of the Liquid/Solid (L/S) Ratio 
The liquid/solid ratio refers to the mass flow-rate of the liquid media in ratio to the solid 

powder mass flow-rate. Change in the initial moisture content can result in a change of L/S 

ratio within the granulator, where L/S ratio can be increased by increasing the materials 

initial moisture [80]. 

 

One of the advantages the twin screw granulator offers over the conventional batch wet 

granulation (high shear mixer ad fluidized bed), is the requirement of a lower L/S ratio [3, 

81]. All the same, the L/S ratio still remains a vital parameter, as Keleb et al [75] has found 

that using a low L/S ratio, in twin screw granulation, could lead to many problems such as 

high power consumption, a high barrel temperature (generated from friction) as well as 

screw blocking. Conversely, a high L/S ratio will cause problems such as over-wetted. 

Therefore, the granule properties will change as the L/S ratio varies, as this will affect the 

strength of the material and its resistance to the stress imparted on it [3, 43, 75].  

Powder mixture:  80% α-lactose monohydrate, 18.5% microcrystalline cellulose, and 

1.5% crosscarmellose sodium 

Granulation liquid: water only and two solution of water and Hydroxypropylcelullose 

(HPC) (3 and 6% w/v). 

Operating temperature 25oC 

Powder feed rate: 3.5 kg/h 

Screw speed: 400 rpm 
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Increasing the L/S ratio will inevitably increase liquid molecule availability within the 

barrel. This will induce more particles to bind together as more liquid bridges form 

between the primary particles [43]. Increasing the number of liquid bridges will 

subsequently increase the strength of the agglomerate. As the number and strength of 

agglomerates increase, within the twin screw granulator, the resistance to conveyance will 

increase.  Such a resistance will increase the residence time of the material according to 

Kleinebude and Lindne [2, 51]. This also increases the load on the screws and hence an 

increase in the torque produced by the shaft. The change in torque is in accordance to the 

material’s resistance to flow. However, as  /S ratio continues to increase up to a certain 

level, further addition of liquid will start acting as lubricant and therefore, decreases the 

friction and hence the torque [2, 3, 78, 82, 83].  

 

Different studies have also considered the effect of L/S ratio on size distribution [1-3]. El 

Hagrasy et al [1] investigated the effect of changing L/S ratio on a pharmaceutical 

formulation, (consisting of α-lactose monohydrate, microcrystalline cellulose, 

crosscarmellose sodium and  hydroxypropyl-methyl cellulose), using a twin screw 

granulator. Within the formulation, three different grades of lactose, (Supertab 30GR, 

Pharmatose 200M and lactose impalpable) were changed. The findings concluded that 

increasing L/S ratio caused a shift in the size distribution from the bimodal to monomodal, 

regardless of the grade of lactose. Dhenge  et al [2], also observed a similar findings using 

similar formulation (while the lactose grade used was Pharmatose 200M) where they 

related this shift in size distribution to the increase in residence time and friction level in 

the granulator. They also found that increasing the L/S ratio increased the strength of the 

granules and shift from elongated to a more spherical shape, due to the increase in the 

number of liquid bridges [32, 36, 84]. Furthermore, increasing the L/S ratio showed to 

decrease the porosity of the granules when using the formulation [1, 36]. However, Lee et 

al. (2013) showed that changing increasing the L/S ratio, the granules porosity was not 

significantly affected. 
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2.4 Objectives  

The advantages offered by continuous twin screw granulation make it appealing for 

implementation for several manufacturing industries, which are looking to move away 

from batch operations. However, at present there is a lack of complete understanding of 

the mechanisms taking place during the process. In particular, the effect of changing 

formulation variables during the operation of the twin screw granulation on final granule 

products has not fully been investigated.  

 

To date, the author is not aware of any research conducted on looking into the 

mechanistic understanding of the twin screw granulator and binder delivery during 

operation or how the liquid binder viscosity influence the process at varying shear stress 

and material properties.  This research will involve investigating the role of the binder 

(and the form of the binder) as the stress applied by the process is varied. Also, the 

research will incorporate the behavior of different powders with differing properties.  

 

Moreover, this research will be distinctive, as it will consider the role of binder not only on 

the mechanism, which results in different properties on the desired product (i.e. 

granules), but also look into how these variables cause the formation of undesired 

granulation (such as powder caking/sticking to barrel surface) during production. Such a 

phenomena has not been studied during the twin screw granulation and therefore, its 

causes are still unknown. This phenomenon may have a negative impact on the content 

uniformity of the granules.  The study is schematically depicted in Figure 2-16. 

 

Finally, to be able to enhance the understanding of the mechanisms taking place, online 

monitoring techniques will be deployed. This will be conducted using Particle Image 

Velocimetry.  Such understanding will be used to relate to the outcome of the desired and 

undesired granulation. 



  

43 

 

 
Figure 2-16 Schematic of research objective.  
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Chapter 3 Materials and Experimental methodology  

3.1 Material  

The materials used during this study are commonly used excipients and binder in the 

pharmaceutical industry [2, 33, 47, 76, 78, 81, 85-88]. Such excipient are used to improve 

the achieving the product with desired attribute. Typically a wet granulated formulation 

will contain one or more excipient for bulk or to aid processing 

3.1.1 Lactose  

 α-Lactose monohydrate (Pharmatose 200M, EP & USP & JP, Bovine, Crystalline Powder) is 

disaccharide which consists of two hexose sugar glucose and galactose. In the solid state, 

lactose powder found as odourless and white to off-white crystalline particles with slightly 

sweet-tasting and soluble in water. Depending on the processing conditions, lactose can 

exist in different amorphous and crystalline forms with different properties in terms of 

solubility, mechanical properties and morphology. Due to the small size of the primary 

particles it has good wettability owing to the high surface area, while providing an 

improved compaction property. On the contrary, it shows a poor flowability. The solubility 

of lactose in water is a useful property in granulation, as it will strengthen the granules 

after drying, due to re-crystallization of lactose. It is a common ingredient used in the 

pharmaceutical industry due to its stability and inert nature. It has, apart from some 

special cases, no significant tendency to react with the active pharmaceutical ingredients 

(API) or other components of a formulation where it is used as a filler in tablet production 

[85, 89].  
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Figure 3-1 SEM image of primary particles of lactose monohydrate. 

 

3.1.2 Microcrystalline cellulose (MCC) 

Microcrystalline cellulose (MCC) (Avicel PH 101, EP & USP & JP, Bovine) is another 

commonly used excipient in wet granulation. It is a white, odorless and free flowing 

powder. MCC is insoluble in water and free flowing, plastically deforming material. It is 

made of microcrystals that form pores. This gives the MCC properties such as water 

absorptive, swelling and dispersion. It is also compactable and its inclusion can add 

strength and robustness to a tablet. Furthermore, using MCC in a formulation makes it 

generally easy to disintegrate, i.e. giving a rapid drug dissolution for instant drug release 

products [85, 90]. 
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Figure 3-2 SEM image of primary particles of MCC. 

 

3.1.3 Crosscarmellose sodium  

Crosscarmellose sodium (Ac-di-Sol, EP & USP & JP, Bovine) is white, free-flowing, odorless 

powder. It is a cross linked polymer of carboxymethyl cellulose sodium. This cross linking 

of fibers reduces its water solubility, while allowing the material to swell and absorb 

substantial amount of water. Crosscarmellose sodium provides superior drug dissolution 

and disintegration characteristics, thus improving bioavailability of formulations. It is used 

in pharmaceutical formulation as a disintegrant for tablets, capsules and granules [91, 92].  

3.1.4 Hydroxypropyl methylcelluose (HPMC) 

Binders are used to facilitate granule growth and to aid compaction into hard tablets. 

Hypromellose 2910 (Pharmacoat 603, EP & USP & JP) is white odorless powder. It is a 

cellulose derivative (hydroxypropyl methylcellulose, HPMC) and it acts as binder, where it 

doesn’t interact with drugs. It is available in different viscosity grades for granulation 

purposes. It is soluble in water and aqueous alcohols such as ethanol. The dissolution of 

large amount of HPMC in water may require a long time to dissolve as its introduction into 

water at once could form lumps [85, 91, 93]. 
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3.1.5 First Intent formulation 

During this study, a ‘First Intent Formulation’ is used, as shown in Table 3-1. This will be 

referred to as ‘formulation’ for simplicity. This formulation is commonly used in literature 

while also being suggested by glaxosmithkline (GSK) [2, 33, 78, 87, 88]. The formulation 

will be studied in two distinct ways. Firstly, the effect of increasing the liquid binder 

viscosity and the stress applied by the system. Secondly, the form of the HPMC binder 

within the formulation (i.e. the same amount of HPMC within the system at all times) 

while varying the stress on the material. This will be referred to as ‘ inder delivery’.  

 
Table 3-1 The first intent formulation. 

Material Activity Composition (%w/w) d50 (µm) 

Lactose Filler 73.5 41 
MCC Filler 20 78 

Crosscarmellose sodium Disintegrant 1.5 59 
HPMC Binder 5 83 

 

3.2 Granule production 

3.2.1 Powder conditioning 

Prior to the production of wet granules, the powder was firstly conditioned to the same 

humidity and temperature to avoid a change in the moisture of the powder. This was a 

necessity as the humidity of the storage varied throughout the year and this might result 

change in the product regardless of the condition used. The humidity was set at 40 %RH 

with temperature at 25°C for three days, using an environmental humidity chamber 

(Binder KMF 240 climatic chamber, Binder, UK). The powder was spread out on a tray to 

achieve a thin layer.  

3.2.2 Liquid preparation  

During this study the conditions will vary where the liquid granulation viscosity will change 

accordingly. This will be referred to as liquid binder viscosity (or binder viscosity). The 

liquid binder viscosity will vary as the amount of solid binder (i.e. hydroxypropylmethyl 

cellulose (HPMC)) used is adjusted.  
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The distilled water was heated up to 50-60 °C, before slowly adding the HPMC while 

ensuring the system is continuously agitated. This helped to prevent any formation of 

powder lump.  

 

Table 3-2 change in liquid binder viscosity with increase in the mass percentage of HPMC in the granulation 

liquid. 

Percentage of HPMC in the granulation 

liquid 

(w/w %) 

Viscosity of the granulation liquid 

(Pa.s) 

0% 0.001 

3.75% 0.007 

6.25% 0.022 

7.5% 0.026 

11.25% 0.081 

12.5% 0.223 

15% 0.258 

 

The dynamic viscosity, presented in Table 3-2, was determined experimentally with a 

rheometer (Kinexus, Malvern Instruments, UK) using the cone and plate geometry (1°/50 

mm) at shear rate of 1 s−1 and temperature of 25°C. All solutions displayed Newtonian 

behaviour at the given shear rate. From Table 3-2, it can be seen that increasing the 

dissolved HPMC amount results in an increase of the granulation liquid viscosity  

3.2.3 Blending  

In the case of a formulation, the materials were firstly dispensed accordingly and then 

transferred into the high shear Mixer (HSM) (Romaco Roto Junior). The HSM was operated 

at 300rpm for 5 minutes to improve the uniformity of the mixture.  

3.2.4 Twin screw granulator and screw configuration 

After conditioning the powder, the experiments were performed using a co-rotating twin 

screw granulator (TSG) (16 mm Prism Euro lab TSG, Thermo Fisher Scientific, Karlsruhe, 
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Germany). It is a laboratory scale granulator, which is specially built for pharmaceutical 

wet granulation. The barrel length is 400 mm and the diameter is 16 mm (length to 

diameter ratio (L/D) of 25:1). It is a co-rotating intermeshing self-cleaning twin screw 

granulator. This granulator is capable of producing a maximum of 1000 rpm for the screw 

speed and 12Nm of torque. The assembly of the parts for the twin screw granulation, as 

shown in Figure 3-3, is feeding hopper, feeding funnel, granulation liquid nozzle, twin 

screw barrel, control panel, peristaltic pump and cooling system. The feeding hopper used 

in this experiment is a gravimetric, loss-in-weight screw feeder (K-Tron Soder, 

Switzerland), which can give a powder feed rate up to 25 kg/h. 

 

 

Figure 3-3 Image of the parts the the twin screw granulator used in the current-expermental set-up.  

 

During this study the shear stress was altered by changing the screws configuration, 

where were accommodated in the TSG barrel. To produce low shear stress, the screw 

configuration consisted of conveying screws only as shown in Figure 3-4 (a) where the 

code for the elements used are described in Table 3-3. To produce a higher shear stress, a 

zone of four kneading elements, arranged at angle of 60°, was weaved into the shaft of 

the screws, as shown Figure 3-4 (b). 
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Table 3-3 the screw element coding. 

Element Code Element name 
Length/Diameter 

ratio 

Element 

image 

SPCE 
Short Pitch 

Conveying element 
L=D 

 

LPCE 
Long Pitch 

Conveying element 
L=2D  

K60° 
Kneading Element at 

60° pitch 
L=D/4 

 

 

 

 

Figure 3-4 illustrating the configurations of screw used in throughout the experiments: (A) conveying 

elements only (i.e. low stress) and (B) conveying elements with one section of kneading elements (i.e. high 

stress).  

3.2.5 Peristaltic pump  

The liquid binder was added via a peristaltic pump (Watson Marlow, UK).  Two peristaltic 

pumps were used during this study to cover a range of mass flow rate of liquid binder. 

 

The number of revolutions per minute (rpm) of the rotating device can be controlled. 

These numbers do not reflect the mass flow-rate of liquid. The liquid binder mass flow 

rate, for a given revolutions per minute, will depend on the pipe (its elasticity or diameter) 

and the liquid viscosity. This resulted in calibration of the pump as the liquid viscosity 

changed, while ensuring the same pipe is used. Figure 3-5 shows an example for a 
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calibration performed for granulation liquid, in this case the granulation liquid consisted of 

water only. 

 

Figure 3-5 Calibration of peristaltic pump using water. 

3.3 Granule analysis 

After the drying process, the granules produced were analyzed to determine their size 

distribution, shape, surface topography and structural characterization.  

3.3.1 Drying 

After the production of the granules from the twin-screw granulator, they were subjected 

to heat of 45°C while maintain the environment humidity at 15%RH for two days, using 

the environmental humidity chamber. To minimize any agglomeration/caking of the 

powder during the drying process, the wet granules were also spread out into thin layer in 

a tray. 

3.3.2 Size distribution 

After the granulation process reached equilibrium, a representative sample was directly 

collected from the end of the barrel as they are produced. This was placed in adequate 

tray and after drying; the sample was transferred to the CAMSIZER (Retsch Technology 

GmbH, Germany) for the size distribution analysis.     

 

The CAMSIZER apply the principle of digital image analysis (ISO 13322-2). The sample is 

fed into the measurement field via a vibratory feeder, as the particles fall between the 

planar light source and cameras; images are recorded. The vibration system of the chute 
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was adjusted to ensure a thin layer of granules fed. The images are binarised and the 

particle maximum and minimum lengths are measured.  

 

Determining the size of real granule can be difficult as it is irregularly shaped and 

therefore, it does not have one defined diameter to measure the size. This led to many 

different approaches using ‘equivalent diameters’ to calculate the size in practice (such as 

Ferret’s diameter, stokes diameter, Martin’s diameter, Particle sieve diameter etc.) [62, 

94]. During this study the presented equivalent diameter used was particle sieve 

diameter, i.e. the shortest chord of the measured set of maximum chords of a particles 

projection. Such a diameter gives results closest to the screen/sieving. Size distribution 

was then presented as frequency distribution using a volume based. 

3.3.3 Sieving 

Sieving was used to obtain granules of different size classes. The granules were separated 

into three different classes namely; small (˂500 µm), medium (500-2000 µm) and big 

(>2000 µm). The sieve shaker (Retsch Technology, Germany) was used for 2 minutes at a 

low amplitude of 0.2 mm, to minimize any possible breakage of the granules during the 

process. 100 g of granules were used during sieving. A sample divider was used to ensure 

a representative sample was obtained.   

3.3.4 Shape  

The granule shape was determined numerically using CAMSIZER, where it considers the 

aspect ratio of the granule. The aspect ratio is taken to be the ratio of the minor diameter 

of the irregular shape of the granule over the major diameter. A ratio of 1 assumed to give 

a spherical shape and closer to zero for more elongated shapes. In addition, a qualitative 

assessment of granules was conducted using a Zeiss stereo microscope (Zeiss UK). 

3.3.5 Surface topography  

The granules, from the big class (>2000 µm), were randomly chosen, stabilised into a stub 

using carbon tape. As the granules have low conductivity, gold coating of the granules to 

create a conductive layer on the sample was necessary. This allowed the Scanning 
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Electron Microscopy (SEM) to examine the surface topography of the granules. SEM, JEOL 

JSM-6010LA was used to obtain electron micrographs, where it was operated at 15 kV 

under vacuum conditions. Minimum of three different granules from each sample were 

investigated. 

3.3.6 Structural characterization 

X-ray computer tomography scans were conducted on granules (>2000 µm) and ribbon of 

powder cakes (undesired granulation). This allows materials of different densities to be 

resolved, allowing the visualisation of the internal structure. The sample is positioned 

between an X-ray source and detector, with images taken which are then reconstructed 

on the software of the machine to create a 3D volume.  

 

Scans were conducted on the Scanco µCT 35 (Scanco Medical, Switzerland). The scanning 

parameters were chosen after trial scans. Due to the low density of the material, the 

lowest energy setting was chosen, where a voltage of 45 kV, current of 177 μA were used. 

The voxel size used was 3.5 μm.  

 

All images were analysed using Image J. The threshold of air was determined from 

scanning only air, which was then used to isolate the grey value of air from sample. The 

total number of pixels with the corresponding grey level of air was divided by the total 

number of pixels of the sample to give the porosity of the sample. Minimum of three 

different granules from each sample were investigated. 
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Chapter 4  Desired Granulation: Influence of binder viscosity 

This chapter explores the role of liquid binder viscosity on the granule properties. This 

investigation involves the use of different starting material namely; lactose, MCC and 

formulation.  

 

Increasing the binder viscosity, while imparting low stress in the system (i.e. the use of 

conveying elements only) showed to give a wider size distribution and more elongated 

granules, while insignificant change in surface topography and porosity, regardless of the 

starting materials.  

 

Increasing the stress produced by the system (i.e. incorporating kneading elements in 

screw configuration) resulted in a growth of the size distribution (shift toward the right) 

for lactose, while a narrower span for MCC and formulation, as the liquid binder viscosity 

increased. The aspect ratio and the porosity showed to increase, while resulting in more 

compacted surface topography for the different materials, as the binder viscosity 

increased.   

4.1 Introduction  

In the pharmaceutical industries, products are developed to improve our wellbeing. Such a 

product, e.g.  generic solid dosage forms (granules or tablets, capsules), are generated 

through a carefully planned product and process development [95]. The product 

development will involve targeting and identification of different excipients with desired 

physical and mechanical properties which considered necessary to achieve a product with 

targeted profile [96]. The process development will require a comprehensive 

understanding of the mechanisms taken place during raw material processing and the 

effect of process variables on the product quality. Such planning will extend to secondary 

manufacturing for oral solid dose forms such as granulation.  
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The emergence of the twin screw granulator as a continuous manufacturing of granules 

has encouraged the pharmaceutical companies to consider such a process for a future. 

Unfortunately, such a transition will require a substantial depth of understanding the 

effect of the process parameters on the mechanisms and hence, the final product 

attributes. Within an established quality system for a particular manufacturing process, 

one would expect an inverse relationship between the level of process understanding and 

the risk of producing a poor quality product [95, 96]. This is important when complying 

with regulatory agency to apply techniques such as Quality by Design (QbD), where the 

effect of critical process parameters on the critical quality attribute of the granules, must 

be determined [96, 97]. 

 

This has triggered various studies conducted in order to gain a better understanding on 

the mechanisms of the twin screw granulator. Most studies on twin screw granulation 

focused on the influence of process parameters on granule attributes [2, 32, 33, 52, 64, 

65, 71, 81, 88, 98, 99]. This is in contrast with the formulation parameters, where it 

received limited attention [1, 100, 101]. Occasionally formulation parameters were 

investigated such as different lactose isomers [81], lactose grades with different size 

characteristics[1] and the hydrophobicity and solubility of excipients [17, 76]. Alhough, the 

role of binder with different formulation mixture has illustrated a noticeable effect on 

granule properties while using different wet granulation technique, the role of binder 

within twin screw is still largely unknown. 

 

Therefore, the scope of this chapter will include the investigation of different materials 

while increasing the viscosity of the binder used. The stress applied will be also varied by 

the change of the screw configuration for each material. The material to be investigated 

will be lactose, MCC and formulation, where the binder viscosity will be increased from 0% 

(i.e. distilled water) to 15%w/w solution of dissolved HPMC. The effect of these variables 

on the granule properties (namely; size distribution, granular shape, surface topography 

and structural characterization) will be investigated.   
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4.2 Experimental and analysis methodology  

4.2.1 Droplet studies 

To understand the interaction of the primary material and the binder (while varying 

binder viscosity), a droplet of the liquid binder was placed on static compressed bed of the 

raw material. The droplet analysis will involve monitoring contact angle, the penetration 

time and maximum droplet spread on the surface of the compressed bed. 10 compressed 

beds for each powder were produced, using a Zwick/Roell 0.5 materials testing machine 

with a PC for real time data logging and analysis. The powder was carefully placed in a die 

of 10 mm diameter and 10 mm height. A maximum compression force of 500 N was 

applied, with 10 mm/min speed of the upper punch used.  

 

The droplet volume was approximately 3.4 mm3 using a 30-gauge needle (the needle 

outer diameter of 0.31 mm). The tip of the needle was elevated to 4.5 mm above the 

surface of the compressed bed. This allowed the droplet to retain a spherical shape, as 

illustrated in Figure 4-1 (A). A high speed camera; (Photron Fastcam 1024 PCI, Itronx 

Imaging Technologies, CA) was used to capture the spreading and penetration of the 

droplet through the compressed bed while using a lighting, as schematically shown in 

Figure 4-1(B).  

 

The high speed camera frame rate varied depending on the time taken for the droplet to 

complete the penetration through the compressed bed. The penetration time of the 

droplet was determined as the total of the number of frames taken from the instant the 

droplet lands on the surface until it is not distinguishable from the surface of the 

compressed bed. The captured images were then analyzed using First Ten Angstrom 

software (FTA32 version) to determine the contact angle and the maximum spreading of 

the droplet. 
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Figure 4-1  image of the droplet and surface bed (A), with the set-up used (B) used. 

 

Choosing the contact angle value of droplet on the solid surface can be difficult. Many 

authors consider the apparent contact angle at the equilibrium state. The equilibrium will 

depend on the surface energy of the three phases (gas, liquid and solid) [21, 102], where 

the droplet starts spreading (Advancing) as it rests on the bed surface, and this gives an 

apparent contact angle that change with time (dynamic contact angle). It was assumed 

that the droplet reaches equilibrium at the instant the droplet stops spreading. This was 

taken to be as the ‘static advancing contact angle’ [103]. This is illustrated in Figure 4-2. 

 

Figure 4-2 shows the spreading and penetration of the droplet once placed on a compact of powder. 
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The spreading of the droplet will be taking place on rough porous compacts. To account 

for the surface roughness, Wenzel’s approach was applied to give the actual contact angle 

given in Equation 2-2 (Cos    = rRF  Cos   ). During this thesis the actual contact angle will 

be referred to as ‘contact angle’. 

 

The variable rRF (in Equation 2-2) accounts  for the surface roughness by considering the 

actual area available on the surface over the projected area (smooth area), similar 

assumptions were made as described by Charles-Williams [103]. The assumptions they 

made were that the primary particles, on the surface of the compressed bed, can be 

approximated as spherical particles with a radius of rp. As a result the actual available area 

of particle is equal to the area of a hemisphere, as shown in Figure 4-3B. The total surface 

area for n particles and projected area of the same number of particles are determined 

using Equation 4-1 [103].  

 

 

Figure 4-3 Schematic drawing of (A) Projected area of the compressed bed (B) the actual (rough) area of the 
compress bed. 

While assuming that the porosity of both actual (B) and projected (A), in Figure 4-3, area is 

the same. The author concluded that rRF would equal twice the projected area as shown in                                 

Equation 4-2. 

 

 

 

The maximum spread  of a droplet was given as a dimensionless value. This was done by 

dividing the maximum spreading diameter of droplet on the powder bed surface (dmax) 

over the original spherical diameter of the droplet (D0). 

Aparticle =     2 

  Aprojected =    2 

Equation 4-1 

    
      

     
                                 Equation 4-2 

B A 
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4.2.2 Process and formulation parameters 

To solely investigate the role of binder, the process parameters were fixed to a feed rate 

of 1 kg/h and a screw speed of 100 rpm (to minimize the stress applied on the material) 

and a barrel temperature of 25 °C. Two different screw configuration were used to impart 

low shear stress on the material (i.e. using conveying elements only as shown in Figure 3-4 

(a)) and high shear stress (i.e. conveying element and one zone consisting of four kneading 

elements Figure 3-4 (b)). The L/S ratio was not changing during granulation, but the 

different L/S ratio was used for different material where L/S ratio of 0.14 for lactose, 1 for 

MCC and 0.4 for formulation. The mass of HPMC dissolved varied from 0-15% w/w to give 

three different liquid binder viscosities. Further information on the process and 

formulation parameters (i.e. screw speed, powder feeder rate and Liquid/Solid ratio) on 

lactose and MCC, as well as information can be related to this chapter, is found in 

Appendix A. 

4.2.3 Granule analysis  

The granule size distribution, shape, surface topography and porosity; were analyzed as 

described in section 3.3. 

4.3 Results and discussion 

4.3.1 The influence of binder viscosity on lactose powder   

Droplet analysis 

The droplet analysis was carried out as described in section 4.2.1.  Table 4-1 shows how 

the contact angle value varies as binder viscosity adjusted. Such a value can be used as a 

way to determine to the degree of wettability between liquid binder and particles of the 

powder, which will influence the structure and binding ability of the produced granules 

[19-21, 23, 104]. The contact angle value showed to increase as the binder viscosity 

increased. Such an increase indicates a reduction in the affinity between the liquid binder 

and solid particles [18]. This increase in contact angle, will give a reduction in the 

maximum spread of the droplet over the surface area, as shown in Figure 4-4. This shows 

that increasing the binder viscosity will act against spreading, as the molecules will show 
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more resistance to flow under shear stress, resulting in a decrease of the rate of spreading 

of the droplet over the compressed bed. The droplet will then tend to approach its 

maximum spread over short period of time [105-107]. As a result it will cover a short area 

and will have less capillary channels to penetrate through. 

 

Table 4-1 Contact angle using the Wenzel approach (  ) on compressed bed of lactose at 500N. 

%HPMC binder viscosity (Pa.s) contact angle 

0% 0.001 64° 

7.5% 0.026 78° 

15% 0.258 82° 

 

Furthermore, from Figure 4-4 increasing the liquid binder viscosity resulted in a slower 

penetration of liquid through the compressed bed.  

 

 

Figure 4-4 Effect of binder viscosity on maximum spread and penetration time on a static bed of lactose. 
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0% 15% 

  

[Dry]---[Wetted] 

Figure 4-5 Shows the tablet’s surface topography of compressed bed for the low (0%w/w HPMC) and high 
(15w/w HPMC) liquid binder viscosity. 

 

Figure 4-5 shows a SEM images of surface of the lactose compressed bed after the droplet 

penetration (1 day after penetration) for the two extreme binder viscosity (i.e. 0% and 

15%). In each image two regions defined as ‘Dry’ and ‘Wetted’. The ‘Dry’ region represents 

the surface area of the bed for which the droplet did not come into contact with. The 

‘Wetted’ region shows the region in which the droplet came into contact with. 

 

In the case of the low liquid binder viscosity (i.e. 0% HPMC), the wetted region showed to 

be more porous than the dry region. This could be due to the ability of lactose to dissolve 

the smaller particles as it penetrated through [104]. For the more viscous liquid binder, 

the wetted region shows to be at a lower level than the dry region while sign of thin layer 

covering the surface area. It is more evident when considering the edge of the wet region. 

This could be due to the increase in weight of the viscous binder which caused the surface 

of the bed to be more compacted, as well as the inability for the binder to penetrate 

through.   

Size distribution 

Figure 4-6 shows the effect of increasing the liquid binder viscosity on the size distribution 

of granules produced as the shear stress imparted on the material varied (i.e. changing the 

screw configuration). Firstly, increasing the binder viscosity, while imparting low shear 
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stress on the material (i.e. using conveying elements only), the range of the size 

distribution was bigger in comparison to that of low binder viscosity, as shown in Figure 

4-6a. This was seen as it produced more of small sized granules (<300 µm) and the large 

sized granules (>3000 µm). This is supported by the increase in span of the size 

distribution as the granulation liquid viscosity increased, as illustrated in Figure 4-7. 

 

The mechanical dispersion of the liquid is vital to ensure a uniform liquid binder 

distribution, in particular for the viscous liquid binder [52]. Due to the low shear stress on 

the material, the granulation mechanism will largely depend on the ability of the liquid 

binder to spread and penetrate through to create nuclei and subsequently granules. From 

the droplet analysis section, it was seen that increasing the binder viscosity reduced the 

ability of the liquid binder to spread and penetrate, while resulting in a lower affinity with 

the lactose powder (i.e. higher contact angle). The absence of the mechanical dispersion 

and liquid binder’s inability to spread may have led to localisation of the liquid binder [33]. 

This means mainly the patch on which the liquid binder landed on formed agglomerate, 

leaving the rest of the powder mixture to remain un-granulated/poorly granulated. This 

can be illustrated as shown in Figure 4-8. 

 

In the case of higher shear stress (i.e. using kneading elements), the granule size 

distribution resulted in a shift toward the bigger granules size, as shown in Figure 4-6b. 

This is clear when considering the highest volume fraction (%) of granules at a size around 

1000-1500µm in Figure 4-6b, compared to their corresponding results, in Figure 4-6a, 

where highest volume fraction (%) was at a size around 300-500µm. This is due to the 

property of lactose, i.e. partially dissolves, and the enhanced the mixing between the 

liquid binder and lactose powder due to the higher shear stress imparted on the material 

by the granulator. The material will be more compressed and deformed forming ‘crumb’ 

as it enters the kneading element zone. This will help to distribute the liquid binder more 

uniformly [32, 52, 81]. This can be schematically depicted as illustrated in Figure 4-9. The 
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introduction of additional shear stress, gave a similar span in size distribution, indicating 

similar uniformity in liquid and powder mixing, as can be seen in Figure 4-7. 

 

Furthermore, increasing the binder viscosity resulted in a noticeable shift toward the right 

(i.e. bigger granule size) in comparison with that of low binder viscosity. This is due to 

ability of the granules to resist the breakage upon collision as higher binder viscosity 

results in a stronger bonding [81]. 
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Figure 4-6 Effect of liquid binder viscosity on size distribution; (a) low stress and (b) high stress. 
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Figure 4-7 shows the span of size distirbution as the liquid binder viscosity changed during low and high. 

shear stress.  

 

Figure 4-8 schematic explanation of the spreading of binder of varying viscosity at a low shear stress.  
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Figure 4-9 schematically describes the function of the kneading elements  
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Granular shape 

Figure 4-10 shows the influence of binder viscosity, at different shear stresses, on the 

aspect ratio of lactose granules (≥2000 μm). For low stress, the aspect ratio of granules 

decreased with increasing the liquid binder viscosity. This also seen by the images 

presented in Figure 4-11 (a-c).  Varying the liquid binder viscosity resulted in a change in 

size distribution as seen Figure 4-6 (a). This change may have led to a change of material 

flow within the barrel of the granulator, where an increase in the binder viscosity will 

reduce the mobility of the liquid causing localization of liquid producing large granules. 

This may have resulted in the big granules being trapped between the intermeshing 

regions of the screw, and causing the material to flow perpendicular to the flow of the 

screw rotation, which may have caused the granules to be stretched as it resists breakage 

(further information on the granules flow will be studied in Chapter 7). In the case of low 

viscosity, the liquid binder will spread more forming granules of a narrower size 

distribution, where the granules will flow parallel to the rotation of the screws. The 

granules will experience rolling and rounding as the flow in the channel of the conveying 

elements and hence forming more spherical shaped granules. This different material flow 

behavior is illustrated in Figure 4-12. 

 

Increasing the shear stress produced by the system on the material, has enhanced the 

liquid distribution, particularly for the more viscous liquid binder. This resulted in a 

reduction to the aspect ratio, where similar findings were found in  literature [108]. The 

increase in the shear stress induced further consolidation and forcing the liquid binder to 

migrate to the surface of the granules which allows for more coalescence. As the binder 

viscosity increased the strength to bind to other granules/powder increases, where the 

final shape attained tends to be more irregular in Figure 4-11 (e & f). 
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Figure 4-10 Effect of liquid binder viscosity on the aspect ratio of lactose granules as the stress varied. 
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% HPMC  Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(d) 

7.5% 

 

(b) 

 

(e) 

15% 

 

(c) 

 

(f) 

Figure 4-11 Effect liquid binder viscosity on the shape of lactose granules as the stress varied. 
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Figure 4-12 schematic diagram showing the flow of the material during low stress. 

 

Surface topography 

Figure 4-13 shows the surface topography of the granules (≥2000 μm) at different shear 

stress as the liquid binder viscosity increases. The use of low shear stress had a minimum 

effect on the granular’s surface topography, as the primary particle of lactose remained 

unaffected as shown in Figure 4-13 (a & b). On the contrary, the use of kneading element 

increased the shear stress imparted on material. This caused the material to undergo 

deformation and more densified surface topography, as shown in Figure 4-13(c & d). 
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% HPMC Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(c) 

15% 

 

(b) 

 

(d) 

Figure 4-13 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of lactose 

granules, as the stress varied. 

 

Structural characterization 

Figure 4-14 shows the change in porosity of the granules as the binder viscosity changes, 

while varying the shear stress imparted on the material. The x-ray images of the granules 

are also presented in Figure 4-15. The granule porosity values ranged from 16-30% 

depending on the stress and the binder viscosity used.  

 

Generally, at low shear stress the granules tend to form a more porous granule, while the 

change as the binder viscosity increases was insignificant. This is because the granules 

tend to be loosely attached to each other [108]. This can be seen in the images presented 

in Figure 4-15 (a-c).   
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Increasing the shear stress on the material decreased the porosity, in particular for the 

low binder viscosity. This could be due to the property of the lactose as it dissolves in 

water. This made the material softer and easier to be consolidated and hence reduce the 

voids within the internal structure. In the case of high binder viscosity, although the 

granules showed localized consolidation, as shown in Figure 4-15 (f), the granules undergo 

splitting/breakage and coalescence where they create voids in the internal structure, 

hence increase the porosity [108]. 

 

 

Figure 4-14  Effect of liquid binder viscosity on the porosity of lactose granules, as the stress varied.   
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% HPMC Conveying elements only Conveying and kneading elements 
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(a)   

(d) 

7.5% 

 

(b) 

 

(e) 

15% 

 

 

 (c) 

 

 

 (f) 

Figure 4-15 Shows X-ray of lactose granules produced as the liquid binder viscosity and the stress changed. 
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4.3.2 The influence of binder viscosity on MCC powder 

Droplet analysis 

Table 4-2 shows the change in contact angle as the viscosity of the droplet increases. 

Increasing the binder viscosity increased the contact angle of the droplet with the 

compressed bed, i.e. decreasing the powder-binder affinity. This was similar to that seen 

for lactose.   

 

Table 4-2 Contact angle using the Wenzel approach (  ) on compressed bed of MCC at 500N. 

%HPMC binder viscosity (Pa.s) contact angle 

0% 0.001 67° 

Set 2 0.026 81° 

Set 3 0.258 87° 

 

Figure 4-16 shows the penetration time and the maximum spread of the droplet, as the 

binder viscosity increases, on the compressed bed. Again, the observation is similar to that 

seen in lactose. Increasing the binder viscosity increased the penetration time and 

decreased the maximum spread. Though, the trends were similar, the low viscosity 

showed to penetrate much faster than it did with lactose, while the higher viscous binder 

took long time (shown in Figure 4-4). This is due to the characteristic difference of the 

MCC, which has the ability to retain the water and swell in size [109, 110], and hence 

explains the penetration time of low viscosity.  In the lactose, the droplet tends to 

dissolves material as it penetrates through the available channel.  

 

In the case of higher viscosity, where HPMC is dissolved in the liquid and this reduces the 

MCC ability to take the water from the solution, as HPMC tends to be adsorbed onto the 

surface of the MCC particles [111]. This also shown in Figure 4-17, which illustrates SEM 

images for the surface of the bed after the droplet penetrated through, for different 

binder viscosity. The Image for viscous liquid binder shows the powder bed has to have a 

layer of HPMC remaining on its surface. 
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Figure 4-17 shows that placing a droplet of liquid binder viscosity (i.e. 0%) on the surface 

of compressed bed, though it shows a crack, has not shown a significant difference 

between primary particles or porosity of the bed in the ‘dry’ and ‘wetted’ section of the 

surface. This is because after drying the MCC particles retain their shape. The crack is due 

to MCC elevating as a result of swelling during water uptake. 

 

 

Figure 4-16 effect of binder viscosity on maximum spread and penetration time on a static bed of MCC. 
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0% 15% 

  

[Dry]---[Wetted] 

Figure 4-17 Shows the tablet’s surface topography of compressed bed for the low (0%w/w HPMC) and high 

(15w/w HPMC) liquid binder viscosity. 

Size distribution 

Figure 4-18 shows the size distribution of MCC as the liquid binder viscosity changed, at 

different shear stress. During the low shear stress, shown in Figure 4-18 (a), increasing the 

binder viscosity increases the range of the size distribution, where the span also increased 

as shown in Figure 4-19. This is similar observation seen for the lactose. This is due to the 

inability of the liquid binder to penetrate and spread the viscosity increases and hence, 

cause of liquid binder localization.  

 

Increasing the shear stress, the size distribution of granule becomes a narrower as 

illustrated in Figure 4-18 (b), where the change in span did not show any significant 

difference, as shown in Figure 4-19. This is more pronounced for the higher viscosity. This 

observation is different to that seen for the lactose, where a shift toward the bigger size 

was seen. This difference is related to the difference in the characteristic of the MCC 

(retaining water) and lactose (dissolving). The increase in shear stress helped to distribute 

the adsorbed HPMC (in the high viscous binder) within the big granules more uniformly.   
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Figure 4-18 Effect of liquid binder viscosity on size distribution; (a) low stress and (b) high stress. 
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Figure 4-19 shows the span of size distribution as the liquid binder viscosity changed during low and high. 

shear stress. 

 

Granular shape 

Figure 4-20 shows the influence of increasing binder viscosity on the aspect ratio of MCC 

granules (≥2000 μm), at different shear stress. In the case of low shear stress, increasing 

the binder viscosity produced more elongated granules, as shown in Figure 4-21 (a-c). This 

is similar to that observed for the lactose, shown in Figure 4-11, which is related to the 

flow of material within the barrel.    

 

Producing higher shear stress on the material resulted in a higher aspect ratio in particular 

for the higher binder viscosity.  This was the opposite observation for lactose. Due to the 

characteristic of MCC of retraining the water, increased it plasticity during the 

consolidation and crumbing in the kneading element zone. The adsorbed HPMC allowed 

for the small granules to coalesce together, as shown in Figure 4-21 (f), as they continue to 

roll forward in the conveying elements. This is also supported by the reduction the big 

granule production shown in Figure 4-18 (b). In the case of the lactose, where the material 

is partially dissolved, i.e. the binder liquid remains in the surface, allowed for big granules 

to coalesce giving it a more irregularity shape.   
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Figure 4-20 Effect of liquid binder viscosity on the aspect ratio of lactose granules as the stress varied. 
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 (b) 

 

 (e) 

15% 

  

(c) 

 

 (f) 

Figure 4-21 Effect liquid binder viscosity on the shape of lactose granules as the stress varied. 

 

 

Surface topography 

Figure 4-22 shows the surface topography of MCC granules (≥2000 μm) as the binder 

viscosity and shear stress varied. The SEM images show similar behavior as seen for 
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lactose, where the low shear stress did not show significant effect on the primary particles 

of the MCC. More deformation to the primary particles were seen as the high shear stress 

was imparted on the material. This effect is more pronounced for the more viscous 

granulation liquid. This could be due to the inability of the MCC to absorb the HPMC, 

where it tends to adsorb on the surface as shown by the images in Figure 4-17, where it 

helped for bind more particles and smear on the top surface.  

 

% HPMC Conveying elements only Conveying and kneading elements 

0% 

  

(a) 

  

(c) 

15% 

 

 (b) 

 

 (d) 

Figure 4-22 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of MCC granules, 

as the stress varied. 

 

Structural characterization 

Figure 4-23 shows the change of the porosity of the MCC granules, as the liquid binder 

viscosity and shear stress applied varied. Increasing the liquid binder viscosity, at low 
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shear stress, the granules tend to be loosely packed and as result the porosity showed to 

be insignificant, as it can be seen in Figure 4-24(a-c).  

 

The granules tend to become more compacted as higher shear stress is applied on the 

material, regardless of the binder viscosity. Also, increasing the binder viscosity showed to 

decrease the porosity (during higher stress). This is the opposite of that seen in the 

lactose. The MCC loses its retained water during drying where the primary particles tend 

to shrink in size and hence creating voids. This is not expected for excess viscous binder 

which is present on the surface, due to adsorbing of HPMC, causing the particles to be 

held closely reducing the voids. The difference can be seen in the images presented in 

Figure 4-24 (d-f). 

 

Figure 4-23 Effect of liquid binder viscosity on the porosity of MCC granules, as the stress varied.
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Figure 4-24 Shows X-ray of MCC granules produced as the liquid binder viscosity and the stress changed. 
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4.3.3 The influence of binder viscosity on formulation  

Droplet analysis 

The results shown Table 4-3 were generated as a droplet with different binder viscosity 

were placed on the compressed bed. Increasing the viscosity of the droplet binder 

increases the contact angle. This increase also resulted in an increase of penetration time 

and decrease of maximum spread, as show in Figure 4-25. This is in accordance with result 

presented by Dhenge et al [19, 33]. 

 

Table 4-3 Contact angle using the Wenzel approach (  ) on compressed bed of formulation at 500N. 

%HPMC binder viscosity (Pa.s) contact angle 

0% 0.001 66° 

7.5% 0.026 80° 

15% 0.258 84° 

 

Although the trends remained the same as that seen for the lactose and MCC, the 

absolute values have changed. The penetration time for the most viscous binder was 

much longer, when compared with a lactose or MCC individually. This is due to a 

combination of slower movement of the droplet (due to viscosity), the reduction of the 

porosity (packed material with different size/density) and the water retaining by the MCC 

may have been limited. Furthermore, during penetration process the water may have 

evaporated from the droplet, increasing the viscosity of the binder. This can be seen by 

viewing the SEM image presented in Figure 4-26. For the 15% a layer of HPMC is fully 

covering the ‘wetted’ region.  
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Figure 4-25 effect of binder on maximum spread and penetration time on a static bed of formulation. 

 

0% 15% 

  

[Dry]---[Wetted] 

Figure 4-26 Shows the tablet’s surface topography of compressed bed for the low (0%w/w HPMC) and high 

(15w/w HPMC) liquid binder viscosity. 

Size distribution  

Figure 4-27 shows how the liquid binder viscosity influences the size distribution as the 

shear stress varied. Applying low shear stress on the material resulted in a broader size 

distribution as the liquid binder viscosity increased, where the span showed to increase as 

illustrated in Figure 4-28. This is due the liquid inability to spread and penetrate 

(localization), which was seen for the lactose and MCC too.  
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Although, at higher shear stress; increasing the binder viscosity showed to give more big 

granules than the low viscosity, the range of size distribution was reduced than that for 

the low shear stress as seen in Figure 4-28. This is similar to the MCC trends shown in 

Figure 4-18. As the formulation contained MCC, more water will be retained due to the 

better distribution of liquid binder. Therefore, the less liquid binder will be available on 

the surface which will be distributed more evenly, producing granules of similar size and 

limiting their growth.  
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Figure 4-27 Effect of liquid binder viscosity on size distribution; (a) low stress and (b) high stress.  
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Figure 4-28 shows the span of size distirbution as the liquid binder viscosity changed during low and high. 
shear stress 

Granular shape 

Figure 4-29 shows the influence of binder viscosity on the aspect ratio for the formulation 

granules (≥2000 μm), as shear stress applied on the material varied. At low shear stress, 

the aspect ratio of the granules tends to decrease as the liquid binder viscosity increased, 

where they attain elongated shape, as shown in Figure 4-30 (a-c). This was seen for the 

both lactose and MCC, which illustrates the importance of liquid binder’s ability to spread 

in the absence of higher shear stress.  

 

Increasing the shear stress, showed to give a higher aspect ratio, which was more 

prominent for the higher binder viscosity. This is similar behavior seen for the MCC. As the 

size distribution showed a reduction in big granules, while applying a high shear stress, 

which indicates the imparted stress caused the crumbing of small granules where they 

coalesce together attaining a more spherical shape, as shown in Figure 4-30 (d-f). Using 

lactose alone showed to give more irregular shapes, which was related to the increase in 

size as big granules coalesce.  
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Figure 4-29 Effect of liquid binder viscosity on the aspect ratio of lactose granules as the stress varied. 
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Figure 4-30 Effect liquid binder viscosity on the shape of lactose granules as the stress varied. 

 

As seen previously for lactose and MCC; the increase in elongation with an increase in 

HPMC amount indicated that the initial wet agglomerates formed in the liquid addition 

port had some elongation or stretching during granulation along the screw.  
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Surface topography 

Figure 4-31 shows the surface topography of the granules (≥2000 μm) at different binder 

viscosity as the shear stress changes. At low shear stress, the primary particles shows to 

undergone minimal change. This can be seen in Figure 4-31 (a & b). This was similar for 

the lactose and MCC.  

 

The granule’s surface showed to be more compacted and deformed as higher shear stress 

is applied on the material, which can be seen in Figure 4-31 (c & d). The higher viscosity 

showed to be more deformed, as the primary particle can no longer be distinguished. This 

could be due to the presence of thick layer of viscous binder.  
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Figure 4-31 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of lactose 

granules, as the stress varied. 
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Structural characterization 

Figure 4-32 shows the effect of increasing binder viscosity on the internal structure of the 

granules, produced at varying shear stress. The granules showed to be loosely packed, 

with considerable voids present within the structure, as the shear stress applied on the 

material was low. This can be seen in Figure 4-33 (a-c), where similar outcome was seen 

for the lactose and MCC.  

 

The granules become more compacted and as a result lower porosity is present as higher 

shear stress was imparted on the material. This is also seen when comparing the images 

presented in Figure 4-33 (e & f). In addition, increasing the liquid binder viscosity resulted 

in a reduction of the porosity. This is due to presence of adsorbed HPMC on the surface of 

the particles, which allowed the particles to be held more closely reducing the air voids.  

 

 

Figure 4-32 Effect of liquid binder viscosity on the porosity of formulation granules, as the stress varied. 
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Figure 4-33 Shows X-ray of formulation granules produced as the liquid binder viscosity and the stress 

changed. 
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4.4 Conclusion  

The change in the liquid binder viscosity showed to affect the granules properties 

differently depending on the shear stress applied and the material used. Generally, 

applying low shear stress (i.e. conveying elements only), the material properties showed 

to have limited effect on the outcome trends. As the granulation was depending largely on 

the ability of liquid binder to spread and penetrate. Generally, the size distribution tends 

to be broader as the binder viscosity increases. In addition, the granules attain a more 

elongated shape and the primary particles on the surface showed minimal change while 

giving loosely packed granules.  

 

The influence of increasing the liquid binder viscosity on the granule properties, during 

high shear stress (i.e. use of kneading elements), showed to depend on the material. The 

size distribution showed to give higher growth for lactose, while a reduction for MCC and 

formulation. The granules shape tend to be more irregular for lactose, while more 

spherical for MCC and formulation as the liquid binder viscosity increased, though, the 

surface showed to be more rough due to coalescence. Furthermore, the primary particles 

showed to be more compacted and deformed, where the structure showed to be held 

more closely, regardless of the material used. 
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Chapter 5  Desired Granulation: Binder Delivery 

During this chapter, the effect of binder delivery upon the granule properties is 

investigated, whilst changing the shear stress applied on the material. For this study the 

formulation, as described in section 3.1.5, was used. The amount of solid binder (i.e. 

HPMC) was kept the same at all times, where only the form (i.e. solid and liquid) was 

varied. The HPMC binder was delivered in three different ways, namely; Set 1 (all solid 

binder incorporated with powder mixture where the liquid binder used is distilled water 

only), Set 2 (50% of solid binder mixed with powder mixture and 50% mixed with water), 

and Set 3 (all the solid binder dissolved in water). The droplet analysis was conducted on 

the three possible delivery of HPMC binder. The granules analysis, included the size 

distribution, granule shape, surface topography and structural characterization were also 

considered.   

 

During a low stress, the form of the binder has largely affected the granule attributes. 

Introducing the HPMC in solid form (i.e. Set 1) had the narrowest size distribution, while 

producing more spherical shape and having a better liquid binder distribution, although, 

the surface topography and porosity showed to be insignificant as the binder delivery 

varied. The granule properties showed less sensitivity to the binder delivery during higher 

shear stress being imparted on the material. Imparting higher shear stress also showed to 

give a narrower size distribution and more spherical shape (in particular for the wet 

delivery of HPMC, i.e. Set 3), while showing a more deformed and compacted structure. 

5.1 Introduction  

The pharmaceutical product and process development may vary from one industry to 

another. Such a variation may involve the form of the binder in which it is delivered during 

wet granulation.  The binder delivery in the conventional wet granulation has been 

studied, e.g.  in high shear granulator (HSG) and Fluidised bed granulator (FBG) [112-114]. 

Osborne et al [112] examined the effect of binder delivery using a ‘wet’ (dissolved in the 

granulation liquid) and ‘dry’ (incorporated within the powder) during high shear 
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granulation (HSG) and  Fluidised bed granulation (FBG). They found that the binder 

delivery brought an effect on the granule properties, regardless of the granulator used. In 

HSG the dry binder addition method generated slightly larger granule size than wet binder 

addition method. However, in FBG the wet binder addition method generated significantly 

larger granules than the dry binder addition method. In FBG the granulation liquid is 

introduced as droplets, where the size of the droplet in the case of the wet binder 

addition was assumed to be bigger as the viscosity of the droplet was higher than in the 

case of the dry binder addition method (water). And as it was explained by Hapgood, 

Litster [27], in the case of high viscosity granulation liquid the growth of the nuclei is more 

likely to increase by coalescence mechanisms. The difference in observation between the 

two granulators might be due to the difference in mixing ability between the powder and 

liquid binder [112].  

 

Despite the studies of the binder delivery in other granulation techniques, its effect during 

continuous twin screw wet granulation has received limited attention. El Hagrasy, et al. [1] 

was the first and only group to consider the binder delivery within the twin screw 

granulation. They studied the influence of different ways of binder addition into the 

granulator on the size distribution. They added the solid binder as ‘dry’ (blended with 

powder mixture), ‘wet’ (dissolved in a solution with distilled water) and in both phases in 

ratio of 50:50. In the study they used the GSK formulation, while varying the grade of 

lactose within the formulation (three different grades). It was suggested that the binder 

delivery did not show a significant effect on the size distribution using three different 

grade of lactose as seen in Figure 5-1. In the three figures (A, B and C), representing the 

three different grades, the three trends were similar for the three binder addition 

methods. 
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Figure 5-1  The change in granule size distribution for formulations containing pharmatose 200 M (A), 

impalpable (B), and supertab 30GR (C) as the lactose grade using dry binder (♦), 1:1 liquid:dry binder (■) and 

liquid binder (▲) at L/S = 0.3 [78]. 

 

Although, such a parameter showed to influence granule properties using different 

granulators, the study within the twin screw granulator was carried out at very higher 

shear stress (two zones of four kneading elements, high screw speed and feed rate). They 

neglected the effect of binder delivery may have on the other granule attributes. The 

study also failed to give more insight/explanation to why no significant effect was seen.  
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Therefore, in this chapter a more detailed study was conducted to investigate the effect of 

binder delivery within the TSG, using the GSK formulation. This included online monitoring 

of the binder distribution along the barrel length using a specially built transparent barrel. 

This is aimed to further the understanding of the effect of binder delivery and gain a 

greater insight of the process taken place inside the granulator. The effect of the binder 

delivery as the shear stress varied was also considered. Furthermore, the effect of binder 

delivery on the granule properties (size distribution, shape, topography and structural 

characterization) and droplet analysis were considered. The HPMC binder was delivered in 

three ways (Set 1(dry), Set 2 (1:1) and Set 3 (wet)). 

5.2 Experimental and analysis methodology 

5.2.1 Experimental plan 

The effect of three ways of solid binder delivery on the granule properties (size, shape, 

surface topography and porosity) and binder distribution were investigated using the 

following approach; 

 

Set 1 - All solid binder is mixed with the powder mixture.  

Set 2 - 50% of the solid binder in powder mixture and 50% in the granulation liquid media 

(water) 

Set 3 - All solid binder in granulation liquid (water). 

Formulations composition and process conditions used in the three sets are shown in 

Table 5-1.  

Table 5-1 Formulation composition and process conditions used in three sets 

Binder 

delivery 

Powder 

(kg/h) 

%Lactose %MCC %Crosscarmellose 

sodium 

L/S 

ratio 

%dry 

HPMC 

%wet 

HPMC 

Set 1 1 73.5 20 1.5 0.4 5 0 

Set 2 1 75.43 20.53 1.54 0.4 2.5 6.25 

Set 3 1 77.37 21.05 1.58 0.4 0 12.5 
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The granulation liquid viscosity can be found in Table 3-2. Furthermore, more work is 

presented in Appendix B, which takes into consideration the slight variation in material 

composition and amount of water in each set. The result showed that such variation was 

less significant in comparison to the form of binder on the size distribution.  

5.2.2 Droplet studies and process and formulation parameters 

The study of the droplet analysis and preparation of granules for the binder delivery was 

conducted as mentioned in section 4.2.1 & 4.2.2 (for the formulation), respectively.  

 

5.2.3 Binder spreading in Twin Screw Granulator (TSG) 

To monitor the liquid spreading within the granulator, the steel barrel was replaced with a 

transparent barrel. Within the transparent barrel, three sections were monitored as 

shown in Figure 5-2. The sections were named; ‘Start section’, ‘Middle section’ and ‘End 

section’. Each section covered an area of three flights of the screw (16 mm).  

 

Figure 5-2 Illustration of the set-up to determine binder distribution over a moving bed. 
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The powder was firstly fed until it reached the end of the barrel. Then the liquid binder, 

which was coloured with the red dye (Erythrosine B), is added until it was visible on the 

surface of the moving powder. A high speed colour cameras (Photron Fastcam (1024 PCI, 

Itronx Imaging Technologies, Inc. Westlake Village, CA, US) and Dino-Lite digital 

microscopes (Premier, AM-4013, Taiwan) were used to capture the spreading of coloured 

liquid binder at frame rate of 60 fps. The video from each section was transferred into 

Image-J software for analysis. The images considered for this analysis were taken at two 

different times for each of the three sections. The time within this scope was referred to 

as ‘spreading time’ (Ts). The Ts of 0 s was for the first image before the red colour comes 

into the field of view and after this, the images at Ts of 4.17 s and 8.33 s were considered. 

This was repeated a minimum of three times for each set. 

5.2.4 Granule analysis  

The granule analysis for size distribution, shape, surface topography and structural 

characterization; were performed as described in section 3.3.  

5.3 Results and Discussion  

5.3.1 Droplet analysis on static bed 

The liquid binder viscosity varied as the binder delivery changed. The liquid binder 

viscosity in Set 3 was the most viscous and in Set 1, it was the least viscous, i.e. distilled 

water only. To account for this change, firstly a replicate of each set was carried out on a 

static bed.  

 

Table 5-2 shows the influence of binder delivery on the contact angle. As more HPMC is 

delivered in the liquid form, the observed contact angle showed to increase, i.e. in Set 2 & 

3. This is due to the increase of liquid binder viscosity and hence resulted in a reduction in 

the maximum spread and increase penetration time as seen in Figure 5-3. 
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Table 5-2 Contact angle using the Wenzel approach (  ) on compressed bed at 500N. 

Binder 

delivery 
Binder viscosity (Pa.s) contact angle 

Set 1 0.001 66° 

Set 2 0.022 69° 

Set 3 0.228 76° 

 

 

Figure 5-3 Effect of binder delivery on maximum spread and penetration time on a static bed. 

Set 1 Set 3 

  

[Dry]---[Wetted] 

Figure 5-4 Shows surface topography for compressed bed from Set 1 and Set 3. 
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Figure 5-4 shows the boundaries on the compressed bed surface between the ‘Dry’ and 

wetted’ regions for Set 1 and Set 3. The distinctive feature shown by the images that the 

dry section shows to be more compacted than the wetted region. This is may be due to 

the fact that the liquid was able to dissolve the smaller sized primary particles (i.e. 

lactose), which tends to fit between the voids. Furthermore, the compressed bed of Set 3 

shows regions that are more compacted than that in Set 1. This could be a sign of the 

inability to fully penetrate through the compressed bed, and therefore dissolved solid 

binder within the granulation liquid tends to form a thin layer. 

5.3.2 Liquid spreading on a moving bed 

During this section the spreading of liquid binder on a moving powder bed, was optically 

monitored (as described in 5.2.3). This was done to gain a qualitative understanding of 

how liquid binder and powder interact as the binder delivery changed.  

 

Figure 5-5 shows the spreading of the liquid binder on a moving bed as the binder delivery 

changes at low shear stress. Due to the low shear stress, the liquid binder viscosity 

dominates as it relies on the ability of liquid binder to spread and wet more powder in 

order to form a ‘nuclei’. Generally, regardless of the binder delivery; the liquid binder 

tends to spread more with time and along the screw (i.e. through ‘start section’ to ‘end 

section’). However, delivering more HPMC in the wet form (e.g. Set 3) showed more 

uncolored powder (indicating less spreading of liquid binder), as shown in Figure 5-5 (g-i) 

& (p-r) when compared with their corresponding results of Set 1 (i.e. dry form of HPMC). 
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Figure 5-5 Images taken at Ts of 4.17s (left) and 8.33s (right) for the three sections of the barrel (Beginning, 

Middle and End) for each set at low shear stress. 
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 Set 1  Set 3 

Beginning 

 

(a) 

 

(d) 

Middle 

 

(b) 

 

 

(e) 

End 

 

(c) 

 

(f) 

Figure 5-6 Images taken at Ts of 8.33s for the three sections of the barrel (Beginning, Middle and End) for 

two extreme sets (Set 1&3) at high shear stress. 

 

Figure 5-6 shows the effect of binder delivery (for Set 1 & 3 only) on the liquid binder 

ability to spread and wet the material at higher shear stress. The mixing between the 

liquid binder and powder was more uniform for both Set 1 and Set 3 when compared with 

their corresponding results shown in Figure 5-5 (Ts 8.33 s). This is due to the use of 

kneading elements zone which helps to hold the material (due to low conveyance ability) 

and h improves the mixing.  

 

5.3.3 Size distribution  

Figure 5-7 shows the effect of the binder delivery on the size distribution as the shear stress 

imparted on material varied. During a low stress, delivering the HPMC binder in the liquid 

form (i.e. Set 3) limited the spreading of liquid binder (localization) resulting in a wider 

range of size distribution, as shown Figure 5-7 (a) (also shown by the span illustrated in 

Figure 5-8). Increasing the shear stress, helped to distribute the liquid binder (regardless of 

viscosity) and, resulted in minimal difference in size distribution as the binder delivery 
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varied, as shown in Figure 5-7 (b). The difference within the span showed to flatten out as 

seen in Figure 5-8. The trends shown are similar to those found in Figure 4-27, where the 

formulation was kept the same while increasing the HPMC in the liquid binder. This 

indicates that the liquid binder ability to spread is more dominant than the form of the 

HPMC binder on the size distribution. 

Figure 5-7 Effect of binder delivery on size distribution: (a) low stress, (b) high stress. 
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Figure 5-8 shows the span of size distribution as the binder delivery changed during low and high. shear 
stress 

5.3.4 Granular shape 

Figure 5-9 shows the influence of binder delivery on the aspect ratio of the granules 

(≥2000 μm) as shear stresses imparted on the material varied. During low stress, the 

particles are loosely compacted and as more HPMC is delivered in the wet form, (e.g. Set 

3), due to localization of the liquid binder resulting in the formation of the big granules. 

This resulted in the big granules being trapped and hence attaining a more elongated 

shapes as shown in Figure 5-10 (b & c).  

 

Increasing the shear stress, showed to give a higher aspect ratio as more HPMC delivered 

in the wet form (i.e. Set 3) while showing insignificant difference for dry delivery of HPMC 

binder (i.e. Set 1). Introducing kneading zone to impart higher stress showed to give a 

reduction in big granules for Set 3, as shown Figure 5-7. This may have caused the 

crumbing of big granules into smaller where they coalesce together as they roll in the 

channel of the conveying elements resulting in more rounding as they leave the kneading 

zone, resulting in a more spherical shape (shown in Figure 5-10 (f)). 
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Figure 5-9 Effect of binder delivery on the aspect ratio as stress varied. 
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5.3.5 Surface topography  

Figure 5-11 shows the surface topography of the granules (≥2000 μm) as the binder 

delivery and shear stress changed. At low shear stress, the primary particles shows to 

Figure 5-10 Effect of binder delivery on granules’ shape (≥2000μm) as stress changed. 
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remain unaffected. This can be seen in Figure 5-11 (a-c). Increasing the shear stress 

however show to produce granule’s surface which is more compacted and deformed, as in 

Figure 5-11 (d-f). The delivering the HPMC in wet form (i.e. Set 3) showed to be more 

deformed, as the primary particle can no longer be distinguished. This could be due to the 

presence of layer of viscous binder. Generally the findings of binder delivery show similar 

for that of the formulation as liquid binder viscosity increased (i.e. more HPMC) shown in 

Figure 4-31.  
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Figure 5-11 Effect of binder delivery on granular surface tomography, as the stress varied. 
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5.3.6 Structural characterization 

Figure 5-12 shows the effect of binder delivery on the internal structure of the granules 

produced at varying shear stress. The granules showed to be loosely packed, with 

considerable voids present within the structure while imparting low shear stress on the 

material, as shown in Figure 5-13 (a-c). Regardless of binder delivery, increasing the shear 

stress resulted in the granules becomes more compacted and as a result lower porosity is 

present. This is also seen when comparing the images presented in Figure 5-13 (e-f).  

 

 

Figure 5-12 Effect of binder delivery on the porosity of granules, as the stress varied. 
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Figure 5-13 Shows X-ray of granules produced while varying the binder delivery and the stress. 
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5.4 Conclusion  

The binder delivery showed to have significant influence on the liquid binder and powder 

mixing uniformity during a low shear stress system. This in turn affected the granules 

properties. Although, the surface topography and structural characterization showed to 

be insignificant to the binder delivery, delivering the HPMC in the wet form (i.e. Set 3) 

resulted in a wider range of size distribution and more elongated granules shapes.  

 

Increasing the shear stress, has improved the liquid binder and powder mixing uniformity, 

as result the effect of binder delivery on the granule properties was minimal. 

Furthermore, the granules showed a narrower size distribution while more spherical 

shape, in particular when delivering the HPMC in wet form (i.e. Set 3). The surface 

topography and granular’s porosity showed to be more compacted and less air voids 

regardless of the binder deliver.  

 

Finally, the findings for binder delivery and formulation (in Chapter 4) showed a degree of 

similarity. This indicating the liquid binder ability to spread is more dominant on the 

granules properties rather than binder delivery or the amount of HPMC.  
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Chapter 6  Undesired Granulation: Powder Caking/Sticking 

This chapter considers the undesired granulation as the liquid binder and shear stress 

imparted on the material varies. The behavior of powder caking onto the upper barrel was 

optically monitored, while recording the mass. The collected sample of powder caking 

(which is referred to as a ribbon) is analysed for the surface topography and structural 

characterization. The barrel of the granulator was interchanged between the steel and 

transparent barrel. The process and formulation parameters used within this chapter were 

same as that in Chapter 4 and Chapter 5 (i.e. for lactose, MCC, formulation and binder 

delivery). Further study, using mixture of powder (90% w/w of lactose and 10% w/w of 

salt) at higher shear stress while using low liquid binder viscosity (i.e. distilled water), was 

conducted to determine the uniformity of mixture within the ribbons using conductivity 

measurement.  

 

At low shear stress, the behavior of powder caking showed to change as the liquid binder 

viscosity increases, regardless of the material used, where the mass of powder caking to 

the barrel showed to reduce. Although, generally the primary particles within the ribbons 

showed to remain unaffected and loosely packed, in exception for MCC as it showed 

plastic deformation under low shear stress.  Increasing the shear stress, resulted in more 

consistent powder caking behavior in terms of location in which the powder started to 

cake, regardless of powder or liquid binder viscosity. The tendency of powder adhering on 

the surface was dependent on both powder property and liquid binder viscosity changed. 

The surface topography and internal structure showed to be more deformed and 

compacted, regardless of the material and liquid binder viscosity used. The conductivity of 

salt within the ribbon showed to decrease with time as lactose tends to cake more than 

salt.  

6.1 Introduction  

The development of powder caking during processing, transportation and storage, may 

vary with a change in powder, material composition, particle size, particle shape, moisture 
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content, pressure, and variation in temperature and humidity. Such dependence on large 

number of factors indicates the difficulty in defining the mechanisms of powder caking in 

a given powder system [39-41]. Generally, different inter-particle forces can give arise to 

the powder caking, such as Van der Waals forces in the case of dry caking, capillary and 

viscous forces for wet caking, material bridge formation for solid caking and more 

occasionally, electrostatic, magnetic or interlocking forces are also involved [115]. The 

dominance of one inter-particle force in a given system, will dependent on varies factors. 

For example the size of the particle will give arise to different type of inter-particle forces, 

as shown in Figure 6-1, where Van der Waals will be significant as the primary particles get 

smaller. For the case of capillary forces; there is a necessity of liquid to be mobile and 

present, unlike the Van der Waals forces, to form the liquid bridges.  

 

 

Figure 6-1 Magnitude of the inter-particle forces as the primary particle size changes [116]. 

 

Although, currently there is limited studies concerning the powder caking within a 

granulation process equipment, it has been observed within various granulation 

equipment as the process and formulation variables changed [117-122]. Briens and Logan 

[118] observed accumulation of powder caking as the change of centrifugal forces with a 
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change in the impeller speed.  This limited the function of the chopper as the layer 

powder caking grew around the chopper, and resulting in a change of the pattern flow of 

the material within the bowl of the high shear mixer. Smith and Nienow [121] found that 

the position in which the liquid binder is atomized, in a fluidized bed granulator, relative 

to the powder bed is major factor on encouraging powder caking. Powder caking has 

shown proneness in dry granulation as Hamdan, Reklaitis [122] exploited this phenomena 

in roller compaction as the oscillation in the roller’s gap varied. They concluded such an 

occurrence of undesired problem would influence the integrity of the product and 

continuity of the process. However, as the twin screw granulator remains relatively new 

equipment within the pharmaceutical field and hence such an issue has yet to be 

addressed and investigating the effect of the process and formulation variables on powder 

caking.   

 

Therefore, within this chapter, the study endeavors to explore the effects of liquid binder 

viscosity at varying shear stress on the powder caking. This will involve the process and 

formulation variables used in Chapter 4 and Chapter 5 (i.e. using lactose, MCC, 

formulation and binder delivery). The study will be split into three different parts, 

explained as follow: 

 

Part 1: This part of the study will focus on optically monitoring the behavior of powder 

caking on the upper part of the barrel. In order to do that, in-house made acrylic 

transparent barrel was used. The mass of powder caking was also recorded.  

 

Part 2: This part of the study will focus on characterizing the ribbon of powder caking to 

the steel barrel. The two extreme conditions for each material used in Part 1 were 

considered for the study. The ribbon of powder caked was analyzed for powder behavior, 

surface tomography and structure characterization.  
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Part 3: This part of the study will focus on investigating the powder caking phenomena 

using a blend of lactose and salt. The blend will be granulated at high shear stress with low 

liquid binder viscosity (i.e. distilled water). The size distribution and mass of powder 

caking was considered with time as well as the salt content within the granules. 

6.2 Experimental and analysis methodology 

6.2.1 Process and formulation parameters 

The process and formulation variables were kept the same as that presented in Chapter 4 

and Chapter 5. This allows the investigation on how liquid binder viscosity at varying shear 

stress effects the desired as well as the undesired granulation. For the optical monitoring 

of powder caking behaviour (i.e. Part 1), the number of liquid binder viscosity studied 

between 0-15%w/w of PHMC is increased to five different viscosity (instead of three only 

which was done for the previous chapters). The liquid binder viscosity values are 

presented in Table 3-2. 

6.2.2 Caking on Transparent Barrel 

The default stainless steel barrel was removed and replaced with a transparent barrel to 

allow for powder caking to be optically monitored. The length of the barrel was split into 

two sections, which were labelled, ‘Start section’ and ‘End section’, as shown in Figure 6-2. 

Two Dino-Lite digital microscopes (Premier, AM-4013, Taiwan) were positioned 

perpendicularly above the barrel.  

 

Figure 6-2 Illustration an overhead view of the transparent barrel. The kneading zone is the location where 
the kneading elements will fit in the case of high shear stress. 
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The powder was fed and the liquid binder was injected 5 s later. This was done to 

minimize the liquid binder wetting of the barrel surface without powder. The cameras 

started recording upon the granules production, at speed of 0.5 frame/second for 

duration of 6 minutes. For each run, three images are presented for the beginning and 

end sections. The images considered for this work were extracted at 2 minutes, 4 minutes 

and 6 minutes. 

 

After 6 minutes, the amount of powder caked to the upper surface of the barrel was 

removed carefully and accounted for its mass (g). Each run was repeated minimum of five 

times. The size distribution of granules, produced using transparent barrel, is presented in 

Appendix C. 

6.2.3 Caking on Stainless Steel barrel 

The steel barrel is used for this study, where the lowest and highest liquid binder viscosity 

for each material (used in transparent barrel) at varying shear stress were considered. 

After 6 minutes of granule production, the system was stopped and an images of the 

upper barrel was taken. The powder cakes were carefully removed to obtain undamaged 

ribbon (an image shown in Figure 6-3) while measuring its mass. The ribbons were also 

analyzed for surface topography and structure characterization as described in section 

3.3.5 and 3.3.6, respectively. Each run was repeated minimum of 5 times. 

 

Figure 6-3 Imaged of undamaged ribbon of powder caking. 

6.2.4 Conductivity  

The experimental condition is illustrated in Table 6-1, where the blend was mixed in 

according to section 3.2.3. Prior to blending the salt was milled using a Ballmill to produce 

fine particles (˂250 µm). The reduction of size was necessary to reduce the disparity of 
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raw materials when mixed with the powder mixture.  For the study of conductivity, three 

sample locations were considered, as illustrated in Figure 6-4. The sample collected from 

the blender (i.e. high shear granulator, 1st point) was selected from various regions of the 

granulator to obtain 2g. This was assumed to be the baseline of the conductivity; which is 

expected to be produced from the feeding hopper (2nd point). The 3rd point was the 

powder caking on the upper surface of the barrel.  

Table 6-1 Experiment conditions for the conductivity of ribbon adhered to steel surface. 

Starting material Granulation liquid  Operation conditions Screw configuration 

Lactose (90%w/w) and 

salt (10%w/w) 

Distilled water only Screw speed: 100rpm 

Feed rate: 1kg/h 

L/S ratio: 0.14 

Barrel Temp: 25°C 

Conveying and kneading 

elements (as shown in 

Figure 3-4b), i.e. high 

shear stress 

  

To consider the change in uniformity with time, the conductivity of the salt within the 

sample collected (for 2nd and 3rd points) was taken at 6 different times; after the system 

reached equilibrium. The time considered in this section was at 2, 4, 6, 15 and 20 minutes, 

i.e the granulator will be stopped after 2 minutes to collect the sample and then start 

again for 4 minutes and so on. Each given time was repeated minimum of three times. The 

calibration of the conductivity was also determined, by dissolving a known amount of salt 

in a fixed volume of distilled water. The calibration curve can be seen in Figure 6-5. 

 

The samples were dissolved in 50 ml of distilled water, where the conductivity was 

measured using Jenway (provided by Bibby Scientific). The probe of the conductor was 

removed cleaned and placed in a distilled water to record the starting conductivity before 

each reading of the actual sample is taken. Although, the conductivity showed slight 

variance for the baseline, the average is considered as the baseline (where the error bar is 

not presented in the line). The samples collected from 2nd and 3rd points were plotted 

against the baseline.  
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Figure 6-4 schematically indicating the three points of collecting the sample for conductivity. 

 

 
Figure 6-5 shows the calibration of salt conductivity.  

6.3 Results and discussion- Part 1: Powder caking on the transparent barrel  

During this section of the chapter, the results considered for the different materials were 

obtained while using an in-house made acrylic transparent barrel, where it enables the 

monitoring of rate and pattern/behaviour of powder caking with time. The size 

distribution of the granules, produced using this set-up, will be analyzed and compared for 

trends with their corresponding results presented in Chapter 4 and Chapter 5 whilst using 

the steel barrel. Finally the mass built up on the top surface of the barrel will be accounted 

for.  
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6.3.1 Lactose 

Powder caking on the top barrel  

Figure 6-6 shows how the liquid binder viscosity, at different shear stress affects the mass 

(g) of powder caking after 6 minutes. Increasing binder viscosity resulted in a reduction in 

mass (g) of powder caking, while increasing the shear stress gave a higher mass of powder 

caking.  

 

In general, during wet granulation; the agglomerates are formed by usage of liquid binder 

to bring the primary particles together as a combination of capillary forces, surface 

tension and viscous forces [123]. Thus, increasing the liquid binder viscosity causes an 

increase in the viscous forces which leads to strong granules [32]. These stronger granules 

are expected to resist attrition more and may have resulted in a less tendency of powder 

caking to the surface of the barrel when coming into impact with it. Furthermore, as 

lactose tend to dissolve when in contact with water, lowering the liquid binder viscosity 

will allow for more lactose to dissolve and making it soft and hence easily attrite and 

adheres to the surface. Lowering the binder viscosity also increases the liquid ability to 

spread and penetrate though the capillary channels, as seen in Figure 4-4. Such mobility of 

liquid may also encouraged further powder caking as more liquid binder will be available 

on the surface of powder when the granules/particles come into contact with the surface 

of the barrel. This could also explain the increase in powder caking as higher shear stress 

was imparted on the material by using kneading elements. The kneading elements 

increase the dispersive and distributive mixing of the liquid binder with the powder [17]. 

This will result in more liquid binder present on the surface of the powder, which could 

wet the surface of the barrel. The presence of liquid may increase the adhesive forces 

between the powder and surface of barrel. 

 

Such findings can also be observed in Figure 6-8, which present the images, of powder 

caking onto the upper barrel, taken at different times (2, 4 and 6 minutes).  From the 

images, it can be seen that regardless binder viscosity or shear stress applied on the 
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material, caking tends to increase with time. This is more apparent when comparing 

powder caking presented in images taken after 6 minutes, which covers a larger area of 

the barrel, compared to the images taken after 2 minutes, as shown Figure 6-8 (a & b).  

Comparing the images presented in Figure 6-8 (a) with their corresponding results in 

Figure 6-8 (b) (after 6 minutes) showed that increasing the shear stress resulted in more 

areas of the barrel covered with powder caking. This is more pronouncedly for the low 

liquid binder viscosity.   

 

Figure 6-8 (a) shows that changing liquid binder viscosity gave a different behavior of the 

powder caking onto the surface of the barrel, during low shear stress. Using very high 

liquid binder viscosity forced powder caking to propagate from the centre and then to 

progress in both upstream and downstream of the screw rotation directions, i.e. start 

from the intermeshing region as illustrated in Figure 6-7. This may be due to the resistance 

of the big granules, which are associated with increase of liquid binder viscosity during low 

shear stress (as seen in Figure 4-6 (a)), to flow from the intermeshing into compartment 2 

(shown in Figure 6-7) . Using low liquid binder viscosity produced narrower size 

distribution and the granules showed less tendency to reside within the intermeshing 

region. As a result compartment 2 tends to be covered with more of powder caking 

relative to compartment 1. This could be due to the increase of velocity that granules tend 

to gain as they leave the intermeshing area, where they experience obstruction [36]. This 

increase of velocity may have stemmed in a higher impact force causing the 

powder/granule to deform more easily and stick to the surface more quickly. From Figure 

6-8 (b) using high shear stress uniformed the powder behavior, regardless of liquid binder 

viscosity. This could be due to the narrower size distribution (shown in Figure 4-6 (b)) 

which results in less resistance of granules to reside within the intermeshing region. 
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Figure 6-6 Effect of liquid binder viscosity on the mass (g) of lactose powder caking: low stress () and high 

stress (). 

 

 

Figure 6-7 show the flow direction of the material within the granulator. 
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Figure 6-8 Effect of liquid binder viscosity on the behavior of powder caking: (a) low stress (b) high stress. The material flows from screw No. 1 to screw No. 2. 

(a) 
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6.3.2 MCC 

Powder caking on the top barrel  

Figure 6-9 shows how the liquid binder viscosity, at different shear stress affects the mass 

(g) of powder caking after 6 minutes. Increasing the liquid binder viscosity, at low shear 

stress, results in a reduction in mass of powder caking. This emphases in the importance 

of liquid binder ability to spread and penetrates through to surface of the bed. A 

combination of reduction in liquid binder mobility and arise to viscous forces, as the liquid 

binder viscosity increases, shows that the trend of powder caking during low stress is 

unaffected by the powder (i.e. lactose or MCC). Although, the trends (i.e. reduction of 

caking as viscosity goes up) for both lactose and MCC are similar, MCC powder shows far 

less tendency to cake onto the surface of the barrel.  This could due to the characteristics 

of MCC, which tends to retain water within its internal structure [33, 109, 110]. This will 

limit the water availability on the surface of powder bed and hence reducing the adhesive 

forces, by liquid bridges, with the transparent barrel surface.  

 

Increasing the shear stress gave inconsistent trends, in mass of powder caking, as the 

liquid binder viscosity increased. The lower the liquid binder viscosity is, the less sensitive 

the powder caking becomes to the change in shear stress, as the most of the water 

remains within the internal structure. This was seen for the size distribution for the low 

viscosity (e.g. distilled water) shown in Figure 4-18, where changing the shear stress did 

not show a significant change. 

 

The further increase in liquid binder viscosity showed to result in an increase of powder 

caking to its corresponding findings at low shear, but trends showed to first reduce then 

increase significantly. This could be due to the inability of MCC to absorb HPMC binder 

instead it adsorbs onto the surface of the particles [111], where also images in Figure 4-17 

shows a layer of HPMC remains on the top surface of the compressed tablet. The increase 

in adsorbed binder may have been distributed more uniformly to allow more primary 

particles of the powder to agglomerate (which was observed in Figure 4-18 (b)) and hence 
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limits its contact with surface of the barrel. Further increase in liquid binder viscosity 

resulted in further reduction of water retaining by the MCC, as seen in Figure 4-16.  This 

along with the excess of adsorbed HPMC binder may have allowed more liquid binder to 

migrate to the surface of the powder, and hence adhering more particles onto the upper 

surface of the barrel.  

 

Figure 6-9 Effect of liquid binder viscosity on the mass (g) of MCC powder caking: low stress () and high 

stress (). 

 

Figure 6-10 shows the behaviours of the powder caking with time, as the liquid binder and 

shear stress varied. As the MCC showed low tendency to cake, in particularly during low 

stress, it is difficult to monitor it, though, it shows signs of similar behaviour as that seen 

in lactose. Increasing the shear stress gave a uniform behavour of powder caking in that it 

start from one side and progress to to the next. This is similar behaviour as that seen in 

lactose Figure 6-8 (b), which is reflectant of the powder flow within the granulator.  
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                                       (a) 

 

                                      (b) 

Figure 6-10 Effect of liquid binder viscosity on the behavior of powder caking: (a) low stress (b) high stress. 
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6.3.3 Formulation  

Powder caking on the top barrel 

Figure 6-11 shows how the liquid binder viscosity, at different shear stress affects the 

mass (g) of powder caking after 6 minutes. During low shear stress, increasing the liquid 

binder viscosity, gave inconsistent trends of mass of powder caking. This could be due to 

the different mechanisms of lactose and MCC as the formulation contains different 

components. The main two mechanisms understood so far, it is the ability of MCC to 

retain the water (showing in Figure 4-16) and lactose will tend to dissolve when coming 

into contact the remaining liquid binder. As the liquid binder viscosity increase, there is 

initial reduction in powder caking. This could be due to reduced amount of water present 

on the surface of the power, where the remaining adsorbed HPMC binder on the surface 

helps to bind the particles together. Further increase in liquid binder viscosity showed an 

increase in mass of powder caking, which could be related the reduction in ability of MCC 

to retain the water, which may have resulted in excess liquid binder present on the 

surface. Increasing the shear stress, shown in an increase in mass of powder caking 

generally, but no trend is observed the binder viscosity is increased.  

 

Figure 6-12 shows how the powder caking behavior changed as the liquid binder viscosity 

and shear stress varied. At low shear stress, as the liquid binder viscosity increase the 

powder caking shift from the sides to propagate from the centre, as shown in Figure 6-12 

(a). Increasing the shear stress uniform the powder caking behavior as it starts from the 

side, as seen in Figure 6-12 (b). This is similar to that observed for lactose and MCC, which 

indicates that the flow of the material is more responsible for such an observation.  
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Figure 6-11 Effect of liquid binder viscosity on the mass (g) of formulation powder caking: low stress () and 

high stress (). 
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                          (a) 

 

                      (b) 

Figure 6-12 Effect of liquid binder viscosity on the behavior of powder caking: (a) low stress (b) high stress. 
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6.3.4 Binder delivery 

Powder caking on the top barrel  

Figure 6-13 shows how the binder delivery, at different shear stress affects the mass (g) of 

powder caking after 6 minutes. At low shear stress, it shows a reduction in powder caking 

as the more HPMC binder delivered in the liquid form, which is similar to that seen in 

Figure 6-11 for the early stage (of increase liquid binder viscosity) in the formulation. The 

slight difference could be related to the amount of HPMC present in the liquid binder and 

the composition within the powder. At higher shear stress, delivering the binder in 

different forms did not show to affect the mass of powder caking. This is similar to the 

findings of the formulation.  

 

Figure 6-14 shows how the powder caking behavior changed as the binder delivery and 

shear stress varied. The behavior for low and high shear is same as seen previously.  

 

 

Figure 6-13 Effect of binder delivery on the mass (g) of formulation powder caking: low stress () and high 

stress (). 
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Figure 6-14 Effect of binder delivery on the behavior of powder caking: (a) low stress (b) high stress. 
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6.4 Results and discussion- Part 2: Powder caking on the stainless steel barrel  

This section of the chapter will consider the use of the steel barrel. The lowest and highest 

liquid binder viscosity (Set 1 and Set 3 for the binder delivery) in Part 1 will be considered 

for this part. The results for the mass (g) and images of powder caking were taken after 6 

minutes, as described in section 6.2.3. In addition to the results presented during this 

investigation, Figure 6-15 shows some extrudate of caked powder coming at the end of 

the barrel, when running at higher conditions (which were not included in this study). This 

phenomenon may be observed during operation and hence should be avoided as it could 

affect the quality of the product. Also, during this study, only the upper part of barrel is 

considered. There is some powder caking which adheres to the bottom portion of the 

barrel, which will not be considered during this study (although some results are 

presented in Appendix C). 

 

Figure 6-15 extrude coming out at the end of the barrel at extreme conditions.  

6.4.1 Lactose 

Powder caking/stickiness onto steel barrel 

Figure 6-16 shows the mass (g) of powder caking onto the barrel, as the liquid binder 

viscosity and shear stress changed. The results correspond well with those presented in 

Figure 6-6. Furthermore, the change of the barrel property (i.e. acrylic and steel) did not 
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show to affect the powder caking behaviours, as the findings in Figure 6-17 shows similar 

to the corresponding results seen in Figure 6-8.  

 

Figure 6-16 Effect of the low (0%) and high (15%) liquid binder viscosity on the mass (g) of lactose powder 

caking: low stress () and high stress ().. 
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Figure 6-17 Effect of low (0%) and high (15%) liquid binder viscosity on the behavior of powder caking: (a) 

low stress (b) high stress. The material flows from screw No. 1 to screw No. 2.  

 

Surface topography  

Figure 6-18 shows the change in surface topography of the lactose powder caking to the 

surface of the steel barrel, as the liquid binder (lowest and highest) and shear stress 

varied. The surfaces topography was visualized using scanning electron microscopy.  
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The primary particles showed to remain unaffected when using low shear stress. This 

could be due to the ungranulated particles and small fragment of granules (as result of 

attrition when they collide with the barrel) forming an adhesive forces with surface of 

barrel which is largely driven by the availability of liquid binder on the surface of the 

powder. Increasing the shear stress on the material gave more compacted surface. 

Increasing the shear stress may have increased the hardening work on the powder causing 

it to compact and fragment more.   

 

%HPMC Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(c) 

15% 

 

(b) 

 

(d) 

Figure 6-18 6-19 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of lactose 

ribbon of cake, as the stress varied. 
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Structural characterization 

Figure 6-20 shows the change in the porosity of ribbons as liquid binder viscosity and 

shear stress varied. Applying the low shear stress, the particles within the ribbon were 

loosely packed, which allowed for more air voids to reside within structure. This can be 

visualized in the images presented in Figure 6-21 (a & b). Increasing the shear stress 

increased the number of granules produced (as shown in Figure 4-6 (b)). This may have 

caused the ribbon of powder caking, on the surface of the barrel, to undergo higher 

shearing as the granules flow through. Hence, the consolidation of the particle helped to 

reduce the air voids within the structure, which can be visualized as shown in Figure 6-21 

(c & d). 

 

 

Figure 6-20 Effect of low (0%) and high (15%) liquid binder viscosity on porosity of lactose ribbon of cake, as 

the stress varied.   
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(b) 

 

(d) 

Figure 6-21 X-ray images of lactose ribbon as liquid binder viscosity and stress varied. 

 

6.4.2 MCC 

Powder caking/stickiness onto steel barrel 

Figure 6-22 shows the mass (g) of powder caking into the barrel, as the liquid binder 

viscosity and shear stress changed. The results correspond well with those presented in 

Figure 6-9. Furthermore, the change of the barrel property (i.e. acrylic and steel) did not 

show to affect the powder caking behaviours, as the findings in Figure 6-23 shows similar 

to the corresponding results seen in Figure 6-10. 
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Figure 6-22 Effect of the low (0%) and high (15%) liquid binder viscosity on the mass (g) of MCC powder 

caking: low stress () and high stress (). 
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Figure 6-23 Effect of low (0%) and high (15%) liquid binder viscosity on the behavior of powder caking: (a) 

low stress (b) high stress.  

Surface topography  

Figure 6-24  shows the change in the surface topography of the MCC powder caking to the 

surface of the steel barrel, as the liquid binder viscosity (lowest and highest) and shear 

stress varied. At low shear stress, there was no adequate powder caking to retrieve for 

high liquid binder viscosity, as shown in Figure 6-23 (b). Although, the shear stress was 
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low, the surface of the ribbon showed to have undergone plastic deformation when using 

low liquid binder viscosity, as shown in Figure 6-24 (a). The water-retaining characteristic 

of the MCC may have acted as a plasticizer causing such deformation. The driven force for 

this kind adhesion to the surface of the barrel may have been due to the increase of 

contact area.  Increasing the shear stress, the powder tends to deform regardless of the 

material (i.e. lactose and MCC). 
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Figure 6-24 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of MCC ribbon of 

cake, as the stress varied. 
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Structural characterization 

Figure 6-25 shows the change in the porosity of ribbons as liquid binder viscosity and 

shear stress varied. Increasing the shear stress gave a lower porosity as particles within 

the ribbons compacted further, reducing the air voids. This can be visualized in particular 

for the low liquid binder viscosity, as shown in Figure 6-26 (a & c). 

 

Figure 6-25 Effect of low (0%) and high (15%) liquid binder viscosity on porosity of MCC ribbon of cake, as 

the stress varied. 
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Figure 6-26 X-ray images of MCC ribbon as liquid binder viscosity and stress varied. 

6.4.3 Formulation 

Powder caking/stickiness onto steel barrel 

Figure 6-27 shows the mass (g) of powder caking into the barrel, as the liquid binder 

viscosity and shear stress changed. The results correspond well with those presented in 

Figure 6-11. Furthermore, the change of the barrel property (i.e. acrylic and steel) did not 

show to affect the powder caking behaviours, as the findings in Figure 6-28 shows similar 

to the corresponding results seen in Figure 6-12.  
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Figure 6-27 Effect of the low (0%) and high (15%) liquid binder viscosity on the mass (g) of formulation 

powder caking: low stress () and high stress (). 
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Figure 6-28 Effect of low (0%) and high (15%) liquid binder viscosity on the behavior of powder caking: (a) 

low stress (b) high stress.  

 

Surface topography  

Figure 6-29 shows the change in surface topography of the powder caking to the surface 

of the steel barrel, as the liquid binder (lowest and highest) and shear stress varied. During 

the low shear stress, as we have two materials within the formulation that exhibited 

different topography (lactose unaffected and MCC plastically deformed), this has reflected 
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on the surface which shows some deformation and some unaffected particles, as shown 

Figure 6-29 (a & b).  Increasing the stress increased the shearing of the ribbon resulting in 

more compacted and deformation, as seen in Figure 6-29 (c & d). 
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Figure 6-29 Effect of low (0%) and high (15%) liquid binder viscosity on surface topography of formulation 

ribbon of cake, as the stress varied. 

 

Structural characterization 

Figure 6-30 shows the change in the porosity of ribbons as liquid binder viscosity and 

shear stress varied.  As seen with lactose and MCC, increasing the shear stress on the 

material produced more shear and consolidation of the ribbon on the surface of the 

barrel. This resulted in a reduction of air voids and the particles are brought closer. This 
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can be visualized by comparing images in Figure 6-31 (a & b) with their corresponding 

results in Figure 6-31 (c & d). 

 

 
Figure 6-30 Effect of low (0%) and high (15%) liquid binder viscosity on porosity of formulation ribbon of 

cake, as the stress varied.   
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Figure 6-31 X-ray images of formulation ribbon as liquid binder viscosity and stress varied. 
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6.4.4 Binder delivery 

Powder caking/stickiness onto steel barrel 

This section is comparing the results presented in Figure 6-32 and Figure 6-33, with their 

corresponding results shown in Figure 6-13 and Figure 6-14. They correspond well which 

emphasis the minimal effect the material of the barrel has on the outcome.  

 

Figure 6-32 Effect of binder delivery (Set 1 & 3) on the mass (g) of powder caking: low stress () and high 

stress (). 
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Figure 6-33 Effect of binder delivery (Set 1 & 3) on the behavior of powder caking: (a) low stress (b) high 

stress. 
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The results on granule properties (such as size) and powder caking up to this point 

(throughout Chapter 4-6) are evidence for further improvement to the regime map 

presented in Figure 2-5. Although, some aspects still remain true such that one would 

expect the powder caking to appear in the Overwetted regime, the effect of screw 

configuration along with powder properties suggest a possible drastic change to the 

regime boundaries. This will require comprehensive work to understand such changes 

that could be inflicted once these variables are incorporated.  

 

Surface topography  

Figure 6-34 shows the change in surface topography of the powder caking to the surface 

of the steel barrel, as binder delivery (Set 1 & 3) and shear stress varied. Although, there is 

a change within the composition of the blend and the liquid binder viscosity during binder 

delivery, the findings are similar to that seen in Figure 6-29 for the formulation. Increasing 

the shear stress resulted in further deformation and compaction of surface of the ribbon.  
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Figure 6-34 Effect of binder delivery (Set 1 & 3) on surface topography of ribbon, as the stress varied. 

 

Structural characterization 

Figure 6-35 shows the change in the porosity of ribbons as binder delivery and shear stress 

varied. The trends are similar to that seen in Figure 6-30. The images in Figure 6-31 shows 

the structure as the shear stress increased while varying the binder deliver. Though, the 

changes in composition of the blend to that of the formulation, the observation is similar. 

This shows that the shear stress is more dominant when the change of composition is 

minimal.  

 



 

149 

 

 

Figure 6-35 Effect of binder delivery (Set 1 & 3) on porosity of ribbons, as the stress varied.   
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Figure 6-36 X-ray images of ribbon as binder delivery (Set 1 & 3) and stress varied. 
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6.5 Results and discussion- Part 3: The effect of caking on granule content  

During this section the influence of powder caking on the content uniformity will be 

investigated. The granules will be made from a blend of 90% w/w of lactose and 10% w/w 

of salt. The lowest liquid binder viscosity (i.e. distilled water) and a high shear stress (i.e. 

kneading element zone) in combination were used to produce granules. The size 

distribution, the mass of powder caking and the conductivity from three different 

locations (as described in section 6.2.4) are considered to assess the extent effect of 

powder caking. 

 

Figure 6-37 shows how the size distribution of granules varies as it is collected after 

certain point of time (i.e. 2 min, 4 min, 6 min, 10 min, 15 min and 20 min). As expected 

there is minimal change in the size distribution as the operating conditions are expected 

to reach steady state after short time (e.g. 30 seconds). Any settle change (e.g. powder 

caking) within the system does not show to be reflected on the size, since a range of size 

are produced.    

 

 

Figure 6-37 Size distribution granules with time produced with low liquid binder viscosity and high stress. 
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Figure 6-38 shows the mass of powder caking with time. The mass of powder caking show 

a significant increase at the early stages of granulation (i.e. up 10 min), and as more time 

is allowed the mass change tend to plateau out (i.e. 10 – 20 min). This could be due to the 

available surface area in the early stages, which allows particles to adhere to the surface. 

As the time goes on less surface available given the clearance between the screw and the 

barrel is fixed at 0.5 mm.  

 

 

Figure 6-38 Mass (g) of powder caking with time.  

 

Figure 6-39 shows how the conductivity of the salt within the blend, which is fed into the 

granulator (i.e. 2nd position in Figure 6-4).  The salt conductivity shows slight variation at 

the early stage. This is not significant, as it is plotted against the average of the baseline.   
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Figure 6-39 Conductivity of salt coming from the feeding hopper with time (min).  

 

Figure 6-40 shows the variation in salt conductivity in the powder caking (i.e. 3rd position) 

with time. Although, the mass powder caking showed to increase with time, the salt 

conductivity showed to decrease with time. This could indicate that lactose tends to cake 

more than the salt. Such a variation could influence the integrity of content uniformity 

within the product.  

 

 

Figure 6-40 Conductivity of salt from the ribbon with time. 
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Table 6-2 shows the average mass (mg) of salt present in the powder cake as time varied. 

Time (min) 
Salt in powder caking 

(mg) 

Theoretical salt 

processed (mg) 

Loss of salt within 

product (%) 

2 1186.06 6666.67 17.79 

4 1085.59 13333.33 8.14 

6 1061.23 20000.00 5.31 

10 996.16 33333.33 2.99 

15 990.45 50000.00 1.98 

20 997.30 66666.67 1.50 

 

Table 6-2 shows the average mass of salt (mg) within the powder caking for the top part of 

the barrel (the bottom part is not considered during this study). These results are 

considered against a theoretical amount of salt to be processed at a given time, with the 

assumption of 100% uniformity within the lactose and salt mixture. It shows a significant 

loss of salt at the start, however, as time increases the loss of salt due to powder caking is 

reduced. Although, such a loss may not seem significant, during a low drug loading, 

ensuring 100% uniformity of mixture and avoiding any API loss to either the upper/lower 

barrel-powder adhesion, will be of paramount importance to achieve consistent product 

quality.  

6.6 Conclusion  

The influence of liquid binder viscosity showed to be dominant during the low shear 

stress. Generally, increasing the liquid binder viscosity reduced the mass of powder caking 

while forcing powder caking to propagate from the centre of the barrel due to the 

localization. The tendency for powder to cake was also largely dependent on the powder 

used (e.g. lactose highest and MCC lowest) due to different mechanisms. The effect of 

liquid binder viscosity on the surface topography during low stress was also dependent on 

the powder used (e.g. lactose unaffected and MCC plastically deformed). Regardless of the 

liquid binder viscosity the ribbons of powder caking were loosely pack forming air voids 

within the structure, due to the low shear stress applied on the material. 
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Increase the shear stress, showed different trends of powder caking as liquid binder 

viscosity changed depending on the powder used. Despite the different trends increasing 

the liquid binder viscosity gave generally higher mass powder caking, while showing a 

uniform behavior of the caking (i.e. start from one end and to the other of barrel). The 

increase of shear stress also showed to give a more compacted surface with less porosity.  

 

The powder caking phenomena showed possibility of influencing the content uniformity of 

drug product, as the content could change due to different tendency of the component 

within the blend to cake. Finally, the powder caking phenomena showed insignificant 

difference in trends as the material of the barrel changed.  
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Chapter 7 Mechanistic understanding twin screw granulation 

This chapter studies the material flow within the barrel, where the conditions involved the 

use the same combination of starting material and granulation liquid as that described for 

lactose and MCC (in Chapter 3) and Binder delivery in (in Chapter 4). The process was 

scaled down where screw speed and feed rate have been lowered to 10 rpm, and 100 g/h, 

respectively. This was done to reduce the powder caking to the surface of the transparent 

barrel, which enables the material flow to be optically monitored.  

 

The Particle Image Velocimetry (PIV) technique gave valuable insight to the understanding 

the mechanism of the twin screw granulation. It showed a variation in the surface velocity 

of granules from one screw to another, during low shear. This was related to the material 

obstruction between the screws (intermeshing area) either by big granule entrapment 

(during high liquid binder viscosity) or increase in fill level (MCC swelling). Furthermore, 

applying high shear stress showed to minimise the difference between the two screws 

while give a lower surface velocity overall. The indifference of the surface velocity of 

granules between the screws was seen to be related to the size distribution. The overall 

reduction in surface velocity was related to the material build up prior to the kneading 

elements zone and the higher probability of liquid binder availability on the surface. This 

helped to dissipate energy and lower the surface velocity.  

7.1 Introduction 

The twin screw granulation remains within the launching stages in pharmaceutical field. 

This is due to the limitation in mechanistic understanding of the process. Such an 

understanding includes the flow pattern of the dense granules as process and formulation 

parameters vary. Studying the flow of the material could be challenging due to difficulties 

in performing representative measurement. This led to a number of studies considering 

other option such as tracking a tracer [17, 124-127]. Positron Emission Particle Tracking 

(PEPT) [17] is an example, which is frequently used within the twin screw granulator. 
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Although, such a technique provides useful information, it is limited to a single radioactive 

particle which is not presentative of the bulk flow of granules.  

 

Furthermore, imaging technique such as Particle Image Velocimetry (PIV) provided 

insightful information in process such as high shear mixer [128], the spheronization 

process [129] as well as a two-dimensional spouted bed (2DSB) [130]. Dhenge et al [33] has 

taken the initiatives to apply such a technique to optically monitor the flow of the material in 

TSG. It was found that the flow of the material varies from one screw to another, which was 

related to the accumulation of powder between the two screws. While the information 

generated mark a step toward improving the mechanistic understanding of twin screw 

granulation, the influence of process (e.g. screw configuration) and formulation parameters 

(e.g. material and liquid binder viscosity) on the flow of material are yet to be explored. Their 

study consisted of the formulation while operating under ‘dry’ conditions, as the liquid binder 

used was not adequate to produce granules (L/S 0.06), where the screw consisted of only 

conveying element. Such conditions may have not been representative of the granular’s flow.   

 

Therefore, the study within this chapter aims to apply such a non-intrusive technique, on 

the twin screw granulation. This will be done by operating under condition which is 

capable of producing granules rather than just dry operation conditions. The change of the 

screw configuration will also be considered while varying the material type and liquid 

binder viscosity. The operating conditions will be a scale down from those for lactose and 

MCC (in Chapter 3) and binder delivery (in Chapter 4). 

7.2 Particle Image Velocimetry (PIV) background 

PIV involves the use of a camera to capture the bulk of powder in motion. The captured 

images are transferred and analyzed within Matlab program (MPIV toolbox). MPIV 

provides different algorithms (Cross-correlation or MQD (Minimum Quadratic Difference)) 

to translate the images into surface velocity. This technique was firstly used to measure 

the flow of transparent fluid phases that contained a low fraction of solids or gas tracer. 

This was possible by considering two consecutive images that shows a small movement of 
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the particle (distance); with the knowledge of the time difference between the two 

images, the velocity (mm/s) is calculated. However, this was not as simple when 

measuring the flow of granular materials, as most of the particles have a similar look. 

Therefore the movement of a bulk of particles is considered rather than singular ones. 

7.3 Experimental and analysis methodology  

7.3.1 Experiment Condition 

This investigation involved using the same combination of starting powder and liquid 

binder as that described for lactose and MCC (In Chapter 3) and Binder deliver in (in 

Chapter 4). However, the screw speed and feed rate were lowered to 10 rpm, and 100 

g/h, respectively. These conditions were chosen after trials under several conditions to 

minimize the possibility of powder caking during operation. Scaling down such a process 

could be done via various considerations. Examples of possible routes are; the channel fill, 

tip speed or Specific Mechanical Energy (SME, J/kg). 

 

The choice of operation conditions, for this study, were reasoned by the theory related 

with the dimensionless group as scaling factor proposed by Juan G. Osorio and Lamprou3 

[131], which considers the channel fill. This was referred to as powder feed number (PFN) 

and it tends to govern the flow of the material within the barrel given. PFN is a theoretical 

volumetric fraction of channel fill of powder at given powder feed rate   , and screw 

speed, N with a mean bulk density of       within the channels of the screw as shown in 

Equation 7-1 [131]. 

      
m 

      VF
S 
   

 

 

Equation 7-1 

 

The bracketed terms in the denominator equate to the theoretical volume displaced per 

rotation of the screw. The conveyer free volume VF, is the volume of the channels 

available for material. The value of 67.75 cm3 was determined using ScrewConfig software 

from ThermoFisher for the 16 mm Prism Euro Lab Twin Screw Granulator with a 25:1 L/D 
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(length to diameter ratio). SL is the lead length of the screw which is axial advancement of 

the screw during one complete turn (360°). Since the volume displaced per rotation kept 

consisting, changing the screw speed ( ) and the powder feed rate (m ), by the same 

factor (i.e. 10), to obtain the same PFN which could theoretically result in similar granule 

properties in comparison with higher scale.  

 

7.3.2 PIV system Set-Up 

The experiments were carried out using specially built transparent acrylic barrel. A high 

speed camera (Photron Fastcam 1024 PCI, Itronx Imaging Technologies, Inc. Westlake 

Village, CA, US), was set at a frame rate of 60 fps, which was considered to be high enough 

to account for a small motion of the powder from one image to the consecutive one. The 

resolution of the images was 512x512 (pixels x pixels). The camera was positioned 

perpendicular to the barrel at 1.5 cm from the end of the barrel, as it is shown in Figure 

7-1 (a). A typical images captured from this set-up is shown Figure 7-1 (b). 

 

(a) 

 

                                                          (b) 

Figure 7-1 shows PIV set up (a) and an example of images taken (axis shown) (b). 
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7.3.3 PIV analysis 

The images were firstly calibrated in Image-J software against a known distance (distance 

of the two flights of the screw). This was carried out in order to account for the actual 

distance (in mm) shifted by the powder from one image to the consecutive image (i.e. 

mm/pixels). The images were then analysed in MPIV toolbox, which is written in MATLAB 

7.1 software (MATLAB R2008a, MathWorks) [132]. The MPIV toolbox contains two 

programs; one is used for image processing and the other for post-processing.  

 

The image processing toolbox analyzes the images to give the average resultant surface 

velocity of the bulk powder, Uaver. The average resultant surface velocity (which will be 

referred to as ‘surface velocity’ in this study) is determined by considering the velocities in 

the X and Y components (as shown in Figure 7-1 (b)) as the flight movement will give a rise 

to the velocity in axial and transaxial direction. The X component gives the velocity, Ux, of 

the bulk powder moving in the horizontal plane perpendicular to the direction of the 

rotation of the screw. The Y component gives the velocity, UY, of the bulk powder moving 

along the direction of the screws rotation.  

 

The analysis was done using the Minimum Quadratic Differences; MQD algorithm. This 

algorithm gives smaller error during the calculation of the displacement than Cross 

Correlation Algorithm (COR) [132]. The MQD algorithm divides the image into small areas 

called ‘interrogations’. Each interrogation area consisted of 32 x 32 (pixel x pixel), which 

the programme assigns it with a central grey value. The MQD then calculates the spatial 

shift of each interrogation area in the consecutive image, by considering the difference in 

grey value between the two images. This is referred to as the ‘grey level difference 

accumulation’. To calculate the velocity, by which the spatial shift (i.e the number of pixels 

in which the bulk of powder has shifted) is converted into distance (in mm) from the 

calibration and then dividing by the time (s) between the two consecutive images (i.e. 

0.0167 s). This algorithm applies the same principle for each interrogation area, where it 
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gives velocity vectors over the image, as shown in Figure 7-2.  Further details of two 

algorithms are reviewed by Dhenge [33].  

 

 

Figure 7-2 Velocity in each integration area. 

The velocity of the vector is extracted using FORTRAN program, which is then further 

processed using the post-processing in mpiv toolbox to filter the vectors, so only the 

velocity within a chosen channel is considered. This is the channel between two screw 

flights in one full screw revolution during this test, and it is indicated by the blue vectors in 

Figure 7-3 (a).  

 

Due to the limits of 2D images, it is difficult to monitor the velocity of the vectors towards 

the intermeshing and sides regions of the barrel. Therefore, the screw channel was 

divided into three areas; Intermeshing Area, I (area between the two screws), 

Translational Area A (TA) (taking the material into the intermeshing) and Translational 

Area B (TB) (taking material away from the intermeshing) as shown in Figure 7-3 (b).  

These areas were considered to be the apex of the screw where the flow of the powder is 

perpendicular to the camera. This eased the monitoring and hence quantifying the surface 

velocity, which can be seen from Figure 7-2 that the vectors show one direction. However, 

the intermeshing area was not considered as it was difficult to account for the velocity 

because of the protruding edge of the barrel at that particular point. Also, as the powder 
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moves upwards and downwards the camera cannot capture the true movement, and this 

is illustrated by the inconsistent vectors shown in Figure 7-2 around the middle of the 

screws. 

 

To get one single value to make the comparison easier, an average resultant surface 

velocity, Uaver, was considered (it will be called surface velocity during this section). This 

was calculated by averaging the velocity of vectors over the both translational areas (TA 

and TB) in given area of each translational area in the Y-direction, as shown in  

Table 7-1.  

 

 

(a) 
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(b) 

Figure 7-3 Steps of analyzing images for surface velocity (a) and the three areas of each image (b). 
 

Table 7-1 Position of the translational areas in the Y-direction. 

Translational area Pixels (Y-direction) 

TB 100-150 

TA 350-400 

 

7.4 Results and discussion  

7.4.1 Lactose 

Surface velocity  

Figure 7-4 shows the change in average resultant surface velocity, Uaver, of the granules in 

TA and TB as the liquid binder and shear stress varied. At low shear stress (in Figure 7-4 (a)), 

increasing the liquid binder viscosity showed to increase the difference in the surface 

velocity of the granules between TA and TB. TB shows to have a higher surface velocity than 

TA for the high liquid binder viscosity. This is could be due to the reduction of possible flow 

obstruction as the granules are conveyed away from the intermeshing area in to TB. 

Increasing the liquid binder viscosity reduced the liquid spreading causing more localization 

of the big granules within the intermeshing area. This acts as an obstruction resulting in 

more collision of the granules conveyed from TA to the intermeshing area. Increasing the 

collision increases the energy dissipation and hence lowers the surface velocity [129]. In the 

case of low liquid binder viscosity, the liquid is expected to be distributed more resulting in 

a narrower size distribution and dissolving more powder of lactose. As result, the incoming 
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granules (from TA) will be able to displace the granules already present within the 

intermeshing. This limits the accumulation of granules within the intermeshing area. Since 

the fill level within the two screws is expected to be similar, the granules within TA and TB 

may have experienced similar energy dissipation. The fill level in TA and TB as the liquid 

binder viscosity varied can be visualized as shown in Figure 7-5 (a & b).  

 

Increasing the shear stress, in Figure 7-5 (B), showed to reduce the surface velocity of the 

granules regardless of the liquid binder viscosity. Furthermore, increasing the liquid binder 

does not show significant effect in the surface velocity of the granules in TA and TB as there 

is no difference. The reduction in surface velocity of the granules could be attributed to the 

material build up prior to the kneading element zone, as illustrated in Figure 7-6, and 

presence of more liquid on the surface of the powder. The kneading elements zone shows 

minimal conveyance ability, and as result the material tends to build up prior to the 

kneading to generate enough pressure to cross zone. This build up will tend to bring the 

granules’ velocity to zero and hence reduces its overall surface velocity before it reach exist. 

Additionally, the kneading elements will consolidate the granules forcing the liquid binder 

to migrate to the surface of the granules. The presence of liquid will help to dissipate the 

energy more upon collision causing the surface velocity to go down.  

 

The insignificant difference of surface velocity of granules between in TA and TB may be 

due the narrower size distribution as higher sheer stress applied. This means no oversized 

granules will be entrapped within the intermeshing as granule of similar size will have the 

capability to displace each other. This ensures the smooth flow of granules in the 

intermeshing forming similar fill level in both TA and TB (regardless of liquid binder 

viscosity), which shown in Figure 7-5 (c & d). The granules will experience similar collision 

and hence similar energy dissipation.  
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Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Figure 7-4 Effect of liquid binder viscosity on the surface velocity of lactose granules in the translational 
areas (TB and TA): (a) low stress and (b) high stress.  

 

% of HPMC  Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

  (c) 

15% 

 

(b) 

 

(d) 

Figure 7-5 Effect of liquid binder viscosity on the channel fill as stress varied. 
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Figure 7-6 Describes the phenomena of the material build up prior to the kneading elements schematically. 

 

 

Granule size distribution and shape 

Figure 7-7 shows the size distribution and Figure 7-8 shows the shape of lactose granule as 

the liquid binder viscosity and shear stress varied. This is done to account for the granule’s 

difference when compared with their corresponding findings seen in Figure 4-6 and Figure 

4-10, respectively. At low shear stress, it shows that scaling down of the process (while 

keeping same PFN value) did not affect the size distribution (as shown in Figure 7-6 (a)) or 

the granules shape (as seen in Figure 7-7 (a-c)). Increasing the liquid binder viscosity gave 

a wider size distribution and more elongated granule shape. This show the conveying 

elements do not affect the granule’s properties as much as the ability of the liquid binder 

to spread.  

 

At higher shear stress, the size distribution (as shown in Figure 7-6 (b)) and granule shape 

(seen in Figure 7-7 (d-f)) showed to change as the process is scaled down. Changing the 

liquid binder viscosity did not result any change of the size distribution or granule 

property. This could be due to the kneading elements which show minimal conveyance 

ability, where the material will build up and as it enters the zone it will undergo 

consolidation and change in density of agglomerates. As the agglomerate leave the zone 

they will be smears and crumbled and as result the agglomerate will experience minimal 

agglomeration, where granules shows to have the kneading element signature (indicated 

by the flat surface) as seen in Figure 7-7 (d-f). 
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Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Screw speed 10rpm, powder feed rate 100g kg/h, L/S ratio 0.14, 25°C 

Figure 7-7 Effect of liquid binder viscosity on size distribution of lactose granules: (a) low stress and (b) high 

stress. 

% of HPMC Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(d) 

7.5% 

 

(b) 

 

(e) 

15% 

 

(c) 

 

(f) 

Figure 7-8 Effect of liquid binder viscosity on the shape of lactose granules as the stress varied. 
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7.4.2 MCC 

Surface velocity  

Figure 7-9 shows the change in surface velocity, Uaver, of the granules in TA and TB as the 

liquid binder viscosity and shear stress varied. At low shear stress, the observation varies 

in comparison to that seen lactose, in Figure 7-4 (a). The surface velocity of the granules 

shows to be lower in TA than TB, regardless of the liquid binder viscosity (i.e. even for low 

liquid binder viscosity). For low binder viscosity the fill level of MCC granules within the 

barrel  as seen Figure 7-10 (a) shows to be higher when compared with that seen in Figure 

7-5 (a) for lactose. This could be related to the difference in material’s property. The MCC 

has the ability to retain the water and swell in size [109, 110]. The lactose granule fill level 

showed to be significantly lower, which could be due to ability of low liquid binder 

viscosity to partially dissolve the lactose and form lumps and hence reducing the channel 

fill. The increase in fill level for the MCC may have caused the obstruction in the 

intermeshing area, where the material leaving the intermeshing into TB experienced less 

collision and hence, less energy dissipation and therefore, higher surface velocity. For the 

case of high liquid binder viscosity, the obstruction the granule’s flow from TA may have 

been caused by the entrapment of big granules (due to liquid binder localization) as seen 

in Figure 7-10 (b).  

 

At higher shear stress, the difference in surface velocity in TA and TB is minimized while 

showing a reduction in comparison with low shear stress. This is similar to what have been 

observed with lactose. Therefore, the reduction could be associated with the ability of 

kneading elements to give a narrow size distribution (as seen in Figure 4-18 (b)) and the 

deceleration caused by the material build up prior to the zone.  
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Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Figure 7-9 Effect of liquid binder viscosity on the surface velocity of MCC granules in the translational areas 
(TB and TA): (a) low stress and (b) high stress. 

 

 

% of HPMC Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(c) 

15% 

 

(b) 

 

(d) 

Figure 7-10 Effect of liquid binder viscosity on the channel fill as stress varied. 
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Granule size distribution and shape 

Figure 7-11 shows the size distribution and Figure 7-12 shows the shape of MCC granule as 

liquid binder viscosity and shear stress varied. These finding are compared with those 

found in Figure 4-18 and Figure 4-21, respectively for the higher process scale.  Applying 

low shear stress produced similar findings in shape and granules, emphasising the 

importance liquid binder ability to spread, regardless of material. Increasing the shear 

stress, showed to give similar granule properties (i.e. size distribution and shape), 

regardless of the liquid binder viscosity. This is similar to the observation seen in lactose, 

which indicate the change of the granules density after passing the kneading element 

zone.  

 

 

Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Screw speed 10 rpm, powder feed rate 100 kg/h, L/S ratio 1, 25°C 

Figure 7-11 Effect of liquid binder viscosity on size distribution of MCC granules: (a) low stress and (b) high 

stress. 
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% of HPMC Conveying elements only Conveying and kneading elements 

0% 

 

(a) 

 

(d) 

7.5% 

 

(b) 

 

(e) 

15% 

 

(c) 

 

(f) 

Figure 7-12 Effect of liquid binder viscosity on the shape of MCC granules as the stress varied. 

7.4.3 Binder Delivery 

Surface velocity  

Figure 7-13 shows the change in surface velocity, Uaver, of the granules in TA and TB as the 

binder delivery and shear stress varied. At low shear stress, the difference in momentum 

generated by granules in TA and TB as showed to increase, as more HPMC is delivered in 

the liquid form (e.g. Set 3). As more of the HPMC binder is delivered in the liquid form, the 

liquid binder viscosity increases. This causes more obstruction within the intermeshing area, 

due to liquid binder localisation. This can be seen in Figure 7-14 (a & b) where the fill level 

of granules shows to be similar in both screw during Set 1 while shown a big granules 

entrapped in the intermeshing area for Set 3. Hence, the granules conveyed from TA into 

the intermeshing will experience more collision for Set 3 and therefore reduction in surface 

velocity of the granules.  
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Although, increasing the shear stress did not show a difference between surface velocity in 

TA and TB for both Set 1 and Set 3, the overall surface velocity has been lowered in 

comparison with the low shear stress. The insignificant difference between TA and TB could 

be related to the narrower size distribution, where the reduction is related to the 

deceleration and liquid binder presence on the surface of the granules. The channel fill also 

shows to be similar in both screws, as seen in Figure 7-14 (c & d). 

 

Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Figure 7-13 Effect of binder delivery on the surface velocity of granules in the translational areas (TB and 

TA): (a) low stress and (b) high stress. 
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Granule size distribution and shape 

Figure 7-15 shows the size distribution and Figure 7-16 shows the granules shape as the 

binder delivery and shear stress varied. These findings are compared with that seen in 

Figure 5-7 and Figure 5-10, respectively, at higher process scale. The granules size 

distribution and shape (as seen with lactose and MCC) shows to alien well with findings at 

higher scale as well as the shape during low shear stress. This is further indication of the 

importance in the liquid binder ability to spread at low shear stress. Increasing the shear 

stress, showed different findings in that at higher process scale as the granules size 

distribution and granules shape showed to be similar regardless of the binder delivery. 

This is related to higher densification of material within the kneading element zone and 

% of HPMC Conveying elements only Conveying and kneading elements 

Set 1 

 

(a) 

 

(c) 

Set 3 

 

(b) 

 

(d) 

Figure 7-14 Effect of binder delivery on the channel fill as stress varied. 
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hence minimal impact on granules beyond the zone (i.e. in the consecutive conveying 

elements) at low process scale. 

 

Conveying elements only Conveying and Kneading elements 

 

(a) 

 

(b) 

Screw speed 10 rpm, powder feed rate 100 kg/h, L/S ratio 0.4, 25 °C 

Figure 7-15 Effect of binder delivery on the granules size distribution: (a) low stress and (b) high stress. 
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Figure 7-16 Effect of binder delivery on granules’ shape as the stress varied. 
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7.5 Conclusion 

The measurement of surface velocity using the PIV technique gave valuable insight to the 

understanding the mechanism of the twin screw granulation. It showed the difference in 

surface velocity between the two screws as the liquid binder viscosity varied, particularly 

during low shear stress. The surface velocity of granules in the screw which conveys the 

material into the intermeshing area (i.e. TA) showed to be the lowest. This was associated 

with the obstruction to granule flow which cause further energy dissipation as the 

granules experience more collision. The obstruction showed to be triggered by the 

entrapment of big granules (in the high liquid binder viscosity) due to localization or the 

increase of fill level.  

 

At higher shear stress, the overall surface velocity of granules on either screw showed to 

decrease (regardless liquid binder viscosity). This was related to the deceleration and 

liquid availability on the surface. The deceleration of the granules was caused by the 

material build up prior to the kneading elements zone. The liquid availability on the 

surface of granule was caused by the consolidation of granules. Furthermore, the surface 

velocity of granules in TA and TB showed little difference. This was related to the narrower 

size distribution of granules, which minimised the entrapment for granules within the 

intermeshing area. 
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Chapter 8 Conclusions 

The influence of liquid binder viscosity (and binder delivery), on desired and undesired 

granulation, showed to depend largely on the shear stress being applied on the material 

during granulation. The property of the powder also showed to influence both desired and 

undesired granulation. Increasing the liquid binder viscosity (or delivering more HPMC in 

wet form during binder delivery) limited the ability of the liquid to spread. The process 

therefore, showed to depend largely on the stress applied on the material.  

 

Increasing the viscosity of the liquid binder for low stresses (i.e. conveying elements only) 

on the desired granulation was similar for all powders. While for undesired granulation 

this was not the case as the property of the powder showed to influence the results. For 

desired granulation, the granules size distribution tends to widen in its range, while 

producing more elongated granules with increasing the liquid viscosity. The primary 

particles on the granule’s surface remained unaffected while loosely bonded creating 

considerable voids within its internal structure. For undesired granulation, the adhering of 

powder caking onto the surface of the barrel was a function of liquid binder viscosity, 

regardless of the powder property. The caked powder started to adhere to the surface of 

the barrel from the side and advancing into the centre whilst using low liquid binder 

viscosity. This was the opposite behavior as the liquid binder viscosity increase, regardless 

of the powder. However, the mass of powder caking showed to be significantly affected 

by the powder properties. Lactose showed the highest tendency to cake on surface of the 

barrel in comparison to MCC and formulation. Furthermore, increasing the liquid binder 

viscosity showed to decrease the mass of powder caking for lactose and MCC, while initial 

decrease and a significant increase of mass of caked powder when using the formulation. 

The particles on the surface of the ribbons of powder caking showed, to generally remain 

unaffected for lactose however, were plastically deformed for MCC.  

 

The effect of increasing the viscosity of liquid binder while applying high stresses (i.e. 

conveying and kneading elements) on the desired and undesired granulation was 
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dependent on the powder property. For desired granulation, lactose showed a shift 

toward larger granules (≥3000 µm), while the MCC and formulation showed a reduction in 

big granules as the liquid binder viscosity was increased. The increase in shear stress also 

resulted in granules with rougher surface (in particular for the high liquid viscosity) 

regardless of the powder used. The particles on the surface of the granules showed to give 

a more compacted topography and less voids within the internal structure, regardless of 

liquid binder viscosity or material used. These changes were influenced by the increase in 

the shear stress.  

 

For the undesired granulation, the powder caking showed a similar behavior, i.e. initiating 

from the sides of the barrel regardless of the liquid binder viscosity and the powder 

property. The mass of the powder caking was dependent on the powder property as well 

as the liquid binder viscosity. Increasing the liquid binder viscosity resulted in a reduction 

in mass of the powder caking for lactose and inconsistent trend (i.e. initial decrease 

followed by significant increase) for MCC while showing no trend for the formulation. The 

surface topography showed to be more compacted, while less air voids within the internal 

structure of the ribbon of powder caking. Furthermore, the powder caking phenomena 

showed possibility of deteriorating the drug product uniformity, as the content could 

change due to different tendency of the component within the blend to adhere to the 

surface of the equipment. Although, the barrel was changed, the main driving force for 

the powder caking phenomena was the process and formulation parameters.  

 

Optical measurements of monitoring the powder flow using Particle Image Velocimetry 

(PIV) gave a valuable insight into the understanding of the mechanism of the twin screw 

granulation. During low shear stress, the momentum of granules showed to increase as 

the powder conveyed from the driving screw (i.e. conveying material into the 

intermeshing area) into the receding screw (conveying the material away from the 

intermeshing). This increase was caused by the reduction in flow obstruction as the 

granules moved away from the intermeshing area. The flow obstruction within the 
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intermeshing was caused by either increasing of liquid binder viscosity (i.e. giving a rise to 

entrapment of granules as they grew in size) or the increase in fill level (i.e. swelling of 

MCC powder).  

 

At higher shear stress, the overall surface velocity of granules on either screw showed to 

decrease (regardless liquid binder viscosity). This was related to the deceleration and 

liquid availability on the surface. The deceleration of the granules was caused by the 

material build up prior to the kneading elements zone. The liquid availability on the 

surface of granule was caused be the consolidation of granules where the energy 

dissipation is expected to be higher. Furthermore, the surface velocity of granules in TA 

and TB showed little difference. This was related to the narrower size distribution of 

granules, which minimised the entrapment for granules within the intermeshing area. 



 

179 

 

 

Chapter 9 Future work  

Although, the twin screw granulator’s popularity is rapidly growing owing to the variety of 

parameters which can be altered to achieve the desired product properties, a complete 

understanding of the mechanisms taking place is still not fully comprehended. This 

research has contributed to the understanding the role of binder, while exploring 

undesired by-product; however, there is a need to build upon this knowledge. Such 

knowledge could be enhanced by exploring the following areas: 

 

9.1 Impact of change in screw configuration: 

The alteration of the screw configuration is expected to impart different stresses on the 

material. Such a change in a stress showed to significantly affect both the desired and 

undesired granulation. Therefore, there is yet a need to relate and understand the stress 

change on the twin screw granulation mechanisms. The screw configuration can be 

designed by the use of various elements, such as conveying element, kneading elements 

(which can be staggered at different angles), screw mixing element and tooth-mixing 

elements. This leads to a numerous possible ways of configuring the screws to give 

different designs. However, the variation of screw configuration was kept to two elements 

(i.e. conveying and 4 kneading elements staggered at 60°). Despite, the minimal change in 

screw configuration, this research has showed the influence it has on the material flow 

and hence the desired and undesired granulation. 

9.2 Binder Activation 

During this study, it was observed that using low liquid binder viscosity (i.e. distilled water) 

gave a narrower size distribution such as in Set 1 during the binder delivery investigation 

(where the HPMC binder was delivered in the solid form). This was due to the ability of 

the liquid spread over shorter period of time. However, the strength of the granules will 

depend on the strength of the bridges created between them, where distilled water would 

naturally form weak granules in comparison to those which use HPMC to gel the particles 
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together. Delivering the HPMC in the liquid form would ensure uniform distribution of the 

HPMC binder. However, delivering the HPMC in the solid form would require an adequate 

amount of water to activate the binder. Therefore, it would add more value to understand 

the extent of HPMC which gets activated upon coming into contact with liquid within the 

barrel and how far along the barrel would this be achieved. This can be quantified by 

coloring HPMC particles with a dye where the concentration of the dye can be measured 

using UV spectrometer. Then granules which are produced can be collected from different 

regions of the barrel and analysed.   

9.3 Powder caking/stickiness:  

This research focused on the undesired granulation as well as the desired granulation. It 

was noticed that different powder showed different tendency to adhere to the equipment 

surface. This could lead to serious problems as it could result in content non-uniformity 

within the drug product (e.g. Tablets). However, the significance of the effect on the drug 

product integrity caused by such phenomena is yet to be fully explored as this research set 

the platform for further investigation. Future work could focus in relating the properties of 

powder and its interaction with liquid binder. This could focus on determining the 

difference between the work of adhesion and cohesion as the property of the material 

and liquid binder varied.  

 

Such information could be used to determining the optimal conditions in which the 

powder caking during twin screw granulation can be mitigated. Also, consider using 

pharmaceutical excipients which can act as anti-caking agent, such as Colloidal silicon 

Dioxide [133] (either as part of the formulation or coating). The internal surface of the 

barrel could also be coated with anti-caking agent which are in compliance with FDA 

regulation such as Teflon [134]. 
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9.4 Surface velocity/material flow: 

During this research, the surface velocity of granules was measured for different 

granulation conditions. However, due to the material stickiness on the internal surface 

and the optical limitation, the conditions were lowered and the velocities in the 

intermeshing could not be measured. Furthermore, the surface velocity was only 

considered near the exit, where the granules are assumed to be fully formed. Therefore, 

there is a need to consider monitoring earlier stages of the barrel. Such information could 

be very essential to the understanding of twin screw granulation mechanisms. There is a 

need to account of the change in agglomerate bulk density due to the kneading, which 

could be incorporated during the scaling down of the process scale. 
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Appendix A 

A.1 Size distribution of primary particles 

All powders were supplied by GSK, where some details of their size is shown in the table 

below. The size distribution of the powder components was measured using Malvern 

Mastersizer S (Malvern Instruments Ltd., UK). 

Data on the components of the powder mixture used in this study. 

Size/Component name D10 (µm) D50 (µm) D90 (µm) 

α-Lactose monohydrate (Pharmatose 200M) 6 41 110 

microcrystalline cellulose (Avicel PH 101) 29 78 322 

crosscarmellose sodium (Ac-di-Sol) 19 59 308 

Hypromellose 2910 (Pharmacoat 603) 37 83 322 

 

A.2 Droplet analysis  

A.2.1 Lactose 

HPMC%/magnification  0% 15% 

X30 

  

X100 

  
 

Figure A-1: More images under the SEM showing the wet and dry section of the tablet after the droplet 
penetrated through the compact of Lactose material, at different magnification.  
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A.2.2 MCC 

HPMC%/magnification  0% 15% 

X30 

  

X100 

  

Figure A-2: More images under the SEM showing the wet and dry section of the tablet after the droplet 
penetrated through the compact of MCC material, at different magnification 

 

A.3 Compressibility Index 

To further our understanding of the two powders their compressibility index and was 

investigated, where it was found that the compression Index of both materials (lactose 

and MCC) gradually increases as the compression force applied goes up as it is indicated 

by Figure  shown below. This was as result of the further compression of the primary 

particles as the compression force was increased. However, MCC showed a lower 

compressibility index at all the compression forces (300-500N) in comparison with the 

Lactose. This is an indication of the better follow-ability of the powder. 
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Figure A-3: The Compressibility Index and Porosity of compressed beds Of Lactose and MCC change as the 

compression force varies. 

The increase of the compression force also caused a decrease in porosity (ε) as particles 

compacted together more firmly, which resulted in less voidage within the compressed 

bed. This is more apparent when considering the lowest compression force (300N) and 

the highest (500N), for both materials. 

 

Due to the smaller size of primary particles of the Lactose powder, the small particles have 

a lot of air surrounding them and this allows the powder bed to compress further (also the 

shape of particle affect the compressibility too). Therefore the lactose is expected to have 

a lower void (porosity) as well as poor flowing properties. Furthermore, the production of 

tablets from lactose alone showed to give a very dense and solid tablet [83] 
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A.4 Independent process and formulation parameters: 

During this section the effect of L/S ratio, Powder Feed rate (PF) and Screw Speed (ss) on 

the size distribution and granular’s shape as the starting material was varied between 

lactose and MCC. Each condition was performed on two screw configuration (conveying 

elements only and conveying and kneading elements together). 

A.4.1 The effect of changing the L/S ratio 

Lactose  

 

 

(a) 

 

(b) 

Screw speed 100 rpm, Feed rate 1kg/h, 25 °C  
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L/S ratio  Conveying elements only Conveying and kneading elements 

0.1 

 

(a) 

 

(d) 

0.12 

 

(b) 

 

(e) 

0.14 

 

(c) 

 

(f) 
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MCC 

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Screw speed 100 rpm, Feed rate 1kg/h, 25 °C  
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L/S ratio  Conveying elements only Conveying and kneading elements 

1 

 

(a) 

 

(d) 

1.2 

 

(b) 

 

(e) 

1.4 

 

(c) 

 

(f) 
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A.4.2 Powder Feed rate 

Lactose 

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Screw speed 100 rpm, L/S 0.14, 25 °C  
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Powder feedrate  Conveying elements only Conveying and kneading elements 

1 

 

(a) 

 

(d) 

1.5 

 

(b) 

 

(e) 

2 

 

(c) 

 

(f) 
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MCC 

 

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Screw speed 100 rpm, L/S 1, 25 °C  



 

202 

 

Powder feedrate  Conveying elements only Conveying and kneading elements 

1 

 

 (a) 

 

 

(d) 

1.5 

 

(b) 

 

(e) 

2 

 

(c) 

 

(f) 
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A.4.3 Effect of Screw Speed 

Lactose  

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Feed rate 1kg/h, L/S 014, 25 °C  
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Screw Speed  Conveying elements only Conveying and kneading elements 

100 

 

 (a) 

 

(d) 

300 

 

(b) 

 

(e) 

500 

 (c) 
 

(f) 
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MCC 

 

 

 

 

 

(a) 

 

(b) 

Feed rate 1kg/h, L/S 1, 25 °C 
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Screw Speed  Conveying elements only Conveying and kneading elements 

100 

 

 (a) 

 

(d) 

300 

 (b) 
 

(e) 

500 

 (c) 
 

(f) 
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Appendix B 

B.1 Experimental set-up and process parameters 

B.1.1 Experimental set-up 

 

Three different experiments namely; Experiment 1, Experiment 2 and Experiment 3 were 

chosen to investigate the binder delivery effect on granule properties. In each experiment, 

the binder will be delivered in there different ways: 

 

 Set 1 – All solid binder is mixed with the powder mixture 

Set 2 – 50% of the solid binder in powder mixture and 50% in the granulation liquid media 

(Water) 

Set 3 - All solid binder in granulation liquid (water) 

 

In Experiment 1, the L/S ratio changed accordingly to ensure the same water content is 

used in the granulation liquid throughout the three sets. In Experiment 2, all the variables 

were considered, e.g. the the individual material within the composition, and water 

content. In Experiment 3, the minimal difference in the formulation composition and L/S 

ratio is neglected to give the same L/S ratio. The conditions of each experiment are shown 

as follows: 

 

1. Experiment 1 

In this experiment, the mass flow rate of powder mixture was set to 1 kg/h in three sets. 

However, the granulation liquid was varied to ensure the same amount of water was used 

in each set. Therefore, the mass flow rate of the water and binder was the same 

throughout the three sets, giving the compositions shown below: 
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The formulation variables, used in each set, during experiment 1.  
Component Lactose in 

powder 
mixture 
(w/w%) 

MCC in 
powder 
mixture 
(w/w%) 

crosscarmellose 
sodium in 
powder 
mixture 
(w/w%) 

Solid 
Binder in 
powder 
mixture 
(w/w%) 

Granulation 
liquid 
(kg/h) 

Water in 
granulation 
liquid 
(w/w%) 

Solid 
Binder in 
granulation 
liquid 
(w/w%) 

L/S 
ratio 

Set 1 73.5 20 1.5 5 0.35 100 0 0.35 
Set 2 75.43 20.53 1.54 2.5 0.375 93.33 6.67 0.375 
Set 3 77.37 21.05 1.58 0 0.4 87.2 12.5 0.4 

 
2. Experiment 2 

Experiment 2 was designed to consider the binder delivery while ensuring all the 

components flowing into the granulator are of the same mass flow rate. To achieve this, 

the mass flow rate of the powder mixture and granulation liquid was changed accordingly 

in each set, giving a different L/S ratio. The mass flow rate in each set is presented below. 

 
The formulation variables, used in each set, during experiment 2. 

Component Powder 
Mixture 
(kg/h) 

Lactose 
in 
powder 
mixture 
(w/w%) 

MCC in 
powder 
mixture 
(w/w%) 

crosscarmellose 
sodium in 
powder 
mixture 
(w/w%) 

Solid 
Binder 
in 
powder 
mixture 
(w/w%) 

Granulation 
liquid 
(kg/h) 

Water in 
granulation 
liquid 
(w/w%) 

Solid 
Binder in 
granulation 
liquid 
(w/w%) 

L/S 
ratio  

Set 1 1 73.5 20 1.5 5 0.35 100 0 0.35 

Set 2 0.975 75.39 20.51 1.54 2.56 0.38 93.33 6.67 0.38 

Set 3 0.95 77.4 21.1 1.5 0 0.4 87.5 12.5 0.42 

 
3. Experiment 3 

In this experiment, the mass flow rate of powder mixture and granulation liquid was kept 

consistent at 1 kg/h and 0.4 kg/h respectively for the three sets (giving L/S ratio of 0.4). 

This neglected the variation of the water component to minimize the variables used. 

Therefore, the only component varied is the form of the binder. This is shown below: 

 

The formulation variables, used in each set, during experiment 3. 
Component Lactose in 

powder 
mixture 
(w/w%) 

MCC in 
powder 
mixture 
(w/w%) 

crosscarmellose 
sodium in powder 
mixture (w/w%) 

Solid Binder 
in powder 
mixture 
(w/w%) 

Water in 
granulation 
liquid (w/w%) 

Solid 
Binder in 
granulation 
liquid 
(w/w%) 

Set 1 73.5 20 1.5 5 100 0 
Set 2 75.43 20.53 1.54 2.5 93.75 6.25 
Set 3 77.37 21.05 1.58 0 87.5 12.5 
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B.1.2 Size distribution: 

 

  

Experiment 1 Experiment 2 

 
Experiment 3 

Figure B-1: The size distribution from each experiment may differ but the overall trends remain similar.  

 

B.1.3 Further analysis for Experiment 3: 

B.1.3.1 Conveying elements only. 

Size distribution 
The study of how the binder delivery will affect the dependent variables (Residence time, 

Torque and Barrel fill level) was not shown in literature using the twin screw granulator, as 

El Hagrasy, Hennenkamp [78] only discussed the binder delivery effect on size distribution. 

In section, an attempt was carried out to explore this effect. It was observed that changing 

the binder delivery brought about a huge change in the dependent variables, as shown in 

Figure below. 
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(A) 

 
(B) 

 
(C) 

Figure B-2: The effect of binder delivery in Set 1, 2 & 3 on Residence time (A), Torque (B) and Barrel Fill 
Level, while applying the condition in for experiment 2. 
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Granular shape 

 
Figure B-3: shows the change in granular’s shape as more HPMC delivered in the liquid phase. 

 

Granular’s strength: 
 

 
Figure B-4: the strength of granules in the big and small classes produced at different binder delivery. 
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It can be seen that regardless of the binder method chosen, the bigger granules will 

possess more strength than the small granules. This is owing to the amount of binder 

attained by the big granules compared to the small ones. Therefore, the amount of binder 

determines the strength of the granules, since it is responsible for the strong liquid 

bridges created between primary particles. 

 

Granules flowability:  
 

Set 1 had an angle of repose of approximately 34°, which is gives a ‘good’ flow according 

to the results in literature. The angle of repose for Set 3 was approximately 36°, which 

gave a ‘fair’ flowing characteristics, as shown in the figure (A) below.  

 

Figure B-5: The effect of binder delivery on the Angle of repose (A), and Compressibility Index (B.). 

 

The compressibility index values in the above figure (B), are used as an indirect indication 

of the flowability of the granules; the higher the compressibility index, the lower the 

flowing ability. This indicates a reduction of volume under tapping was significant, as a 

result of higher amount of fines present within the sample. Comparing those result against 

the results given in the literature, which characterises the granules in Set 1 as ‘excellent’ 

flowing character, and Set 3 as only ‘good’ flowing character. This is due to wide size 

distribution in Set 3.  
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B.1.3.2 Kneading elements: 

 

 
Figure B-6:The effect of binder delivery in Set 1 & 3 on the Residence time (A) & Torque (B), while applying 
the condition in for experiment 2, with kneading element 
 

It can be seen that the residence time has increased for both sets (Set 1 & 3) with 

kneading elements than when using only conveying elements. This is because the 

conveying ability of the kneading element is lower than the conveying elements. This 

caused the materials to accumulate and, therefore, a delay in material being moved 

forward [17], which enhanced the mixing between powder mixture and granulation liquid 

granules flowability: 

 

Figure B-7: The effect of binder delivery on the angle of repose, while using kneading element. 

 

The granules in Set 1 and Set 3 possess the same flowing characteristic, when comparing 

these results with those given in literature. 
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B.2 Liquid binder spreading:  

B.2.1 Methodology  

To be able to monitor the distribution of binder the solid binder was dissolved in distilled 

water and then mixed with red dye (erythrosine B, acid red 51, Sigma–Aldrich) which was 

used as a tracer (Osborne, et al., 2011). The assumption made that dyed solid binder can 

be traced using the UV-spectrometer. The UV-spectrometer used, is Thermo Genesys 6 

UV-Vis spectrophotometer. The wave-length of the beam was chosen by scanning a light 

of 400-600 nm at an increment of 2 through the solution of red dye and the wave-length, 

at which the light was absorbed the most, was taken.  This wave-length was found to 

equal to 525nm. The scan was repeated five times. 

 

Because the instrument only gave the amount of light was absorbed by solution, a 

calibration of the absorption of light to the amount of the concentration of dye was 

essential. To do so, different amounts of a known concentration of dye were prepared by 

considering the number of moles of the dye (where the Mr= 881.82 g/mol) and volume of 

solution. These solutions (with different concentrations) were run through the UV-

spectrometer and the amount of absorbed light was obtained. This method has generated 

the calibration curve shown in below. 

 

 

Figure B-8: calibration of light absorption to the concentration of red dye in the solution.  

 

The Y-axis in Figure above represents the amount of light absorbance at a given 

concentrations (X-axis). The absorption of light is directly proportional to the 
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concentration of the dye and the thickness of the dye in the light path according to  eer’s 

 aw. The combination of  eer’s law and  ambert’s law ( eer- ambert’s law) enabled to 

define the amount of light absorbed in relation to the light transmitted as shown in 

Equation 0-1 [135]. 

 

        
 

  
  

Equation 0-1 

 

Where A is the absorption (no unit),   is the intensity of transmitted light,    is the 

intensity of incident light from the source.  

 

The solution (dissolved solid binder and red dye in distilled water) was left in an oven at 

120°C to evaporate all the water content for a day. The coloured dried binder was milled 

using a Ball mill to produce fine particles (˂250µm). The reduction of size was necessary to 

reduce the disparity of raw materials when mixed with the powder mixture). After the 

granules production, 1 g of granules from each class (big, medium and small) was 

dissolved in 50 mL deionised distilled water (time was given until all the die is released and 

the MCC sediment at the bottom). Then scanning at wavelength of 525 using the thermo 

Genesys 6 UV-Vis spectrophotometer, the dye concentration was determined. The 

selected wavelength was chosen so that the materials do not interfere with the 

absorbance of the dye. The dye concentration was considered as an indication of the 

binder quantity present within the sample. Each measurement was conducted a minimum 

of three times. 

 

B.2.2 Results and discussion  

The Figure below shows the binder distribution through different class (as described 

in5.2.3), namely; small, medium and big, as the binder delivery changed (Set 1-3), while 

using conveying elements only as screw configuration, as shown in Figure 3-4. It can be 

seen that granules in the big class (>2000 µm) produced during Set 1, had the least 

amount of binder in them compared to those produced using Set 2 and Set 3, while the 

small class (<500 µm) showed that the granules of Set 1 have retained more binder than 
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the other sets .  This suggests that the binder spread was more even in Set 1, which agrees 

well with images presented in Figure 5-5, where Set 3 showed to have regions on 

concentrated red, hence the localization of the liquid. 

 

 

Figure B-9 Concentration of the dye in the three different classes of each set. 
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Appendix C 

C.1 Size distribution 

C.1.1 Lactose  

 

 
Figure C-1Effect of variation of HPMC (% w/w) in the granulation liquid on size distribution of granules using 
lactose powder. (a) Using conveying elements only and (b) using conveying and kneading element as screw 

configuration. 
.  
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C.1.2 MCC 

 

 

Figure C-2 Effect of variation of HPMC (% w/w) in the granulation liquid on size distribution of granules using 
MCC powder. (a) Using conveying elements only and (b) using conveying and kneading element as screw 

configuration. 
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C.1.3 Formulation 

 

(a) 

 

 (b) 

Figure C-3 Effect of variation of HPMC (% w/w) in the granulation liquid on size distribution of granules using 
lactose powder. (a) Using conveying elements only and (b) using conveying and kneading element as screw 

configuration. 
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C.1.4 Binder delivery 

 

(a) 

 

 (b)  
Figure C-4 Effect of variation of binder delivery on size distribution of granules. (a) Using conveying elements 

only and (b) using conveying and kneading element as screw configuration. 
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C.2 Crushing force 

C.2.1 Experimental method 

Brinell ball indenter with diameter of 1.6 mm fitted to a material testing machine (BDO-

FB, 0.5 TS, Zwick / Roell, Germany) is used to measure the force needed to break the 

ribbon. The Figure below shows the indenter used in the measurement. The preload of 

0.01 N was applied before starting the test then the indenter moved down with speed of 

0.1 mm/min. the maximum force was recorded for each test run and referred to as the 

crushing force. Although, the thickness of ribbon will influence its resistance to breakage, 

the results showed that MCC was stronger despite having a thinner ribbon, as shown in 

Appendix C.  

 
Figure C-5 images of the indenter used to break the ribbon of cakes. 
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C.2.2 Experimental method 

Lactose 

 

Figure C-6 Crushing forces required to break the ribbon of lactose cakes as the viscosity of the granulation 
liquid and screw configuration changes.  

 

MCC 

 

Figure C-7 Crushing forces required to break the ribbon of MCC cakes as the viscosity of the granulation 
liquid and screw configuration changes.  
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Formulation 

 

Figure C-8 Crushing forces required to break the ribbon of formulation placebo cakes as the viscosity of the 
granulation liquid and screw configuration changes. 

 

Binder delivery  

 

Figure C-9 Crushing forces required to break the ribbon of formulation placebo cakes as binder delivery and 
screw configuration changes. 
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C.3 Powder caking/stickiness on the bottom barrel 

Within this sections result (images and mass (g)) shows powder caking/stickiness at the 

bottom of the barrel after 6 minutes while varying the screw configuration. This is done 

for lactose and MCC.  

C.3.1 Lactose  
Liquid Six minutes 

Location Start End 

Water 

  

3.75% 

  
7.5% 

  

11.25% 

  
15% 

  
Figure C-10 Effect of granulation liquid viscosity on Lactose powder caking/stickiness on the bottom of the 

barrel after 6 minutes, using conveying elements only. 
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Liquid Six minutes 

Location Start End 

Water 

  

3.75% 

  

7.5% 

  

11.25% 

  

15% 

  
Figure C-11Effect of granulation liquid viscosity on Lactose powder caking/stickiness on the bottom of the 

barrel after 6 minutes, using conveying elements and kneading elements. 
 

 
Figure C 12 Effect of granulation liquid viscosity on the mass of caking on the bottom of the barrel using: 

conveying elements only ( ) and conveying with kneading elements ( ). 
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C.3.2 MCC 
Liquid Six minutes 

Location Start End 

Water 

  

3.75% 

  
7.5% 

  

11.25% 

  
15% 

  
Figure C-13 Effect of granulation liquid viscosity on MCC powder caking/stickiness on the bottom of the 

barrel after 6 minutes, using conveying elements only. 
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Liquid Six minutes 

Location Start End 

Water 

  

3.75% 

  

7.5% 

  

11.25% 

  

15% 

  
Figure C-14 Effect of granulation liquid viscosity on MCC powder caking/stickiness on the bottom of the 

barrel after 6 minutes, using conveying elements and kneading elements.  

 

 
Figure C-15 Effect of granulation liquid viscosity on the mass of caking on the bottom of the barrel using: 

conveying elements only ( ) and conveying with kneading elements ( ). 
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C.4 SEM 

The resulted blow showed the SEM images of the ribbon of cakes for lactose and MCC 

produced using conveying elements only while using granulation liquid of water. This is to 

show the difference in compaction and deformation of the both side of the ribbon. Front 

side is the side facing the granulator and continuously under shear forces as the material 

is conveyed forward. Back side is the side attached to the steel barrel. 

 

% of HPMC Front Back 

Lactose   

  

MCC 
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C.5 Thickness of caked ribbons 

 

% of HPMC 0% 15% 

Lactose 

  

MCC 
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Appendix D 

D.1 Visual On-line Sizing (VOS) 

D.1.1 Method 

The aim is to try to construct a method of measuring the granule size on-line. There have 

been several attempts to produce images of granules in focus whilst being well dispersed 

in the air; some of them are described below. 

Visual Online Sizing system involves the use of a higher speed camera, granule dispenser 

and appropriate lighting. These were set-up at the end of the barrel, where granules are 

produced as show Figure D- 1: 

 
Figure D- 1 system set-up for VOS with overhead mixer. 

 

The overhead disperser is placed in front of the strobe light; the speed of overhead 

disperser was adjusted to allow granules to be well-dispersed in the air, while reducing 

the speed to mitigate any damage or deformation to the granules as result. The strobe 

light, at 60 hz, and the camera frame –rate, at 60fps, were synchronized. This was very 

important, as the strobe light was used to eliminate any blurriness of granules as a result 

of the motion. 

In another attempt to improve the sharpness of the image and narrow the path of the free 

falling granules, the overhead disperser was removed and replaced with a vibrator that 

had chute attached to it at the end. The camera settings were kept the same.    



 

231 

 

 
Figure D- 2 system set-up for VOS with vibrator 

 

Figure D- 2 shows the set-up how the granules, produced using a TSG, are being dispersed 

by using a vibrator. This helped to narrower the path of the free falling granules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

232 

 

D.1.2 Results 

Using the set-up shown in Figure D- 2 , with the overhead disperser was used to dispense 

the granules in the air. Granules were produced using a TSG, at 100rpm, 1kg/h and 25◦C, 

where the configuration of the screw consisted of only conveying elements. The aim was 

to produce granules with broader size range and see if the camera can detect them all 

both small and big granules. This produced the image shown in Figure D- 3. 

 

   

   

   
Figure D- 3 image taken using overhead mixer. 

From Figure D- 3, it shows that the granules were dispersed well in the air. This is very 

important as otherwise a misleading results can be drawn, where two small attaching 

granules can be seen as one big granule. However, some of the granules are out of focus, 
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and the small granules seen in the images are not clear whether they are far or small in 

size. This is due to the fact that the overhead disperser spread the granules in the air in all 

directions, and hence making it difficult for the camera to focus on all the dispersed 

granules.  

Therefore to narrow the flowing channel available for the produced granules, the 

overhead disperser was replace with a vibrator. The vibrator had a narrow chute, which 

gave an image shown in Figure D- 4. 

   

   

   
Figure D- 4 image of granules as the fall off the vibrator. 
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From Figure D- 4., it can be seen that the dispersing of granules in the air is also achievable 

by using a vibration system with a chute. In addition to the dispersing, the vibrating 

system was also able to narrow the path of granules. This helped to bring more granules 

into focus, where the edges of the granules are more defined. However, there is a need 

for alteration to avoid the accumulation of granules on the chute of vibrator. This is 

because the granules produced were still wet and therefore adhered to the chute of the 

vibrator, where they formed a pile of granules. The speed of the vibrator was regulated to 

ensure a continuous flow of the granules, however, increasing the vibration speed to 

prevent the accumulation resulted in an overlap of the free falling granules. Therefore, the 

aim is to design a chute that will allow the angle and height to be adjusted easily, while 

attaching a vibration source to it.  
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Appendix E 

E.1 Effect of L/S on granule size 

 

 

 

(Kai T. Lee) 

 

(Dhenge) 

 

(Dhenge)     

 

(Hagrasy) 

 

(E.I Keleb) 

 

(Chitu) 

 

   (Dana Barrasso) 

http://www.sciencedirect.com/science/article/pii/S0032591012004068
http://www.sciencedirect.com/science/article/pii/S1385894710004626
http://www.sciencedirect.com/science/article/pii/S0378517304000122
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E.2 Effect of Viscosity on granule size 

   

                 (Dhenge) (Dhenge)(Dhenge) 

 

(Hagrasy) 

   

             (Mu and Thompson)                              (E.I Keleb) (Chitu) 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0032591012004068
http://www.sciencedirect.com/science/article/pii/S0378517312008575
http://www.sciencedirect.com/science/article/pii/S0032591012004068
http://www.sciencedirect.com/science/article/pii/S0009250912004228
http://www.sciencedirect.com/science/article/pii/S0378517302000522
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E.3 Effect of Feed-rate on granule size 

   

 (Dhenge)                                    (Dhenge) (Dhenge) 

  

       (Dhenge)  (D. Djuric) (Dhenge) 

 

 

 

 

 

 

 

 

 

 

 

  

http://www.sciencedirect.com/science/article/pii/S0921883110001676
http://www.sciencedirect.com/science/article/pii/S0032591012003725
http://www.sciencedirect.com/science/article/pii/S0378517312008575
http://www.sciencedirect.com/science/article/pii/S1385894710004626
http://www.sciencedirect.com/science/article/pii/S0939641108002476
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E.4 Effect of screw-speed on granule size 

 

 (Dhenge) (Kai. Lee)  (Kai. Lee) 

         

 (D. Djuric) (Reitz)                                            (D, Djuric) 

  

                        (Dhenge)                                          (Dhenge)                                         (Kai. Lee) 

 

 

Effect of screw-configuration on granule size 

 

(Kai. Lee) 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0939641108002476
http://www.sciencedirect.com/science/article/pii/S0939641112003104
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Ref Arthur Material Variable TSG set-up Measurements Comment 

[75] E.I. Keleb -Lactose 

monohydrate 

PVP 

Hydrochlorothiazide 

Screw 

speed 

Input-rate 

Screw set-

up 

 

L : D ratio of 25:1 

Varying 

configuration 

Influence of extruder 

setup 

Influence of 

formulation 

Influence of 

processing 

parameters 

 

Removal of die increases the yield 

Water is required in a certain range to make a feasible granulation 

Decreasing water concentration increased the fraction of large particles (F<250 μm) 

Adding PVP decreases water concentration requirement 

Increasing the speed did not have a significant effect 

Increasing input-rate increased the granulation yield 

[2] R.M Dhenge -Lactose 

monohydrate 

Crosscarmellose 

Sodium 

Microcrystalline 

cellulose 

HPC 

Water was used as 

granulation liquid 

Screw 

speed 

Powder 

feed-rate 

L/S ration 

L :  D ratio of 25:1 

Screw consisted of 

kneading and 

conveying element  

Influence on 

residence time and 

torque 

Influence on size 

distribution  

Influence on granule 

properties.  

Increasing feed-rate, decreases residence time and increases the torque. Where the size 

distribution shifts from bi-modal to mono-modal, as well as increasing the granule’s strength 

Increasing L/S ratio, increases residence time and torque. While decreasing the granule size as 

well as increase the granule strength. 

Increasing the screw speed, decreased the residence time and torque.  

Screw speed did not affect the size distribution, flowability and the strength of granule. 

[7] E.I. Keleb -Lactose 

monohydrate 

PVP 

Liquid 

viscosity 

 

L : D ratioe of 25:1 

Conveying materials 

with two mixing 

Influence of viscosity 

of liquid granulation 

Addition of PVP improved tablet properties.  

Addition of PVP reduced the requirement of water concentration for wet granulation. 
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sections 

Die block is fixed to 

the extruder barrel 

[17] Kai T.Lee -Lactose 

monohydrate. 

HPC 

Crosscarmelluose 

Water as granulation 

liquid 

Feed-rate 

Screw 

speed 

 

 

L : D ratio of 10:1 

Modified barrel 

used 

Conveying zones 

Mixing zones (discs 

arranged at an 

angle of 30°, 60° or 

90°) 

Positron emission 

particle tracking 

(PEPT) 

Residence time 

distribution 

Overall fill fraction of 

TSE granulator 

 

Flowing velocity of materials in mixing zones is lower than in conveying zones. 

Increase in screw speed moves RTD slightly to the left and become narrower at high L/S ratio. 

Increasing feeder-rate decreases the mean residence time 

Increasing the kneading element angle increase the level fill. 

The level fill is proportional to powder feed-rate and inversely proportional to screw speed.  

Materials are conveyed by dispersion mechanism through the 90° mixing zone 

[52] J. 

Vercruyssea 

-Lactose 

monohydrate. 

PVP 

Theophylline 

anhydrate 

Magnesium stearate 

Water (as granulation 

liquid) 

Feed-rate 

Screw 

speed 

 

L : D ratio of 25:1 

1
st

 segment consist 

of only conveying 

elements 

2
nd

 consists of the 

kneading elements. 

Influence of process 

variables on granule 

quality 

Influence of process 

variable on tablet 

quality 

Evaluation of 

granulation process 

 

 

 

Conveying element are used with minimal mechanical energy imparted. 

Kneading elements intensively mix the solid and liquid components. 

No significant relationships for angle of kneading and screw speed were found. 

Increase in feed-rate and kneading elements gave a rise in temperature of the barrel and less 

fines. 

The binder is more effective when it is already dissolved in the material.  

The number of kneading elements affected the tensile strength, disintegration time and 

dissolution profile of the tablet. 

[36] R.M Dhenge -Lactose 

monohydrate 

HPC 

Feed-rate 

 

 

L : D ratio of 25:1 

Conveying elements 

used only 

Influence of viscosity 

of granulation liquid 

on penetration time. 

High viscosity granulation liquid has a longer penetration time.  

Decrease in viscosity and increase in feed-rate gave a rise in torque. 

Granules size increased as the both feed-rate and viscosity increased. 
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0.5 of blue dye as a 

colour 

Microcrystalline 

cellulose 

Crosscarmellose 

Sodium 

Influence of viscosity 

of granulation liquid 

and powder feed-rate 

on torque and SME 

Influence of 

granulation liquid and 

powder feed-rate on 

granule properties.  

 

Small granules were stronger at low viscosity. 

Large granules were stronger at high viscosity. 

Increase in viscosity, decreased the deformation value. 

 

[3] Kai T.Lee Microcrystalline 

Cellulose  

Distilled water used 

as granulation liquid. 

 

L/S ratio 

Screw 

speed 

 

L : D ratio of 25:1 

Conveying elements 

were used 

Two mixing zones 

(each of five 

kneading element 

oriented at 90°) 

Particle size 

distribution (PSD) 

Shape and 

morphology 

Estimated granule 

fracture strength 

TSE produce porous granules, with multi-modal size distribution.  

Consolidation stage in TSE is absent 

Using L/S ratio of 1 and varying screw speed gave bimodal distribution. 

Increase in L/S ratio shifted the PSD from bimodal to mono-modal  

Change in L/S ratio and screw speed had no effect on the porosity of particles. 

The strength of granule produced by TSE is 3-4 times stronger than the granules produced in 

HSM 

[88] R.M Dhenge -Lactose 

monohydrate 

HPC 

Crosscarmellose 

Sodium 

Microcrystalline 

cellulose 

Sodium Cholride 

Water was used as 

Feed-rate L : D ratio of 25:1 

Screw consisted of 

conveying and 

intermeshing 

elements.  

The mechanisms of 

granulation in each 

compartment (5Cs) 

Influence on 

residence time 

distribution and 

torque 

Influence on 

properties of 

The granules porosity changed along the length of the screw.  

The surface of the granules changed from rough to smooth.  
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granulation liquid granules.  

 

[33] R.M Dhenge -Lactose 

monohydrate 

Erythrosine was used 

as red die 

Crosscarmellose 

Sodium 

Microcrystalline 

cellulose 

Sodium Cholride 

Water was used as 

granulation liquid 

Feed-rate 

(2, 3.5, 5 

and 6.5 

Kg/h) 

L : D ratio of 25:1 

Screw consisted of 

conveying and 

intermeshing 

elements only 

Influence of the 

amount of HPC and 

SDS on viscosity and 

surface tension 

Influence of the 

amount of HPC and 

SDS on the residence 

time and torque 

Influence of the 

amount of HPC and 

SDS on granule 

properties. 

As HPC increased the viscosity of liquid increased. 

SDS changed the surface tension of the liquid. However, when the liquid was viscous (HPC of 

6%w/w), SDS didn’t affect the surface tension of the liquid. 

Increasing HPC increased residence time and torque, while SDS was ineffective. 

Increasing HPC shift the size distribution from bimodal to mono-modal, while SDS had no 

influence. 

Increasing HPC produced fewer elongated granules, less porosity, stronger granules as well as 

improving the flow-ability of granules. 
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