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Abstract  
Nana Kobina Gyan Sekyi 

Optimization of granule size and tablet properties in a twin screw granulator: the 

influence of process and formulation parameters 

Granule production and characterization via Design of Experiment approach 

Keywords: Granulation, Twin screw granulation, Twin screw hot melt granulation, High 

shear melt granulation, High shear granulator, Design of experiments, Granule size 

distribution, Differential scanning calorimetry, Tableting 

Omitting the drying step and other associated processing costs in wet granulation is a 

benefit of melt granulation. However, twin screw hot melt granulation is rarely applied 

in most industries. This work details the product characteristics and optimization from 

melt granulation of the model materials, calcium carbonate (Durcal 65) + polyethylene 

glycol (PE�*�����������������D�Q�G���W�K�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���I�R�U�P�X�O�D�W�L�R�Q�����.-D Lactose monohydrate + 

ibuprofen + PEG 4000 via a co-rotating granulator. 

Product characteristics (e.g., granule yield and strength, tablet crushing force, friability, 

and dissolution) are determined as being both formulation and process dependent. 

Screw speed, number and type of mixing elements, temperature, and binder content 

are investigated via Minitab software (v 20.4.0.0) for their impact on product attributes. 

Higher temperatures and binder content are identified as statistically significant in the 

formation of both 125 �± 1000 µm sized granules and seeded structures. Temperature 

determines binder viscosities and surface tensions which effectively impact granule 

and tablet qualities, with initial particle size also impacting tablet properties. Harder 

tablets of lengthy dissolution times and low drug release is observed for Pharma G 

and vice versa for Pharma B. A granulation mechanism is proposed with both 

immersion and distribution nucleation leading to formation of seeded structures though 

immersion type dominates. The three granulation rate processes occur only with the 

use of mixing elements, while conveying elements facilitate nucleation and growth in 

the presence of higher binder content and temperatures. 

Successfully manipulating particle size distribution, temperature and binder content 

are vital in achieving desired engineered products. 
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Chapter 1 Introduction  

Working with powders and in particular fine powders has been challenging in most 

sectors especially in the manufacturing and processing industries, which do not only 

depend on the choice of process conditions to yield desired end products but also, the 

characteristic properties (formulation) of the feed materials used. Effective handling of 

these fine powders, therefore, becomes key in processing into both secondary and 

final products. Regardless of the industry of application (e.g., food, pharmaceutical, 

agriculture, chemical, etc.), the inability to properly process or handle these fines is 

known to pose such disadvantages as caking which affects material flow and 

segregation. There is the risk of primary explosions and secondary explosions for 

which considerations need to be made in reducing fine particles. Hence, the size of 

particles is very important both in the feedstock as well as the final product in its 

processing to determine properties such as flowability, appearance, texture, porosity, 

packing density, release/dissolution rate, flowability, and stability within a suspension 

which are all influenced by particle size. 

There is therefore the need to effectively process particles containing fines and 

granulation offers a solution to the known challenges. Granulation is the process of 

size enlargement of fine particles into granular material popularly with the use of liquid 

binders (wet granulation) and has been considerably used in many industries such as 

the chemical and pharmaceutical sectors. With this technology, the difficulties posed 

by fines are considerably resolved and better properties of products are obtained. In 

granulation, the unique feature of individual particles being distinguishable though in 

combination with other particles to form larger ones is key and offers strong evidence 

of non-destructive processing. 

Granulation can be achieved using either batch or continuous processing regardless 

of the choice of granulator or equipment used. The process may also be achieved in 

the absence of a liquid medium in which case it is referred to as dry granulation which 

is less popular in terms of industrial applications. It, however, has unique advantages 

depending on the unique application needs, particularly in situations where liquid 

additions may introduce complexity. For batch processing, the two common and well-

established techniques are low shear (e.g., rotating drums) and high shear granulators 

respectively and the latter is comprehensively studied and accounted for in literature. 
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Similarly, twin screw extrusion (TSE) with the use of two intermeshing screws is the 

dominant of the known continuous techniques in recent years and is gaining 

momentum in its study and application for granulation across many industries. 

Though there is increasing interest in the use and study of this mechanism which was 

originally and solely used in the plastic/polymer industry, most of the work available in 

the literature focused on high shear granulators which are often batch operated and 

with limitations. Twin screw granulation (TSG) is currently receiving high attention from 

the pharmaceutical industry, especially due to its continuous processing of materials 

as a major advantage over batch processing which is time consuming, less productive 

and involves high labour costs as well as being economically less profitable. In 

response to the successful application of continuous processing by the chemical 

industry, the pharmaceutical industry is most recently, actively engaged in continuous 

manufacturing with the use of twin screws for granulation as it offers huge flexibility in 

production. This created one of the motivations for launching this study. 

The benefits of continuous manufacturing are enviable and include the following 

(Malhotra 2015a; Malhotra 2015b). 

�x Affordability of product drugs thus its availability to less privileged patients 

�x Increased profits 

�x Less to no waste as production is ramped up according to demand 

Though both types of granulations (wet and dry) are used across different industries, 

the most successful and widely studied is wet granulation which is more popularly 

applied. Granulation often commences with the introduction of the binder medium and 

its distribution within the powder. This leads to the formation of nuclei which also begin 

to bond and consolidate leading to granule growth through collisions and other 

interactions relating to associated energies and bonding forces. It is worth noting that 

for granulation to be successful, the interactions at the micro level are key involving 

both particle-particle as well as particle-binder physicochemical properties and 

characteristics. There is also the need for consideration of the volume of powder and 

that of the granulator as these interact and affect the formation of granules. 

Considering that granulation is a size enlargement process transforming fine powders 

into granules (larger forms) for better storage, handling, and further processing, it 
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could be said that the process helps minimize waste as fines which could be lost as 

dust are made into useful forms as granules. At high speeds within high shear 

granulators, better mixing is achieved by the roping action identified by (Litster et al. 

2002). This involves the movement of particles from the bottom of the powder bed, up 

within the granulator and back down such that upon binder addition, there is effective 

distribution hence, more coalescence and growth for granule formation. With this 

roping action favouring better material mixing, Rahmanian et al. (2011a) in the study 

of a high shear granulator proposed a phenomenon of a granule with a large particle 

nucleus surrounded by finer particles on its outside termed seeded granulation. This 

involved the use of calcium carbonate powder (feedstock) with sufficiently large-sized 

particles amidst fine particles in the presence of PEG 4000 under wet granulation. This 

phenomenon better improves the granule formation process as a large proportion of 

the fine powders are used in the formation of product granules thus being 

advantageous and potentially useful in industry to maximise product formation. 

Seeded granules are of better densification, having more material contained within 

each granule structure than the average granule and with this structure, it will be 

advantageous particularly in the pharmaceutical industry as most of the excipient and 

API can be contained in the granules hence, reducing the quantity of fine materials left 

unprocessed (granulated). With such an advantage coupled with the benefits of 

continuous manufacturing, the success of seeded granulation using TSG would be 

remarkable, especially with the formation of such consistent structures which are well 

controlled under known operating and formulation conditions. 

Knowledge gained from the works by Rahmanian et al. (2011a) and Kitching et al. 

(2020) on batch high shear and twin screw granulation, prompted the use of the 

following parameters, screw design (number of mixing elements), screw speed, 

operating temperature and binder percentage in this current work. These parameters 

were varied based on experimental data, as well as information from literature to 

determine the most influential factor(s) and/or factor interactions promoting the 

formation of granule sizes 125 �± 1000 µm, with improved crushing strengths, while 

investigating same for seeded granules under hot melt twin screw granulation. 
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1.1 Research Study Background 

The phenomenon of seeded granulation successfully originated from several works 

done as part of a research project by the Engineering and Physical Sciences Research 

Council (EPSRC) in partnership with four industries namely, Hosokawa Micron BV (in 

the Netherlands), Borax Europe, Procter and Gamble, Pfizer Global Research and 

Development. The project was led by the University of Leeds at the Institute of Particle 

Science and Engineering which had many researchers engaged in the project and 

under the leadership of Professor Mojtaba Ghadiri. 

The EPSRC research project focused on the scale-up of high shear granulators and 

in Rahmanian et al. (2008b), the authors suggested that the likely reason for ineffective 

scaling relationships with regards to product engineering could be attributed to the 

stresses and shear strains on particles as well as their unique particle-particle 

interactions which tend to differ depending on the scale of operation. These particle-

particle interactions, shear and stresses impart specific properties of shape, size, 

strength, density, porosity, structure, and other functionalities on the granulated 

product. 

The work concluded that for granulator scale-up, the constant tip speed rule was ideal 

out of the three rules employed with constant Froude (Fr) number and constant shear 

stress  being the other two rules tested as in Tardos et al. (2004). Constant tip speed 

operation is ideal, resulting in granules of comparable strength over the scales of 1 L, 

5 L, 50 L and 250 L as studied in the work. The work investigated the distribution of 

granule strength over the chosen scales under the three rules mentioned above and 

how consistent the results for granule strength were across the scales using quasi-

static side crushing testing. 

In Rahmanian et al. (2008a), further justification was given to the constant tip speed 

rule being consistent in terms of granule crushing strength across all four (4) granulator 

scales. It was also established that with increasing impeller speed of the granulator 

regardless of scale (1 L, 5 L, 250 L), there is a corresponding mean strength increase 

for the granules formed which is consistent with work by Kwan et al. (2006). The 

justification of this observation is in the fact that with increasing speeds, there is more 

agitation thus more particle-particle interaction as well as particle-wall interactions 

facilitating intense mixing and consolidation for better agglomeration. 
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Many other works were done by Rahmanian together with other researchers under 

this ESPRC project for which a phenomenon of a larger particle surrounded by smaller 

(i.e., fines) particles was first proposed in Rahmanian et al. (2009) on characterising 

granules produced in a high shear granulator according to strength and structure. 

Subsequently, this phenomenon was discussed and studied further in other 

publications (Hassanpour et al. 2013; Behjani et al. 2017). This is the phenomenon 

referred to as seeded granulation, extensively treated in Rahmanian et al. (2011a); 

Rahmanian et al. (2011b), discussing the effect of process parameters on the 

formation of seeded granule structures. 

 

1.2 Research Question 

Process efficiency is key across many different industries with the focus being on 

product quality. The phenomenon of seeded granulation in granules with its 

subsequent product attributes, offers many industries the opportunity of achieving 

uniformity and easy reproducibility in manufacturing, should all accompanying 

processes of operation and mechanisms be fully understood and consistently 

replicated for success. To achieve this, a clear relationship between process and 

product (i.e., for both HSG and TSG) must be established considering the following 

information: 

i. Which formulation and processing parameters promote the formation of seeded 

granules and if a promising regime map can be proposed for this process? 

ii. Is seeded granulation dependent on material properties of raw powders (i.e., 

density, size etc). If so, do these properties contribute to formation of seeded 

structures, and what is the process mechanism? 

iii. What potential commercial value is there for seeded granules? 

iv. What is the importance of seeded granulation in relation to product 

effectiveness in many industries like chemical, pharmaceutical, agricultural etc. 
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1.3 Aim and Objectives 

The overall aim of this study is to control granule properties, investigating the process 

(i.e., mechanism) of the seeded granulation via a twin screw granulator. This will be 

achieved by determining the key formulation and process factors that significantly 

influence both seeding and the formation of desired granule sizes (i.e., 125 �± 1000 

µm) with near-to-same crushing force strengths of 1 N (Rahmanian et al. 2008a). 

Thus, proposing a mechanism of granulation under twin screw granulation, operating 

in hot melt conditions. 

To achieve the aim of this project, the following objectives are to be met. 

1. To identify the formulation and process factors that potentially give rise to the 

formation of seeded granules. 

2. To develop a suitable design of experiments (DOE) to screen which operating 

factor(s) and or factor interactions are more influential in the formation of 

desired granule sizes (i.e., 125 �± 1000 µm). 

3. To apply the Quality by Design (QbD) approach in investigating and interpreting 

the results obtained from DOE (i.e., percentage yield of desired granules and 

crushing strengths) used with evidence from the literature. 

4. To predict based on results from DOE, conditions best suited to produce 

desired granule sizes. 

5. To optimize the yield of desired granule sizes with accompanying low yields in 

fine and agglomerate sizes. 

6. To investigate the contribution of initial material particle size distribution (PSD) 

to granule size distribution (GSD), as well as other product properties beyond 

granulation (i.e., tableting). This extended into the applicability of findings to 

pharmaceutical formulations. 

 

1.4 Significance of research 

Successfully understanding the mechanism(s) and optimum conditions for the 

formation of seeded granules will greatly help the chemical, pharmaceutical and other 

process industries in formulating end products of high quality and variability, in 

accordance with their target. These products will have high flowability and improved 

handling, transport and storage properties which have been a challenge when 
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processing powders. With the mechanism of seeded granules well understood and 

formation factors identified, industry can optimise and control the process to produce 

granules with more uniform properties in terms of size, shape, density, and structure. 

As granulation is upstream of the tableting process, this can help the pharmaceutical 

industry especially achieve high-end tablets with the desired dissolution and solubility 

characteristics, as well as drug release as required. 

 

1.5 Thesis outline 

Chapter 1 of this work gives a comprehensive background of the research which was 

heavily investigated with the use of high shear batch granulators and with the wet 

granulation technique. 

Chapter 2 provides a comprehensive literature review, including a general overview of 

the granulation process with work in twin screw granulation and how it contributes to 

the current study. Also outlined are the identified gaps in the literature for which this 

research sort to address and make contributions to. 

Chapter 3 presents the methodology used, including properties of materials used in 

the study, both as model materials (i.e., Durcal 65 calcium carbonate powder and 

polyethylene glycol 4000) and pharmaceutical formulations (i.e., alpha-D lactose 

monohydrate + ibuprofen + polyethylene glycol 4000). The equipment for granulation 

and other characterization instruments for both as received (ar) materials and granules 

formed are also discussed. 

Chapter 4 presents and discusses both the PSD of initial model materials (i.e., Durcal 

65 and polyethylene glycol �± PEG 4000), as well as the GSD of granules from the 

various factor level combinations as set out in a DOE table. The approach in analysing 

results from the DOE table is discussed and all investigations into GSD are done with 

consideration to the type of mixing elements (kneading �± KB and chaotic) used, and 

non-mixing elements (i.e., conveying elements). The results of GSD from the type of 

mixing element used are investigated according to the increasing number of individual 

elements, the combinations of chaotic elements, and the offset angles between 

individual kneading discs. A summary of the mechanism of granulation within the twin 
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screw granulator is finally presented, in accordance with results and findings from the 

research conducted. 

Chapter 5 contains a discussion on the results of mean granule crushing strengths 

obtained from the investigated DOE experimental runs for the model materials of 

Durcal 65 and PEG 4000. Further findings on the contribution of factors of investigation 

and granule properties on tableting and tablet characteristics are discussed. Though 

the focus is on hot melt granulation via twin screw granulation, some studies on high 

shear melt granulation are presented to help identify process similarities and/or 

differences between the two granulating techniques (i.e., twin screw and high shear), 

and their product attributes. 

Chapter 6 presents the results of granule structure (both internal and external) with 

the use of scanning electron microscopy (SEM). The focus as was in Chapter 5 is on 

the granule structures observed under twin screw granulation, in understanding the 

impact of mixing (kneading and chaotic) and non-mixing (conveying) elements, as well 

as operating factors, on resulting granule structures. The granule structure of seeded 

cores is investigated here with results from both the twin screw granulator and a high 

shear granulator. This is to help understand the unique and/or general mechanism in 

the formation of such seeded granule structures via the two types of granulating 

equipment. The chapter concludes with a comparison of the mechanism of seeding 

within high shear mixers (operated in wet and melt granulating modes) and the 

Pharma 16 twin screw granulator (operated in melt granulating mode). 

Chapter 7 is dedicated to the pharmaceutical formulations of investigation. These 

formulations are investigated under the most yielding factor combinations for desired 

granule sizes as per the original DOE table of investigation for which model materials 

were investigated from Chapters 4 through 6. Initial PSD of the materials used for the 

pharmaceutical formulations are first measured to help establish the basis for the 

investigation of seeded granules further in the discussions of this chapter. GSD 

analysis and granule strengths are investigated with respect to operating factors of 

temperature, binder percentage, and screw speed. Tablet characteristics of hardness, 

friability, dissolution time and drug release are also investigated, and a relationship is 

drawn between these tablet properties and the contributions of operating factors as 

well as the resulting GSDs and initial material PSDs. 
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Chapter 8 is the conclusion of the work done, highlighting the major contributions of 

this work to existing works of literature, and some recommendations for the future 

work. 

It is however important to note that this work is split into two main parts, depending on 

the materials of investigation. 

1. Part 1 - Chapters 4 through 6 are results from the use of the model materials of 

Durcal 65 and PEG 4000. 

2. Part 2 - Chapter 7 is the results and discussions with the use of pharmaceutical 

formulations of Alpha-D lactose monohydrate, Ibuprofen, and PEG 4000. 
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Chapter 2 Literature Review  

2.1 Granulation 

Granulation is a process of size enlargement of powders, with individual powder 

particles retaining their original chemical and physical properties. Having been a 

beneficial process, it continues to be vital in the processing of materials in achieving 

desired characteristics of its end products. It is a widely used process in several 

industrial sectors such as the agricultural or agrochemical, chemical and 

pharmaceutical industries, for the production of a variety of products like plastics, 

ceramics, fertilizers, pesticides, detergents, cement kiln feeds, nuclear fuels, carbon 

black, pharmaceuticals and catalysts as well as foods like coffee etc. (Rahmanian et 

al. 2011a). 

In general terms, granulation is a size enlargement mechanism of bonding finer 

particles together to form larger ones and is thus termed an agglomeration process in 

which the individual particles forming the larger cluster forms can be distinguished 

while the resulting clustered masses are relatively stable (Snow et al. 1997). Though 

the general practice in industry favours this size enlargement approach as defined in 

�3�H�U�U�\�¶�V�� �&�K�H�P�L�F�D�O�� �(�Q�J�L�Q�H�H�U�L�Q�J�� �+�D�Q�G�E�R�R�N�� �D�V�� �D�E�R�Y�H���� �J�U�D�Q�X�O�D�W�L�R�Q�� �R�U�� �W�Ke formation of 

granules can also be achieved through size reduction from compacted dry material 

(Parikh 2005). Hence, the importance of granulation is underpinned by its numerous 

advantages particularly in eliminating the hazards associated with fine particle 

handling and processing (dust generation) which are challenging in industry. These 

advantages include the following (Kamiñska and Dañko 2011). 

a) Improved product flowability. 

b) Material homogeneity of its properties and composition. 

c) Enhanced material appearance and handling. 

d) Improved disintegration and dissolution rates of drugs. 

e) Improved functional qualities such as shape, bulk density, and strength. 

With these and many other advantages, granulation is used extensively in the 

pharmaceutical industry especially for the preparation of desired products for use in 

drugs as tablets, capsule fillings, and granules (Adepu and Ramakrishna 2021). It is 

often the first process used in the pharmaceutical industry and involves the 

combination of several formulation components (Cantor et al. 2008). 
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The continued use of granulation in the pharmaceutical industry for the production of 

dosage forms is further supported by the following (Kristensen and Schaefer 1993). 

a) Prevention of the segregation of active pharma ingredients 

b) Improved flow properties of products for dosage filling and compression 

c) Elimination of wet granulation induced degradants in improving product stability 

d) Reduced safety hazards and environmental potentials 

e) Product bulk volume reduction facilitating storage and transport 

 

2.1.1 Types of Granulation 

Basically, two main types of granulation are known. They are either dry granulation 

without the use of a liquid phase or wet granulation which involves the use of a liquid 

medium (binder and/or solvent). Both means result in the formation of granular 

products and are said to be conventional methods. 

�7�K�H�V�H�� �W�Z�R�� �J�U�D�Q�X�O�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �W�\�S�H�V�� �P�D�\�� �D�O�V�R�� �E�H�� �W�H�U�P�H�G�� �D�V�� �³�*�U�D�Q�X�O�D�W�L�R�Q��

Technologi�H�V�´���N�Q�R�Z�Q���D�V���W�K�H���V�F�L�H�Q�F�H���D�Q�G���D�U�W���R�I���S�U�R�F�H�V�V�L�Q�J���D�Q�G���S�U�R�G�X�F�L�Q�J���J�U�D�Q�X�O�H�V���E�\��

forming larger agglomerates of higher strengths from fine or coarse particles (Agrawal 

and Naven 2011)���� �7�K�X�V���� �³�*�U�D�Q�X�O�D�W�L�R�Q�� �W�H�F�K�Q�R�O�R�J�\�´�� �L�V�� �G�H�I�L�Q�H�G�� �E�\�� �W�K�H�� �W�H�F�K�Q�L�T�X�H�� �D�Q�G��

�H�T�X�L�S�P�H�Q�W�� �H�P�S�O�R�\�H�G�� �L�Q�� �W�K�H�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� �J�U�D�Q�X�O�H�V�� �Z�K�H�U�H�D�V�� �³�*�U�D�Q�X�O�D�W�L�R�Q�´�� �V�L�P�S�O�\��

describes the process of producing granules (Muralidhar et al. 2016). 

There exists, more novel granulation technologies aside these two conventional 

methods, regardless of the type or technique of granulation employed (i.e., either wet 

or dry means). These are listed below in accordance with Muralidhar et al. (2016); 

a) Steam granulation 

b) Moisture activated dry granulation 

c) Spray drying granulation 

d) Thermal adhesion granulation 

e) Foam binder granulation 

f) Pneumatic dry granulation 

g) Extrusion-spheronization granulation 

h) Melt/thermoplastic granulation 

i) Fluidized bed granulation 

j) Freeze granulation 



12 
 

�,�Q���V�X�S�S�R�U�W���R�I���W�K�H���G�H�I�L�Q�L�W�L�R�Q���R�I���W�K�H���W�H�U�P���³�*�U�D�Q�X�O�D�W�L�R�Q���7�H�F�K�Q�R�O�R�J�\�´���E�H�L�Q�J���W�K�H���F�K�R�L�F�H���R�I��

equipment and/or technique used in the formation of granular materials. Parikh (2005) 

suggested two production mechanisms under which these techniques can be 

classified as being either (a) Batch or (b) Continuous as in Figure 2.1 below. 

 

Figure 2. 1 Granulation techniques under batch and continuous operation 

 

2.1.1.1 Dry Granulation 

This type of granulation is without the use of a liquid medium to achieve the formation 

of granular materials. It is therefore extremely suitable for products which are sensitive 

to water and/or moisture, as well as heat. In the absence of a liquid solution, the 

process makes use of high pressures in compressing particles together to form 

granules. The formation of granules by this compression action is achieved through 

the bonding forces between the surfaces of the particles which are in direct physical 

contact (Miller 1997). These bonding forces are the contribution of electrostatic forces 

and strong Van der Waals forces which are in comparison to electrostatic forces, 

seven times stronger with decreasing distance between particles (Parikh 2005). The 

success of dry granulation can also be attributed to the size of particles in a feedstock, 

with fine particles being naturally very cohesive (due to the bonding forces present). 
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This facilitates easy agglomeration unto formation of granules in the presence of the 

applied pressures. It is therefore the cheapest and least complex known process of 

granulation as it omits the use of binder solutions and has less equipment 

requirements. 

The process is accomplished in two fairly simple steps (Muralidhar et al. 2016); 

i. Slugging �± the making of larger particles. 

ii. Milling and Screening �± breaking up formed slugs into smaller granule forms. 

However, the means of achieving dry granulation according to Agrawal and Naven 

(2011) can be either through slugging or roller compaction/compression. This view is 

supported by Parikh (2005) who considered (a) slugging and (b) roller compaction as 

the two methods of dry granulation. Nishii and Horio (2007), however, identified 

methods by which dry granulation can be achieved based on the choice of equipment 

used as follows. 

i. Extrusion 

ii. Fluidizing 

iii. Pressing (e.g., Roller Compaction) and 

iv. Tumbling 

In this approach of explaining dry granulation, a wider perspective of the process is 

presented than is done by the earlier mentioned researchers (Parikh 2005; Agrawal 

and Naven 2011; Muralidhar et al. 2016). They presented a restricted approach to 

achieving dry granulation when they adjudged the mechanism as a two-step process 

involving slugging/roller compaction and milling. In doing so, they only considered 

pressing (by roller compaction) and extrusion to an extent as the only means of 

granulating powders without liquid binders, which is not entirely the case since the 

proposed two-step process is not applicable in fluidization and tumbling. Moreover, it 

is only the view of Muralidhar et al. (2016) that seemingly encompassed the notion of 

extrusion with the involvement of the second step (i.e. milling and screening) in the 

two-step process. The view of Parikh (2005) and Agrawal and Naven (2011) is rather 

one of dry granulation being achieved either through slugging or by roller compaction 

(pressing) which is not a full account of the mechanism. While these authors proposed 

either of the two methods (i.e., slugging and roller compaction/pressing) as the means 



14 
 

of achieving dry granulation, Muralidhar et al. (2016) recognised that slugging involves 

pressing (e.g. roller compaction) thus the need for a second step involving milling and 

screening. In milling and screening, the screening activity is what ideally compares 

with the method of extrusion as materials are forced through perforations. 

Roller compaction is the mechanical pressing activity of achieving dry granulation and 

can be said to be that suitable method in response to the needs of: 

a) High standard practices in manufacturing 

b) Less processing times 

c) Increased rates of processing and 

d) Controlled processing needed in the dry granulation of pharmaceutical products 

(Parikh 2005). 

It has three main units of operation which could be run continuously. 

1. Feeding system �± allows transport of powder to the compaction area formed by 

the two rolls 

2. Compaction unit �± region of force application where powder is compacted 

between the two counter rotating rolls to form ribbons  

3. Size Reduction unit �± production of desired particle size(s) through milling 

(Gerteis 2019) 

Overall, though dry granulation has the added benefits of an efficient process 

operation due to its generalised two-step approach and faster process times, it is 

disadvantaged in its limited application to most pharmaceutical products which require, 

a) Uniform active pharmaceutical ingredient (API) content in low dosage drugs 

b) Enhanced flowability of products 

c) Acceptable dissolution and disintegration rates 

d) Acceptable product hardness and friability 

e) Less sized drugs/tablets with increased densities 

Table 2.1 outlines the process description of these two dry granulation methods 

together with some advantages and demerits particularly in the pharmaceutical 

industry. 
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Table 2. 1 Comparison of the methods of dry granulation highlighting the benefits of each 

Dry Granulation 

 Slugging Roller Compaction 

Process Description 

Feed powder is delivered into large compression 

machines (e.g., a Stokes D3 machine) and material is 

made into slugs (large tablet forms) with the use of 

tablet gauges of about 6.35 mm. 

These slugs usually of diameter 25.4 mm, are then 

milled in a milling machine to desired particle sizes. 

These milled products are further processed into 

pharmaceutical products as tablets, capsules and 

even powders for oral suspensions. 

Powder is fed from a feed unit and material is 

compacted between two counter rotating rolls into 

ribbons. These ribbons are then further broken up into 

desired sizes for subsequent processing. 

This method is suitable for most pharmaceutical 

granulations considering the requirements of modern 

active pharmaceutical ingredients. 
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Schematic Diagram 

 (Shanmugam 2015) 



17 
 

Benefits 

i. For moisture sensitive materials 

ii. Less equipment involved 

iii. Few process steps 

i. Process simplicity 

ii. Less energy consumption 

iii. Enhanced drug dosage weight control 

iv. Yields process scalable products that are dry 

v. Promotes continuous manufacturing 

Demerits 

i. Low hourly manufacturing throughput 

ii. Longer process times and higher energy 

requirements for production of a kilogram of 

slugs in comparison to roller compaction 

iii. Poor process control 

iv. Associated air and sound pollution 

v. Uncontrolled granule qualities and properties 

due to weight variations in slugs because of 

lack of effective particle flow of small particles 

into die of the tablet press 

i. Loss of reworkability 

ii. Uncompacted material 
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2.1.1.2 Wet Granulation 

This type of granulation is the popular of the two granulation types which conventionally 

involves three (3) main stages also referred to as rate processes. 

a) Wetting and Nucleation 

b) Consolidation and Coalescence/Growth 

c) Breakage and Attrition (Parikh 2005) 

These are shown in Figure 2.2 below (Cantor et al. 2008) and believed to originate from 

what is described as the traditional approach of the granulation process. 

 

Figure 2. 2 Current granulation process step description (Rate processes) 
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This traditional approach involves several mechanisms as shown in Figure 2.3 below 

(Iveson et al. 2001). 

 

Figure 2. 3 Traditional approach to granulation process (Sastry and Fuerstenau 1973) 

2.1.1.2.1 The Granulation Rate Processes 

The well-known and accepted rate processes involved in the formation of granules is 

discussed here. 

2.1.1.2.1.1 Wetting and Nucleation 

In wetting and nucleation which is the first of the three stages, a liquid binder is added 

unto the dry powder bed for uniform distribution throughout the bed and results in granule 

nuclei formations. The importance of these two processes cannot be overemphasized as 

they contribute primarily to the success of forming granules with initial nuclei formations 

(Mort and Tardos 1999). A vital dynamic in this stage is the presence of a wetting or 

nucleation zone, where the surface of powder particles first interacts with the liquid 

medium to commence nuclei formations. With this initial contact, a key concept of the 

contact angle (a measure of the affinity of a liquid with the solid medium) arises and 
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influences how readily a liquid medium can be effectively spread or coat the powder 

�P�H�G�L�X�P���� �7�K�L�V�� �L�V�� �K�X�J�H�O�\�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �O�L�T�X�L�G�� �P�H�G�L�X�P�¶�V�� �V�X�U�I�D�F�H�� �W�H�Q�V�L�R�Q�� Together 

with contact angle���:�à�;, a second key concept of spre�D�G�L�Q�J�� �F�R�H�I�I�L�F�L�H�Q�W�V�� ���� �D�O�V�R�� �K�H�O�S�V��

determine wetting mechanics and could be either, 

a. of the liquid phase over the solid phase or 

b. of the solid phase on the liquid phase. 

Spreading coefficient is simply a determinant on the possibility of spreading interaction 

between a solid and liquid in contact and it is related to the works of adhesion and 

cohesion (Iveson et al. 2001). 

Three possible spreading interactions can result as follows: 

a. Liquid over the solid (�I�Å�Ì) with film formations 

b. Solid adhering to liquid (�I�Ì�Å) with film formation 

c. Minimised interfacial area of contact between both solid and liquid due to their 

individual high cohesions  

Work of adhesion (�9�º) is that energy required to separate a unit area of an interface while 

work of cohesion (�9�¼) is the work done to separate a unit cross-sectional area of a 

material from itself (Iveson et al. 2001). Below are some equations describing the works 

of cohesion and adhesion as by Iveson et al. (2001). 

Cohesion for a solid: 

 �9�¼�Ì
L �t�Û�Ì�Ï  2.1 

Cohesion for a liquid: 

 �9�¼�Å
L �t�Û�Å�Ï 2.2 

Adhesion for an interface:  

 �9�º 
L �Û�Ì�Ï 
E�Û�Å�Ï 
F �Û�Ì�Å 2.3 
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 �9�º 
L �Û�Å�Ï�:�…�‘�•�à
E�s�; 2.4 

where���Û is the surface free energy, �à is the contact angle between solid and liquid, and 

the subscripts S, V and L denote solid, vapour and liquid phases respectively. Subscripts 

C and A are also cohesion and adhesion respectively with the letter W representing work. 

The interfacial surface tension is however represented by �Û�Ì�Å. 

Note that the final equation for work of adhesion �9�º in equation 2.4 is derived from the 

Young-Dupre equation below (i.e., Equation 2.5) by substituting it into equation 2.3. 

 �Û�Ì�Ï 
F �Û�Ì�Å 
L �Û�Å�Ï�…�‘�•�à 2.5 

Equation 2.5 is however only valid for the condition; �à
P �r�4 where no angle of contact 

exists between the solid and liquid. 

For each phase (liquid and solid), spreading coefficients according to York and Rowe 

(1994) can be determined with the equations below. 

Liquid phase spreading coefficient: 

 �I�Å�Ì 
L �9�º 
F �9�¼�Å 2.6 

Solid phase spreading coefficient: 

 �I�Ì�Å 
L �9�º 
F �9�¼�Ì 2.7 

�+�H�Q�F�H���� �W�K�H�� �S�U�R�S�R�V�H�G�� �³�Z�R�U�N�� �R�I�� �V�S�U�H�D�G�L�Q�J�´�� �E�\��Krycer and Pope (1983) as shown in the 

equation 2.8 which is equivalent to the liquid phase spreading coefficient for contact 

angles greater than zero. 

 �I�Å�Ì 
L �Û�Å�Ï�:�…�‘�•�à
F �s�; 2.8 

However, this has the maximum value of zero and cannot predict positive spreading 

coefficients occurring when �à
L �r�ä �7�K�X�V���� �W�K�H�� �E�H�V�W�� �V�S�U�H�D�G�L�Q�J�� �L�V�� �D�W�W�D�L�Q�H�G�� �Z�K�H�Q�� �³�Z�R�U�N�� �R�U��

�V�S�U�H�D�G�L�Q�J�´���L�V���F�O�R�V�H�V�W���W�R���]�H�U�R�� 
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With a positive liquid phase spreading coefficient, spontaneous spreading of the liquid 

medium is observed with the formation of a film over the surface of the powder surface. 

More liquid bridges form between majority of the solid particles, and strong, dense 

granules are formed. When the opposite occurs (i.e., positive solid phase spreading 

coefficient, �I�Ì�Å), the liquid doe�V�Q�¶�W�� �V�S�U�H�D�G�� �I�R�U�P�L�Q�J�� �D�� �I�L�O�P�� �E�X�W�� �E�R�Q�G�V�� �I�R�U�P�� �D�W�� �W�K�H�� �F�R�Q�W�D�F�W��

points where the liquid touches the solid particles. Though granules are formed, they are 

of fewer bonds and are effectively weaker and more porous than for �I�Å�Ì (Rowe 1989). 

This is further confirmed by Zajic and Buckton (1990), proposing that differences in 

granule properties result from the spreading coefficients present within formed granules. 

Evidence of the contact angle being a key influential parameter in wetting and nucleation 

is given by some authors with the conclusion that increased contact angles result in 

smaller mean size granules (Aulton and Banks 1979; Jaiyeoba and Spring 1980). This is 

due to the reduced wettability of the powder bed as confirmed by Gluba et al. (1990) when 

they achieved the opposite with improved wettability, hence increased mean granule 

sizes. In this instance, the theory of moments was applied while compensating for initial 

slight variations in particle size distributions. As mean granule size increased with low 

contact angles (i.e., improved wettability), the variance and asymmetry also decreased. 

2.1.1.2.1.2 Consolidation and Coalescence 

At the consolidation and coalescence stage, there are several interacting mechanisms 

that occur between; (a) two granules (nuclei), (b) feed (dry) powder and granules or even 

(c) granules and equipment walls, which gives rise to granule growth and compaction. 

2.1.1.2.1.3 Breakage and Attrition 

Finally, at the attrition and breakage stage, granules (either dry or wet) split upon impact 

or collisions within granulators or in further handling processes (Iveson et al. 2001). 

Evidence of breakage is seen in most steps of the destructive nucleation growth 

mechanism as by Vonk et al. (1997) towards achieving nucleation. This is shown in Figure 

2.4 below and begins with one of the two extreme mechanisms of nucleation, (i.e., 

immersion) as by Schaefer and Mathiesen (1996). 
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Figure 2. 4 Destructive Nucleation Growth Mechanism (Vonk et al. 1997) 

Aside immersion, distribution is the second known extreme mechanism of the nucleation 

process, involving smaller liquid droplets interacting with powder particles of larger sizes. 

These small liquid droplets collect on the powder particles surface, initiating nuclei 

formation and commencing coalescence. With immersion, the liquid droplets are larger 

than the powder particles which are incorporated into liquid droplets, forming nuclei with 

saturated pores. Over time, the liquid saturating the pores migrate to the surface of the 

nuclei, promoting further coalescence and layering with fine particles adhering unto the 

surface of the already existing granules. 

Figure 2.5 below, shows the two nucleation extremes of immersion and distribution. 
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Figure 2. 5 The nucleation mechanisms of (a) Distribution and (b) Immersion (Schaefer 

and Mathiesen 1996) 

Granules formed by this means (i.e., nucleation by immersion) are often weak and easily 

damaged during handling or further processing. According to Hapgood et al. (2007), the 

mechanism of nucleation by distribution is promoted under positive �I�Å�Ì (i.e., liquid phase 

spreading) while immersion is favoured under positive �I�Ì�Å (i.e., solid phase spreading). 

At positive �I�Å�Ì, binder spreads uniformly over powder particles surface forming a film 

which leads to formation of liquid bridges between most contacting particles, leading to 

strong and dense granules. With positive �I�Ì�Å, more porous granules form due to fewer 

bonds which only form at points of direct contact of liquid binder with powder particles. 

There is no liquid spreading, thus, the absence of a film to promote strong bonding 

otherwise achieved through liquid bridges. Granules formed by immersion are thus 

weaker and with high porosity (Iveson et al. 2001). 

2.1.1.2.2 Mechanisms of Nucleation and Seeded Granule Formation 

The two mechanisms of nucleation are further mentioned in the works by Rahmanian et 

al. (2011a) and Mahdi et al. (2019), with both researchers considering the structure of 

single granules. They both explored granules with an inner core and an outer surrounding 

but referred to the phenomenon differently although Rahmanian et al. (2011a) was the 

first to propose it using calcium carbonate and PEG 4000 in solution, produced in high 

�V�K�H�D�U���Z�H�W���J�U�D�Q�X�O�D�W�L�R�Q�����,�W���L�V���W�K�H���S�K�H�Q�R�P�H�Q�R�Q���R�I���³�V�H�H�G�L�Q�J�´���R�U���³�V�H�H�G�H�G���J�U�D�Q�X�O�D�W�L�R�Q�´���Z�K�L�F�K��

Mahdi et al. (2019) �U�H�I�H�U�V���W�R���D�V���³�F�R�U�H-�V�K�H�O�O�´�����7�K�H���J�U�D�Q�X�O�H���V�W�U�X�F�W�X�U�H���L�Q���E�R�W�K���F�D�V�H�V���L�V���R�I���D��
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single or multiple large particles of powder at the centre and surrounded by fine or smaller 

particles. Since the structure of granular material at macro level is important for further 

processing and its applications, it is key to understand how granules are structured at the 

meso level. This is key because the structure of granules directly impact on the final 

product structure and properties. In more insight to understand the mechanism of 

seeding, Rahmanian et al. (2011a) acknowledged that though not completely understood, 

SEM and X-ray microtomography (XMT) images of granules formed suggested the 

distributive nucleation mechanism as the most likely option from the results obtained. 

They explained that small sized liquid droplets upon interaction with larger particles of 

Durcal 65 (i.e., coarse CaCO3), begin to spread over the large Durcal 65 particles 

resulting in coalescence for nuclei formations under higher speeds above 3.5 m/s. They 

also proposed the possibility of nucleation by immersion, where larger liquid drops interact 

with small sized Durcal 15 (i.e., fine CaCO3) powder particles and formed less to no 

seeded granule structures. This was also proved by SEM and XMT images. 

However, in using same materials of Durcal 65 powder and 65 wt% aqueous PEG 4000 

under wet granulation but with a different high shear granulator (MiPro, ProCepT, Zelzate, 

Belgium), Mahdi et al. (2019) proposed a mechanism to explain seeding in granules. This 

mechanism was neither by immersion nor distribution as by Rahmanian et al. (2011a). 

Instead, it is of a pure interaction between larger particles of the powder with the fines. 

They note that fine particles attach by strong liquid bridges to the larger particle surface 

and that the bonds by the liquid bridges withstand momentum of the fines during the 

attachment process. This rational was based on studies of surface tension forces existing 

on liquid bridges formed from either equal or unequal sized spheres or of a sphere and a 

flat plat surface (Lian et al. 1993; Iveson et al. 2001; Chen et al. 2011). These studies 

hold that, with a small to large particle size ratio and increasing contact angle, there is a 

reduction in both capillary forces and total force of adhesion (�(). Further to this, and as 

explained in equations 2.9 and 2.10, fine particles at the surface of large particles remain 

strongly bonded than two or more individual small particles together.  

 �( �Û���:�s
E
�4�Å

�4�Ì
�; 
L

�(
�è�Û�4�Ì

 2.9 
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 �8�Û
L
�8�ß�Ü�ä�è�Ü�×

�8�Å
E�8�Ì
 2.10 

 

Where, �( is force of adhesion, �( �Û is the normalized force of adhesion, �4�Ì and �4�Å the radius 

of the small and large particles respectively, �Û as the surface tension (i.e., of the liquid 

bridge). Also, �8�Û is the normalised liquid volume while �8�Ì and �8�Å are the respective 

volumes of the small and large particles. 

Such bonds by fines are more likely to break up and be attracted to other stronger liquid 

bridge bonds, formed by large-sized particles and other fines. For a large particle bonded 

to a small particle, the normalized force of adhesion (�( �Û) was observed to be independent 

of the volume of liquid present between the particles at normalised liquid volumes (�8�Û) 

less than 10-4 (Mehrotra and Sastry 1980). 

Thus, Mahdi et al. (2019) depicted their proposed mechanism of seeding as below. 

 

Figure 2. 6 Comparison of the proposed mechanism of seeding or core shell formation; 

(B) A composite of the two mechanisms of nucleation to the two nucleation mechanisms 

of (A) Immersion and (C) Distribution (Mahdi et al. 2019) 
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Though this proposed mechanism of seeding (Figure 2.6 (B)) is explanatory, it fails to 

acknowledge the tendency of nucleation by distribution, which potentially facilitated 

seeded granule structures as explained and suggested by Rahmanian et al. (2011a). It 

�V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���L�Q���S�U�D�F�W�L�F�H�����W�K�H�U�H���L�V�Q�¶�W���R�Q�O�\���O�D�U�J�H�����F�R�D�U�V�H�����S�D�U�W�L�F�O�H�V���R�I���'�X�U�F�D�O�����������D�Q�G��

that this feedstock has fine particles always mixed with enough coarse particles. The 

assumption by Mahdi et al. (2019) that only large particles of Durcal 65 will be bound 

together by liquid binder as in option (C) of Figure 2.6 is thus limiting. It is evident that 

with consideration of fine particles in addition to the coarse (large) particles under option 

(C), there would be strong possibility of seeded granule formation as evidenced in work 

by Rahmanian et al. (2011a). Also, Mahdi et al. (2019) in their proposed mechanism (B), 

did not consider the size of liquid droplets involved as being larger or smaller than the 

solid particles, instead, they proposed liquid droplets were of the same size as solid 

particles, unlike for the two known nucleation mechanisms. This key factor was omitted 

and should have been considered in arriving at a much clearer understanding of the 

seeding mechanism. Mahdi et al. (2019) believe that the phenomenon of seeding (i.e., 

core-�V�K�H�O�O���I�R�U�P�D�W�L�R�Q�����L�V���E�\�� �D���³�'�H�W�D�F�K�P�H�Q�W-�5�H�D�W�W�D�F�K�P�H�Q�W�´���S�U�R�F�H�V�V���R�I�� �I�L�Q�H���S�D�U�W�L�F�O�H�V���X�Q�W�R��

the surface of larger particles as fine particles bound to each other detach and reattach 

to larger particles in forming more stable bonds. Nonetheless, Rahmanian et al. (2011a) 

also described the mechanism of seeding as being close to the phenomenon of coating 

�Z�K�L�F�K���L�V���Z�H�O�O���H�[�S�O�D�L�Q�H�G���X�V�L�Q�J���W�K�H���W�K�H�R�U�\���R�I���Q�X�F�O�H�D�W�L�R�Q���E�\���G�L�V�W�U�L�E�X�W�L�R�Q�����7�K�H���³�'�Htachment-

�5�H�D�W�W�D�F�K�P�H�Q�W�´�� �P�H�F�K�D�Q�L�V�P�� �S�U�R�S�R�V�H�G�� �I�R�U�� �V�H�H�G�H�G�� �V�W�U�X�F�W�X�U�H�V�� �L�V�� �K�R�Z�H�Y�H�U�� �G�H�S�H�Q�G�H�Q�W��

primarily on the colliding speed of particles with each other and with the impeller as well 

as the walls of the granulator. Thus, the factors of impeller speed, granulator fill level and 

scale (size) are considered influencing parameters on the possibility of granule seed 

formation (Mahdi et al. 2019). Hence, the aim in this current study to determine with the 

use of DOE, the contributions of process parameters and formulation to granule 

formation. 

Another research that sought to understand the structure of granules broadly and without 

specifics to seeding was the work by Barrera-Medrano (2007). In his work, X-ray 

tomography (XRT) was employed in analysing granules produced by high shear melt 

granulation of CaCO3 (Durcal 40) with PEG 1500 flakes. Granules were produced in a 
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Zanchetta Roto junior 10 L laboratory scale granulator with granules considered as a two-

component system (i.e., of solid and air), without any distinction between binder and solid 

particles. He observed granules with single PEG 1500 flakes in the core and particularly 

so at the lower temperature than 60 °C, two minutes into the melt high shear granulation. 

The work further considers the effect of formulation and process parameters on granule 

structure from strength and dissolution characteristics of granules. Like for both 

Rahmanian et al. (2011a) and Mahdi et al. (2019) who attempted explaining the 

mechanism of granule formation with or without the two nucleation mechanisms, Barrera-

Medrano (2007) did the same. He suggested that his observation of a PEG flake in the 

core of most granules indicated nucleation by immersion. Explaining why nucleation by 

immersion, he mentions that CaCO3 particles initially adhere to the surface of PEG flakes 

undergoing incipient melting. As these flakes melt further, fine particles of CaCO3 migrate 

towards the core and melted PEG moves outward to coat the surface of particles, allowing 

for more particle layering or adhesion with other small nuclei. This explanation for the 

choice of nucleation by immersion doe�V�Q�¶�W���� �K�R�Z�H�Y�H�U���� �I�X�O�O�\�� �F�R�P�S�O�H�P�H�Q�W�� �W�K�H�� �V�W�U�X�F�W�X�U�H�V��

observed in his work since large PEG flakes are present within the granule core. From 

what he explained, the CaCO3 particles rather move inward with PEG squeezed outward. 

How then does a PEG flake then form in the core of the granule after this squeezing 

action. Furthermore, how does the already used up PEG in coating the surface of CaCO3 

particles under immersion, then reconstitute to form the large flake core. Instead, it could 

be argued that these core PEG flakes were not completely melted at low temperature of 

60 °C or only had its outer surface melting to form bonds by liquid bridges with the fine 

(i.e., small) particles of Durcal 40. Effectively, the work by Barrera-Medrano (2007) only 

observed granules under XRT to determine the structures present and determined the 

effect of factors like granulation time, impeller speeds, powder properties, binder ratio, 

temperature, and particle size distribution on the observed granule structures. 

Greater detail on seeding phenomenon in granules is reported by Rahmanian et al. 

(2011a). Three different grades of calcium carbonate in order of increasing coarse 

p�D�U�W�L�F�O�H�V�� �I�U�R�P���� �'������ ���G������ � �� ������ ���P������ �'������ ���G������ � �� ������ ���P���� �D�Q�G�� �'������ ���G������ � �� ������ ���P���� �Z�H�U�H��

studied by mixing with aqueous polyethylene glycol (PEG) 4000 at 65 wt%. A liquid to 

solid (L/S) ratio of 10 % in was used four different scales of the Hosokawa Cyclomix 
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granulator: 1 L, 5 L, 50 L and 250 L (50 L as the reference scale). This is a more elaborate 

approach in justifying seeding in varying scales unlike just the two scales (0.5 L and 1.9 

L) by Mahdi et al. (2019). Findings from just two scales cannot be the basis for a 

generalised conclusion and the inclusion of a third scale would have at least yielded either 

a trend or discrepancy for better judgement and application. The work on seeded granule 

formation also involved scale-up under the three known conditions i.e. (a) constant Tip 

Speed (b) constant Froude (Fr) number and (c) constant Shear Stress. The constant tip 

speed rule was found to be the only successful rule for which scaleup achieved seeded 

structures regardless of the scale of granulator used and with an optimum impeller tip 

speed of 4.13 m/s (see figures 7 and 8). This is however not conclusive for all available 

high shear granulators as these findings are granulator specific if not material product 

(D65) limited and more work needs to be done in other high shear mixers, aimed at 

forming seeded granules to establish a base line for scaling and operating conditions. 

Nonetheless, the work by Mahdi et al. (2019) using a MiPro high shear granulator and 

same materials suggest the possibility of seeded granules by other mixer granulators. 

Confidence in the description of seeded structure being of a single or multiple large 

particles enclosed in finer particles and not the presence of PEG flakes (Barrera-Medrano 

2007) nor a collection of several fine particles together as a large specie or of an X-ray 

artefact is justified by the following reasons. 

i. Insufficient availability of fines (submicron) in such high quantities as to encourage 

formation of a large specie since initial particle size distribution of all Durcal grades 

suggested only 2 % presence of such particles which could aid the formation of 

single species. Also, the inner core would appear slightly darker under SEM if a 

collection of fines were the case with its associated low density. 

ii. Granule inner core not of PEG as its appearance under both X-ray micro-

tomography (XMT) and Scanning Electron Microscope (SEM) would have been 

darker. Instead, a lighter shade of the core only suggests a denser material for 

which PEG has a density 1165 kg/m3 to 2750 kg/m3 for calcium carbonate. 

iii. Images from different XMT machine together with SEM showed same lighter 

shade inner core of the granules, proving consistency and not a defect of 

instrumentation used. 
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iv. Dissolution tests of granules in both water and chloroform revealed sharp peaks 

of the presence of calcium under Energy Dispersive X-ray spectroscopy (EDX), 

further suggesting the presence of calcium rather than any other material at the 

core. 

 

Figure 2. 7 SEM images of granules with seeded structures produced in different 

granulator scales (a) 1 L (b) 5 L (c) 250 L under constant tip speed scale-up rule 

(Rahmanian et al. 2011a) 

 

Figure 2. 8 XMT images of granules with seeded structures produced in different 

granulator scales (a) 1 L (b) 5 L (c) 250 L under constant tip speed scale-up rule 

(Rahmanian et al. 2011a) 

For seeded granule formation, there is the primary need for enough presence of coarse 

(i.e., large) particles within the primary feed powder as the likelihood of seeding reached 

85 % from just 3 % when the feed material was changed from D15 to D65 (Rahmanian 

et al. 2011a). This is also confirmed by Mahdi et al. (2019) in their proposed third route of 

the mechanism of seeded granules. The presence of enough large sized particles in the 

primary feedstock is thus key and significantly determines the formation of seeded 

granule structures or not as evidenced in work by both (2011a) and Mahdi et al. (2019). 
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Another condition to be met according to Rahmanian et al. (2011a) is for impeller tip 

�V�S�H�H�G�V���W�R���E�H���•�����������P���V�����%�L�Q�G�H�U���D�G�G�L�W�L�R�Q���I�R�U���V�X�F�F�H�V�V�I�X�O���V�H�H�G�L�Q�J���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q���W�K�U�H�H��

process stages, with optimum time for granulation being 4 minutes (Rahmanian et al. 

2011a). 

a. Binder Addition �± addition of binder solution for 30 seconds and at minimum speed 

of about 175rpm. 

b. Binder Dispersion �± thorough mixing of binder solution and powder at the highest 

possible impeller speed say 600 rpm. 

c. Granulation �± granule formation at an intermediate speed between the lowest and 

highest chosen impeller speeds which in Rahmanian et al. (2011b) were 300 rpm, 

345 rpm, 450 rpm and 510 rpm. 

Works by Hassanpour et al. (2013) and Behjani et al. (2017) provide further justification 

on the phenomenon of seeded granulation using discrete element modelling (DEM) and 

numerical simulation both in a high shear granulator (Cyclomix from Hosokawa Micron 

BV) and rotating drum (i.e., continuous drum granulator) respectively. This seeding 

phenomenon gained more research interest and successfully had applications to 

products like detergents which began with a series of unpublished research by Kong 

(2015) and Halmi (2016) using findings from work by Rahmanian et al. (2011b) on the 

identified influential parameters facilitating the formation of seeded granule structure. The 

effects of several operating parameters in the formation of seeded granule structures 

were considered and presented by  Rahmanian et al. (2011a); Rahmanian et al. (2011b). 

The same was done by Mahdi et al. (2019) as well as Barrera-Medrano (2007), signifying 

the importance and role of such factors within high shear mixers of vertical shaft. A list of 

such process parameters considered by these researchers and subsequent researchers 

are, 

i. Impeller speed and/or tip speed 

ii. Binder viscosity or concentration 

iii. Granulation time 

iv. Temperature 

v. Binder addition 
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vi. Liquid to solid ratio (L/S) 

Table 2.2 shows the effect and chosen conditions of such operating parameters and how 

they affect general granule formation as well as seeded structures. Of all the works 

presented in this table, only that of Barrera-Medrano (2007) is on general granule 

formation albeit it has cores of PEG 1500 flakes within granule cores. In the works of both 

Kong (2015) and Halmi (2016), formulation parameters of; (a) powder ratio (i.e., the ratio 

of fine particles to coarse particles) and (b) binder percentage was investigated. Kong 

(2015) further considered the means of binder addition (i.e., at a go and gradually) but 

concluded the same as Rahmanian et al. (2011a) that the means of binder addition had 

no significant impact. They both kept impeller speed constant as was proposed by 

Rahmanian et al. (2011a); Rahmanian et al. (2011b) in achieving seeded granules at an 

impeller speed of 4.13 m/s. The published work on detergents by Rahmanian et al. (2016) 

also concluded that with the lowest powder ratio of 1:3 and binder weight percentage of 

10 wt %, seeded granule formation in the range of 125 �± 1000 µm was promoted. This 

finding was in line with initial work on seeded granulation and its modelling as by 

Hassanpour et al. (2013). 
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Table 2. 2 Influence of process parameters on granule formation with or without seeded structure by different researchers 

Author 

Parameter 

Impeller 

speed 

(rpm) 

Temperature 

(°C) 

Binder 

addition 

Granulation time 

(minutes) 

(L/S) ratio 

(wt.%) 

Binder 

concentration 

(wt.%) 

Rahmanian et 

al. (2011a); 

Rahmanian et 

al. (2011b) 

Angular 

speeds of 

300, 345, 450 

& 510 rpm 

corresponding 

to tip speeds 

of 3.50, 4.13, 

5.39 & 6.12 

m/s were 

used. 

Increasing 

speeds give 

denser, less 

porous 

granules of 

increasing 

Kept constant 

at 60 °C 

Neither 

adding at 

once nor 

gradually has 

significant 

impact. 

Recorded 

granule span 

in both 

instances 

gives a value 

around 7.3 

which 

indicates 

granule 

uniformity. 

4 minutes was 

found to be 

ideal beyond 

which there is 

no significant 

changes in 

granules at 6 

and 10 minutes. 

10 % 

Larger granules 

above 1000µm and 

mean diameter 

from 610µm to 

812µm are formed 

with increasing 

concentration from 

55 wt% to 70 wt%. 

However, at 65 

wt%, there is more 

uniform distribution 

of granules (i.e., 

monomodal 

distribution) and 

suggestive of ideal 

condition for 

seeded structures 
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crushing 

strength. 

No further 

increase in 

granule size 

beyond 450 

rpm (5.39 

m/s). 

At 4.13 m/s, 

homogenous 

granules are 

formed. 

in the desired size 

range 125 µm to 

1000 µm. 

Rahmanian et 

al. (2016) 

Same as in 

Rahmanian et 

al. (2011a). 

Same as in 

Rahmanian et 

al. (2011a). 

Same as in 

Rahmanian 

et al. (2011a). 

Same as in 

Rahmanian et 

al. (2011a). 

10 %, 20 % and 

30 % 

N/A as binder 

content of 10 %, 20 

% and 30 % is 

used with 10 % 

ideal. 

Barrera-

Medrano 

(2007) 

Increasing 

speeds 

increases 

granule 

growth but 

More granule 

wetting and 

increased size 

from 60 °C to 

80 °C. 

By pouring, 

spraying and 

melted-in 

methods. 

Longer 

granulation 

times result in 

granules without 

PEG core. 

10 % - 16 % with 

increased ratio 

resulting in more 

rough surfaced 

granules and 

N/A 

Binder added as 

flakes. 
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with 

diminishing 

PEG core. 

Granule 

colour to 

yellow-like 

material. 

more 

agglomeration at 

10mins. 

Kong (2015) 

Halmi (2016) 

Optimum 

speed as by 

Rahmanian et 

al. (2011a). 

Same as in 

Rahmanian et 

al. (2011a). 

No changes 

to formed 

granules by 

choice of 

addition 

either at once 

or gradually. 

Optimum time of 

4mins was kept 

constant. 

10 % was ideal 

with 30 % 

yielding 

agglomerates of 

larger size. 

65 wt% kept 

constant. 

Mahdi et al. 

(2019) 

Same 

conditions of 

speed as in 

Rahmanian et 

al. (2011a). 

Same as in 

Rahmanian et 

al. (2011a). 

At once in 

bulk unto 

powder in 

granulator. 

 10 % 

Same as in 

Rahmanian et al. 

(2011a). 
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It should be noted that the works in determining seeding in detergents considered 

other conditions for powder ratio at 3 and 1 as well as binder percentage of 20 % and 

30 %. The more the binder percentage, the larger the granules grew leading to 

agglomeration. Also, with more fine particles (i.e., increased powder ratio) and less 

presence of coarse granules, this resulted in no formation of seeded structures with 1 

and 3 powder ratios respectively. 

2.1.1.2.3 Mechanisms of Nucleation and the Nucleation regime Map 

The two nucleation mechanisms already discussed are also supported by Litster and 

Ennis (2004) who further proposed four stages through which nucleation (i.e., 

immersion or distribution) can be achieved with the liquid droplet size being larger than 

that of the powder particles as follows; 

a) Formation of liquid droplets at various frequencies and of different size 

distributions at the source of liquid addition. 

b) Powder surface interaction with binder droplets: tendency of increased droplet 

size from coalescence of droplets at the powder surface. 

c) Droplet spreading over powder bed and its penetration by capillary action into 

the bed to give loosely packed nuclei. 

d) Breakage of large wet clumps from shear forces present. 

Further to their research, Litster and Ennis (2004) conclude that three possible routes 

can be taken in achieving nucleation namely; 

a) Droplet controlled �± individual drops achieve complete and fast wetting into the 

powder bed, forming single nuclei granules.  

b) Shear controlled �± nuclei size distributions are independent of droplet sizes and 

heavily dependent on presence of shear forces within the powder bed to break 

up lumps and agglomerates. 

c) Intermediate �± the region between the drop and shear-controlled nucleation, 

with nuclei size distributions influenced by various process and operational 

conditions as well as kind of formulation present. 

Droplet controlled nucleation is ideally preferred as the size of nuclei distributions are 

effectively controlled by the size distribution of droplets. These droplet sizes are more 

readily controlled and easily determined to achieve nucleation than depending on 
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binder dispersion within powder beds which is subject to other process and operational 

parameters which contribute to the shear forces present. Below is a representation of 

the nucleation regime map, indicating conditions satisfactory for drop controlled 

nucleation as well as conditions requiring the need for shear forces. 

 

Figure 2. 9 Nucleation regime map as by Litster and Ennis (2004) 

The y-axis represents the penetration time of the liquid droplet (�ìp) while the x-axis is 

�U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���R�I���W�K�H���V�S�U�D�\���I�O�X�[������a). Lower values of both dimensionless conditions 

(or quantities) thus best satisfy controlled drop nucleation and at higher values of the 

same conditions or with the absence of either of these two low required values (i.e., 

�ìp �D�Q�G����a), shearing is required for nucleation. 

 �ì�ã 
L
�P�ã
�P�Ö

 2.11 

Where tp is penetration time of the spray drops and tc is the circulation time 

tc is defined as the time taken in returning a pack of powder to the spray zone and is 

a function of the patterns of powder flow and the amount of material in a granulator. 

Thus, it is equipment dependent. 
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According to Ennis (2005), any of the three rate processes (i.e., Wetting and 

Nucleation, Consolidation and Coalescence, and Breakage and Attrition) is likely to be 

dominant depending on the technique employed for wet granulation (e.g., fluidizing 

bed granulator, drum granulator, high shear granulator/mixer etc). Coalescence and 

consolidation are most likely to be dominant in high shear granulators with their 

mechanistic action of choppers and impellers than it would be in fluidizing beds. On 

the other hand, wetting and nucleation within fluidizing bed granulators tends to be 

dominant than for high shear granulators. These rate processes in combination with 

each other thus influence product (i.e., granules) properties of structure, density, 

porosity, size distribution among others. With the use of liquid binder medium for wet 

granulation, several possible states of saturation (i.e., of the liquid and powder 

particles) are likely to dominate during the granulation process, facilitating bonding 

within the granules formed. These interactions are shown in Figure 2.10 and described 

below (Newitt and Conway-Jones 1958). 

a. Pendular state �± this involves the introduction and formation of liquid bridges 

which hold individual particles together as steps towards nuclei and granule 

formation. 

b. Funicular state �± without complete saturation of liquid, this is a transition state 

between pendular and capillary states with partial liquid bridge formation as well 

as near saturation. 

c. Capillary state �± complete granule saturation with all pore spaces filled with 

�O�L�T�X�L�G���V�X�F�K���W�K�D�W���W�K�U�R�X�J�K���F�D�S�L�O�O�D�U�\���D�F�W�L�R�Q�����O�L�T�X�L�G���R�Q���W�K�H���J�U�D�Q�X�O�H�¶�V���V�X�U�I�D�F�H���L�V���G�U�D�Z�Q��

into the core of the granule. 

d. Droplet state �± powder particles are held bound at the surface of a liquid 

medium without the liquid filling pore spaces completely as in the case of 

capillary.  

There remains the tendency of forming yet another state, the pseudo droplet state 

which has unoccupied pore spaces encompassed within the droplet. Depending on 

either of the following: (a) particle-particle consolidation resulting in decreased porosity 

or (b) more liquid addition, the prevailing particle-liquid interaction may be of any of 

the liquid saturation states described (Iveson et al. 2001). 
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Figure 2. 10 Liquid saturation states within wet granulation (Newitt and Conway-Jones 

1958) 

Pendular, funicular, capillary and droplet states of saturation are equally described as 

forms of pore filling (Ennis et al. 2008) �Z�K�L�F�K���F�R�Q�W�U�L�E�X�W�H���W�R���W�K�H���V�W�D�W�L�F���V�W�U�H�Q�J�W�K�����1T) of 

granules with consideration to existing interparticle forces (H). The presence of liquid 

bridges within the pendular state makes it the most important of the pore filling states. 

This is due to the presence of strong forces (pendular bridges) between the primary 

particles because of the surface tension (�@) present. A total of these forces over the 

�D�U�H�D���R�I���W�K�H���J�U�D�Q�X�O�H���J�L�Y�H�V���W�K�H���J�U�D�Q�X�O�H�¶�V���V�W�D�W�L�F���V�W�U�H�Q�J�W�K�����Z�L�W�K���W�K�H���S�U�L�P�D�U�\���S�D�U�W�L�F�O�H�V���R�I���V�L�]�H��

(�=�����D�Q�G���D���F�R�Q�W�D�F�W���D�Q�J�O�H���R�I������(Rumpf 1962). 

The granule static strength was presented as below, 
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Where, A is area of granule and �Ý�Ú is inter-agglomerate porosity. 

Since wet granulation involves a granulating fluid (i.e., often water) as well as a liquid 

binder, the degree of powder bed wetting and subsequent nuclei wetting into granules 

and agglomerates is hugely influenced by the prevailing liquid distribution. This level 

of distribution is controlled by the rate of liquid addition which together with the 

properties of the feed powder, determine how wet a particular formulation will be 

(Ennis 2005). Overall, though the granule growth process involves a combination of 

several factors, it has been made comprehensible in the proposed granule growth 

regime maps as by Iveson and Litster (1998a). According to them, there exist two 

broad granule growth behaviours of steady state and induction, which are both 

dependent on the particle-binder rate of consolidation as well as its deformability. 

These two granule growth behaviours of (a) induction and (b) steady growth are 

explained as follows. 
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a) Induction growth �± prolonged periods of no change in granule sizes resulting in 

potential delay in the process. 

b) Steady growth �± consistent granule size enlargement over time.  

In arriving at the regime map, they noted that, 

a) There is no granulation and only weak material crumbs form for particle-binder 

mixtures which do not meet a minimum strength. 

b) Over time, granule properties differ, and consolidation can lead to elastic and 

surface-wet granules from a surface-dry and deformable material. 

c) Increasing liquid content promotes more granule growth by coalescence. 

The regime maps as depicted in Figure 2.11 and Figure 2.12, hinges on granule 

growth in a system that is a function of the impact of deformation and the liquid/binder 

content during granulation. 

 

Figure 2. 11 Granule growth regime map of the effect of consolidation rate and liquid 

content (Iveson and Litster 1998b) 
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Figure 2. 12 Granule regime map showing the effect of various process and parameter 

activities (e.g., binder surface tension and agitation intensity) on the nature of granule 

formed (Iveson and Litster 1998b) 

The impact of granulation is represented by the deformation number (De) on the y-

axis of the map and maximum pore saturation (smax), representative of the liquid 

content within granules on the x-axis. This deformation number is more readily referred 

to as the Stokes deformation number �:�5�P�×�Ø�Ù�; as in equation 2.15. The fraction of 

granule pores filled with liquid (smax) is represented by equation 2.13 below.  

 �O�à�Ô�ë
L
�S�é�æ�:�s
F �ó�à�Ü�á�;

�é�ß�ó�à�Ü�á
 2.13 

Where �S is liquid to solid mass ratio, �é�æ is solid particles density, �é�ß is density of liquid 

and �ó�à�Ü�á is the minimum porosity a given formulation achieves under specific 

operating conditions. 

Equations 2.14 and 2.15 are representative of deformation number (De) and Stokes 

deformation number �:�5�P�×�Ø�Ù�; respectively as below. 
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L
�é�Ú�7�Ö

�6

�;�Ú
 2.14 

 

 �5�P�×�Ø�Ù
L
�é�Ú�7�Ö

�6

�t�;�Ú
 2.15 

Where �é�Ú is granule density; �;�Ú is the dynamic yield stress of the granule, and �7�Ö is 

representative of the collision velocity in the granulator. 

Both regime maps for granule formation indicate the absence of granules and the 

presence of a more slurry-like material at the top right corner with increased �5�P�×�Ø�Ù and 

corresponding increase in granule pore saturation. This is what was observed in the 

works on detergents with the use of 30 wt % binder, resulting in a paste (Kong 2015; 

Halmi 2016; Rahmanian et al. 2016). Insufficient binder mixing will also lead to material 

that easily crumbles under stress as rightly shown in the regime maps in Figures 2.11 

and 2.12. It is the case that granule growth is dependent on variables such as 

consolidation rate and deformability, with wide-sized fine particles in the presence of 

high viscous binders undergoing induction growth (i.e., little-to-no growth) while 

deformable granules formed in the presence of less viscous binders with narrow-sized 

coarse particles (Litster and Ennis 2004). With increased saturation rates, induction 

growth decreases and steady growth via rapid coalescence of particles in the 

presence of less viscous binders is facilitated. The concept of regime maps, therefore, 

allows for the explanation (i.e., qualitative and/or semi-quantitative) of the differences 

in granulation behaviour, occurring within the granulation process. Equipment and 

process parameter inputs are successfully correlated with the granule properties 

through regime maps, allowing the possibility of determining the growth behaviour of 

formulations without the need for further laboratory and pilot scale experiments, which 

makes it a useful economic gain (Kumar et al. 2014). 
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2.1.1.3 The Place of Direct Compression in Dry Granulation 

Aside the above named two main granulation types, there is direct compression which 

is thought to be an alternative to dry granulation and most suited to effervescent tablet 

production (Bertuzzi 2005). It is however classified as a form of dry granulation 

according to Parikh (2005) who lists the three processes in achieving dry granulation 

as by: (a) direct compression (b) slugging or (c) roller compaction. Though interpreted 

differently by some authors as already evidenced above, direct compression is most 

suitable for easily compressible materials (excipients) upon successful blending of the 

formulations (ingredients) for immediate tabletting on a tablet press, particularly in the 

pharmaceutical industry (Tousey 2002a). The omission of any form of granulation prior 

to making the blend into tablets suggests that it is another (i.e., a different) technique 

in the preparation of powders and not a type of dry granulation as by Parikh (2005). 

However, it often has outweighing disadvantages to its benefit of short processing 

times and less complexity with low associated costs. Some common disadvantages in 

literature (Tousey 2002a; Parikh 2005) include, 

a) Unsatisfactory content uniformity in tablets of the dosage forms. 

b) Powder blends not easily fitting into tablet press dies. 

c) Challenges in obtaining the desired product friability, hardness, 

dissolution/disintegration among other attributes required. 

 

2.2 High Shear Granulation (HSG) and Twin Screw Granulation (TSG) 

Though there exist several methods by which granulation of materials can be 

achieved, these are mainly equipment defined and specific (i.e., equipment 

dependent). Only high shear granulation (HSG) (e.g., high shear wet granulation �± 

HSWG) and twin screw granulation (TSG) approaches will be discussed further with 

regards to this work, as these are of particular interest in the investigations and 

discussions made. 
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2.2.1 High Shear Granulation (HSG) 

High shear granulators are known to yield the densest granules and often have 

impellers or rotating blades moving the powder bed within fixed walls of the equipment 

(Morin and Briens 2014). Figure 2.13 depicts a sample high shear granulator, showing 

its blades, chopper system, and the means of granulating liquid introduction. 

 

Figure 2. 13 Schematic representation of a high shear granulator (Badawy and Pandey 

2017) 

They tend to significantly influence the properties of granules formed (Lee et al. 2013) 

as breakage during the formation process of the granules is prominent, leading to 

further material consolidation. By their design, they are most suited for materials that 

other equipment like the tumbling drum granulator is unable to granulate. Materials 

such as those of different moisture contents, liquid binders with high viscosity and very 

fine powders are well granulated using high shear mixers (Chitu et al. 2011). These 

can either be batch or continuous operated, with the batch granulators commonly used 

in the field of pharmaceuticals. Depending on the design of batch granulators, the 

properties of products formed will differ as the flow patterns within the granulator is 

determined by the design (geometry) of impellers which also affect the amount of 

shear introduced into the process (Briens and Logan 2011). 
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The flow of powders within this type of equipment is of the transfer of momentum to 

the powders from impellers by a combination of the factors of (a) inertia and (b) friction 

and shear. The prediction of such flow patterns is currently not easily achieved as it is 

�G�H�S�H�Q�G�H�Q�W���R�Q���D�Q�G���D�I�I�H�F�W�H�G���E�\���D���J�U�D�Q�X�O�D�W�R�U�¶�V���G�H�V�L�J�Q�����7�K�R�X�J�K���D�O�O���W�K�U�H�H���U�D�W�H���S�U�R�F�H�V�V�H�V��

apply in high shear mixer granulation, the kinetics involved is constantly being 

investigated (Litster and Ennis 2004). Le et al. (2009) investigated this kinetics 

focussing on the very early stages of wet granulation within a vertical shaft high shear 

granulator. They recognised that particle aggregation commences with initial binder 

addition and is independent of the binder content present. However, the rate of 

aggregation increases further in the granulation process and is rather low at about a 

minute into the process. With this, there is the occurrence of layering by fine particles 

because of the presence of more fine material at the incipient stage of the granulation. 

Progressively, there is coalescence and consolidation of granules as they breakdown 

under the action of impellers and the walls of the granulator. This is because the 

incipient granule forms are wetter (with binder or granulating liquid) and thus, weaker. 

With the rate of aggregation increasing progressively during latter stages in the 

granulation process, evidence of the occurrence of other simultaneous processes 

such as nucleation and breakage are also confirmed. They also conclude that 

modelling the first fifteen seconds of granulation and beyond is achievable through the 

Size Independent (SI) kernel population balance model. This model considers the 

variance (standard deviation) between the two operational factors of critical binder 

volume fraction (�Ô�¼) and aggregation rate constant (�Ú�4), in which the SI kernel model 

with binder volume fraction yields better results of the granulation simulation process. 

Nonetheless, the authors still acknowledge the complexity of the granulating process 

and its mechanism within high shear mixers. This is a reason for which it has been 

unclear the controlling mechanism for seeded structures in the literature. Overall, high 

shear granulators remain a useful part in the pharmaceutical and food industries, with 

continued investigations into its mechanism, for operational understanding and 

improvements.   

2.2.2 Twin Screw Granulation (TSG) and Melt Granulation/Extrusion 

With its advantage of continuous processing over the traditional batch processes, twin 

screw granulation is the granulation technique via the operation of two co-rotating 
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screws within the barrel of the equipment, operated either as a wet or melt granulation. 

This is represented in Figure 2.14 below, with an all-conveying screw configuration, 

with the co-rotating screws housed within a barrel, within which the 

granulation/extrusion process occurs. 

 

Figure 2. 14 Schematic diagram of an all-conveying twin screw granulator/extruder 

(Patil et al. 2005) 

The type of granulation (i.e., wet or melt) achieved via the twin screw is dependent on 

the state of the granulating liquid or binder medium used. It is referred to as twin screw 

wet granulation (TSWG) when the binding medium is introduced into the process as a 

liquid and has been the most popular granulation type, used heavily in the 

pharmaceutical (Almeida et al. 2012; Kallakunta et al. 2019), chemical ((Lee 2012), 

and food industries (Onwulata and Konstance 2006; Li et al. 2017). When the binder 

is introduced in its solid state (i.e., same state as the excipient and API materials) or 

melt form, the granulation type is known as twin screw hot melt granulation (TSHMG) 

or hot melt extrusion (HME). 

The determination of the twin screw process being either a granulation or extrusion 

process is dependent on the use of a component known as the die. The use of the die 

facilitates an extrusion process with materials forced through the die for further action 

or spheronization or breakage/milling (Young et al. 2002; Yu et al. 2014), in the 

formation of desired products. The omission of the die yields the granulation process 

where materials formed are in granular forms either as final products or for further 

processing into tablet forms (Markarian 2018). 
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Since this current work is of the investigation of melt granulation via a twin screw 

equipment (i.e., Pharma 16 twin screw extruder by Thermo Fisher Scientific, UK), the 

focus in this subsection is on TSHMG although several works exist in the literature for 

TSWG like Dhenge et al. (2012b) and could be usefully applied to melt granulation, 

particularly on the process parameter contributions. A detailed table on the various 

works on twin screw granulation with different materials and operating conditions is 

presented in Table A1 in the appendix. 

With its well-known shorter residence time, continuous processing at relatively lower 

temperatures, and higher outputs, granulation or extrusion via the twin screw 

equipment allows for several pharmaceutical formulation processing (Almeida et al. 

2012). The advantages of the melt granulation process via the twin screw equipment 

include improved flowability and compressibility of powders due to the achievement of 

uniform material properties, which results in improved product quality (Nandi et al. 

2021). Almeida et al. (2012) states several other advantages including the flexibility in 

producing a vast range of dosage forms and uniform material dispersion within the 

molten binder used (i.e., achieving consistency of products). 

There are other benefits of reduced production costs, stability of active ingredients, 

and the improved dissolution rates and bioavailability of poorly soluble drugs 

(Ndindayino et al. 2002; Majumder et al. 2018). These advantages are a result of the 

various operation and formulation factors including material blends used, screw speed, 

temperature, barrel fill, method of binder addition, types of screw elements and their 

configuration etc as in Lakshman et al. (2011) and Vercruysse et al. (2012). Though 

some of the conclusions drawn for some of the operating parameters are the same in 

different literature, other conclusions drawn do not complement each other and could 

be attributed to the differences in materials studied as well as the levels of parameters 

investigated in different works of literature. 

Vercruysse et al. (2012) concluded that no significant relationships existed for offset 

angles of kneading elements (KE) and screw speed, though increasing number of KE 

elements and barrel temperature resulted in more oversized agglomerates with less 

fines, and less friable granules. Thompson and Sun (2010) on the other hand argued 

that offset angles of KE contributed to particle size distribution but only with a high 

barrel fill level at about 70 %. In support of this, Djuric and Kleinebudde (2008) 
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concluded that the use of 90° forward offset significantly promoted the yield of 125 �± 

1250 µm granules. Though different conclusions have been reached by these 

researchers, it is key to also point out that they all studied different materials which 

may or may not have contributed to their findings. While Vercruysse et al. (2012) use 

theophylline anhydrate with �.-Lactose monohydrate 200 M as filler, both Thompson 

and Sun (2010), and Djuric and Kleinebudde (2008) used �.-Lactose monohydrate. 

The differences in conclusions on the effect of process and formulation parameters is 

therefore an interest in this work, to understand the contributions of process 

parameters and if these are material and/or formulation dependent or independent, 

with the differences in materials studied and reported in the literature. 

It is key to state that the choice of screw elements and their configurations, is vastly 

varied in literature (Van Melkebeke et al. 2006; Djuric and Kleinebudde 2008; Van 

Melkebeke et al. 2008) and considered as main contributors to both product formation 

and properties (Thompson and Sun 2010). Van Melkebeke et al. (2006) used two 

separate mixing zones (along the screw length) both consisting of kneading elements. 

The first zone had ten discs consisting of a combination of the first four discs at a 

forward angle of 30°, the next five at a forwarding angle of 60°, and the final disc at 

90° forward angle. The second zone on the other hand had a set of six discs, all in a 

60° forward angle. Though the same arrangement order as in the first zone of 

kneading discs was used in Van Melkebeke et al. (2008), there was no second zone 

of kneading discs and this single mixing zone was positioned at the end of the overall 

screw configuration, after a long section of conveying elements. A second 

arrangement by Van Melkebeke et al. (2008) was of the same ordered arrangement 

of kneading discs at 30°, 60°, and 90° forward angles but with a section of conveying 

elements at the end of the overall screw configuration unlike in the earlier configuration 

used. 

Observations from the results of granule yield (i.e., < 1400 µm) favoured the later 

configuration with the extra conveying section at its end, accompanied by a significant 

reduction in the percentage of agglomerates formed. Hence, screw configuration 

importantly contributes to product formation as do individual screw elements (i.e., 

conveying, combing, and kneading) studied by Thompson and Sun (2010) and 

believed to impact granule shape properties. Thus, the contributions of both the type 
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of element and its configuration deserves to be further investigated and better 

understood. The choice of screw elements have also been found to impact on granule 

properties as evidenced in the work by Djuric and Kleinebudde (2008) in which 

granules formed with combining elements were the most porous but of higher yield in 

the size range 125 �± 1250 µm, when compared with conveying elements. 

The mechanism of granulation within the TSG is also of interest in this present work, 

although believed to be the same as for the wet granulation process involving 

nucleation, growth, and breakage (Liu et al. 2021). The specifics by Liu et al. (2021) 

on the mechanism of melt granulation via the twin screw are that nucleation is mainly 

by immersion, with growth only occurring within KE, and conveying elements towards 

the end of the screw configuration facilitate granule breakage. 

In summary, the melt granulation technique has been successfully applied in many 

ways with its known advantages of continuous processing, monitoring and control 

(Vaingankar and Amin 2017) offering a wide selection of binders (Grymonpré et al. 

2018; Liu et al. 2018) and the omission of the drying step in traditional batch 

processing. The Eucreas® tablet is the best-known success of the twin screw melt 

granulation (TSMG) process in improving API distribution and general tabletability in 

comparison to the traditional types of dry and wet granulation (Lakshman et al. 2011). 

Other successful applications include maximising drug loading of metformin in an 

immediate release fixed dose combination (FDC) tablet (Kelleher et al. 2020) of which 

Oriahnn® is an approved immediate release melt granulated product by AbbVie (Qui 

et al. 2019). TSMG also has significant potential in the manufacture of delayed and 

sustained release drugs, improving drug solubility as being similar in mechanism to 

hot melt extrusion (HME) due to same equipment processing (Forster et al. 2021). 

2.3 Material Characteristics and Product Attributes 

The quality of granulated products by whichever method (e.g., HSWG, TSG) 

employed, is strongly influenced by the choice of primary materials and their unique 

characteristic attributes, as well as all the formulation and process parameters 

involved in the granulation process. The relationships between these are what needs 

to be fully understood and though there exists some works on this, they are often 

equipment and/or granulation type dependent. Therefore, this work seeks to use the 

methodology and design of experiment (DOE) as described in Chapter 3. 
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With the presence of high forces of impact within HSWG, there exists a quick change 

between these two growth regimes for which small increases in liquid binder content 

results in over wetted material. Hence, the need to completely understand in detail, 

the impact of operating and formulation parameters as well as the characteristics of 

primary materials in achieving desired product qualities (Thapa et al. 2019). In 

comparing HSWG with other granulation methods, Thapa et al. (2019) presented the 

advantages it has over these other methods, as shown in Table 2.4. 

Table 2.4 summarises the differences in granule properties and process parameters 

for HSWG against other granulation methods like twin screw granulation (TSG), low 

shear wet granulation (LSWG), and fluidised bed granulation (FBG). 

 

Table 2. 3 Comparison of HSWG to other granulation methods based on granule 

properties and process operations. 

A. GRANULE PROPERTY HSWG TSG, FBG and LSWG 

Density Higher Lower 

Porosity Lower Higher 

Strength (i.e., mechanical) Higher Lower 

Shape Regular/uniform Irregular 

Compressibility Lower Higher 

B. PROCESS PARAMETER HSWG TSG, FBG and LSWG 

Binder solution inclusion Less More 

Granulation time Shorter Longer 

 

To further distinguish between these granulation methods, there is better 

reproducibility of granule size distribution for HSWG than for the other methods for all 

the reasons listed in Table 2.4. HSWG is also less likely to generate dust unlike for the 

other processes but has a narrow operating condition. Thapa et al. (2019) further 

related the contribution of various process parameters to the three granulation rate 

processes involved in wet granulation of materials shown in Figure 2.15. They 

considered other formulation parameters such as binder addition rate and the methods 

of binder addition. 
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Figure 2. 15 Contribution of process and formulation parameters at various stages of 

wet granulation within high shear wet granulators (Thapa et al. 2019) 

From Figure 2.15, each of the three step granulation mechanisms are influenced by 

other factors such as equipment design, process parameters, and specific nature and 

properties of materials used for the granulation process. An example of this is that, 

depending on the ratio of the initial primary particle sizes to that of droplet binder 

particles, the incipient rate process of wetting and nucleation may be either hindered 

or better facilitated. With respect to the nature of materials used, water adhering 

materials would easily promote effective wetting and nucleation than others which are 

more hydrophobic. In a similar fashion, operating parameters such as chopper and 

impeller speeds as well as formulation parameters of the size of a batch, also 

determine to what extent breakage can occur within the granule forming process. The 

works on wet granulation as already mentioned in section 2.1 of this work, agree with 

the findings in Table 2.4 of granules being dense and with corresponding high crushing 

strengths. 
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2.3.1 Relationship of Seeded Granule Characteristics (Properties) and Initial Material 

PSD 

According to Rahmanian et al. (2011a) the seeded granules formed under high shear 

wet granulation were of a Stokes number of 0.1 regardless of formulation or granulator 

scale (i.e., size) used. This is related to the stokes deformation number in equation 

2.15 and as found in Tardos et al. (1997); Tardos et al. (2007). Crushing strength was 

determined by applying equation 2.16.  

 �ê
L
�(
�#

 2.16 

Where, �ê is the crushing stress, �( is the crushing load (strength) and �# is the cross-

sectional area of the granule based on its height. 

With better densification, more material is contained within each seeded granule 

structure than other granules and this will be advantageous in the pharmaceutical 

industry as most of the excipient and API will be contained within the granules formed, 

with the advantage of granules being of the same size. Strength of granules is 

therefore important as this affects other product properties particularly the dissolution 

of tablet forms, which is also dependent on tablet hardness because of unique granule 

properties. Depending on the desired end use of granules and tablets, the granulation 

operating conditions need to be setup as such, so that the process is fit for purpose 

and economically viable. The operating parameter of impeller speed has direct 

impacts on such granule properties like density, porosity, and strength. This is 

because, depending on the design and number of impeller blades present within a 

high shear granulator, powder mixing and binder distribution is significantly impacted 

(Kumaresan and Joshi 2006; Briens and Logan 2011; Mirza et al. 2015). Börner et al. 

(2016) presented the influence of impeller design on scale-up of batch operated high 

shear granulators such as what Rahmanian et al. (2011a); Rahmanian et al. (2011b) 

worked on and for which the constant tip speed rule was the ideal condition for 

consistent production of seeded granule structures across all four scales investigated. 

Increasing impeller speeds formed more compact (i.e., dense) granules until a 

threshold speed where no further changes to the size nor density of granules is 

observed (Rahmanian et al. 2013). Benali et al. (2009) confirmed with Barrera-

Medrano (2007) that low speeds results in uncontrolled agglomeration whereas 
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speeds above 200 rpm begins to introduce granule growth by breakage. Nonetheless, 

the observation of increasing speeds facilitating compacted granules was also made. 

The essence of particle size distribution (PSD) cannot be overlooked especially with 

the findings from all the works on seeded granule structures and as confirmed by 

Hassanpour et al. (2013) in the use of the discrete element method (DEM) in 

simulating the granulation process via a high shear granulator. 

The given equation for particle size distribution is presented as, 

 �@�S
L 
Î �:
�S�Ü
H�@�Ü

�S�ç
�;

�á�?�5

�Ü�@�5

 2.17 

Where, 

�S�Ü is the mass of granules retained per sieve. 

�S�ç is the total sieved mass. 

di is the arithmetic mean diameter of collecting sieve and the one above it. 

�J is the number of sieves including bottom plate for which the aperture size is taken 

as zero. 

�@�S represents the arithmetic mean diameter. 

In their work, 1460 large particles of the feed powder (8 mm in diameter) with 146,000 

fine particles (2 mm in diameter) were studied under the bonding force of surface 

tension due to software limitations. With this powder ratio and that reported in 

Rahmanian et al. (2016), it is established that for seeded granules, a powder ratio with 

considerable coarse particles in the presence of fine particles is a fundamental and 

essential requirement. Though the result from Hassanpour et al. (2013) agrees with 

the experimental findings by Rahmanian et al. (2016), it is worth noting that the 

complexity of varying particle sizes, interacting within the granulator has been 

simplified with the two broad particle size extremes (i.e., Fines and Coarse) used in 

their simulation work. Therefore, simulations involving other intermediate particle sizes 

between the two extremes of fine and coarse particles may help in better representing 

experimental conditions and analysing for better understanding, the mechanism 

behind the formation of seeded structures. 



54 
 

The work in seeded granulation was further studied by Jamaluddin (2016) and Kitching 

(2018) with a twin screw granulator, both of which are currently presented in Kitching 

et al. (2020). The findings in these two works together with those already mentioned 

above, form the basis for this current research, and serving as a guide on the choice 

of potential formulation and operating parameters influencing the formation of seeded 

granule structures. The choice of screw elements used and the configuration (i.e., the 

number and arrangement) of these elements under these studies varied per author. 

Nonetheless, the basic concept of a combination of conveying and mixing zones were 

employed as is the case in most twin screw granulation works in several literature 

(Djuric and Kleinebudde 2008; Thompson 2015; Lute et al. 2016). While Jamaluddin 

(2016) used a kneading block (KB) of six (6) disc elements at 90º as the mixing zone, 

Kitching (2018) adopted a number of different mixing elements (6 KB at 60º offset 

angle and chaotic mixing elements) for the mixing zone in an attempt to determine the 

best configuration for seeding along the length of the screw. These were as follows, 

i. Configuration 1 �± An all-conveying screw length without a mixing zone 

ii. Configuration 2 �± Six 60º KB elements at zone 8 of the screw barrel 

iii. Configuration 3 �± Six 60º KB elements at zone 4 of the screw barrel 

iv. Configuration 4 �± Two mixing sections of 60º KB elements present at zones 4 

and 8 

v. Configuration 5 �± Twelve chaotic mixing elements at zone 8 

vi. Configuration 6 �± Two chaotic mixing elements at zone 8 

Both authors used the same materials (i.e., calcium carbonate and PEG 4000) under 

similar temperature operating condition of 70 ºC to an extent while studying wet 

granulation and hot melt granulation. Other authors (Thompson and Sun 2010; 

Dhenge et al. 2012a) have investigated and reviewed the influence of varying screw 

elements (Thompson 2015) as well as formulation parameters (El Hagrasy et al. 2013) 

on twin screw wet granulation with different powders, usually lactose and 

microcrystalline cellulose. Mu and Thompson (2012) carried out some work on hot 

melt granulation to study the mechanics of granulation for twin screw extrusion. The 

consensus was that conveying elements allowed the forward motion of materials along 

the length of the screw, imparting minimal shear to the materials while mixing elements 

tended to give more consolidation and breakage of material as consistent with findings 

by Kitching (2018); Kitching et al. (2020). This is evidence to the different contributions 
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each type of screw element is likely to have on the granulation process. This is one 

aspect of investigation in this current work on the contribution of mixing and non-mixing 

screw elements to the granulation process and its subsequent impact on granule 

properties. 

With lower screw speeds of 25, 50 and 75 rpm corresponding to 0.02, 0.04 and 0.06 

m/s respectively in twin screw extrusion for which all three speeds are lower than the 

lowest impeller speed of 3.5 m/s used in the batch Cyclomix granulator, the range of 

mean crushing strengths observed (0.4 - 0.8 N) are not far from the minimum 1 N 

recorded mean crushing strength value for high shear granulation (Rahmanian et al. 

2008a; Rahmanian et al. 2011b; Rahmanian and Ghadiri 2013). This suggests the 

possible formation of seeded structures under hot melt twin screw granulation of 

calcium carbonate with PEG 4000 particularly at the higher speed of 75 rpm though 

no internal structure analysis were conducted. This was for the most promising 

configuration (i.e., Configuration 6) consisting of two chaotic mixing elements, present 

after the conveying zone and with a mean granule crushing strength of 0.75 N (Kitching 

2018). These observations however, differ from that of Jamaluddin (2016) who used 

screw speeds 50, 100, 150 and 400 rpm, yielding mean crushing strengths around 0.2 

N which is far lower than those of the high shear batch Cyclomix granulator. Also, 

these low crushing strengths are about four times lower than those reported by 

Kitching (2018) with the same equipment, a twin screw granulator. Nonetheless, it 

corresponds with findings by Rahmanian and Ghadiri (2013) in their study of three 

different continuous granulators for which the crushing strength of granules produced 

from the Nica M6 and Extrudomix granulator ranges 0.006 �± 0.24 N. This difference in 

the mean crushing strengths between the works by Jamaluddin (2016) and Kitching 

(2018) may be a case of amount of binder used by the authors at 5 % and 10 % 

respectively. Another cause of this difference may be the quantity of primary material 

available per hour (i.e., feed rate �± a determinant of granulator fill-level) per each study. 

However, the more suggestive parameter hinting at influencing granule properties 

appears to be the choice in screw configuration used by the authors. Though 

Jamaluddin (2016) had success forming some granules, there was no strong presence 

of seeded-core granules. This could likely be a cause of the stagger/offset angle used 

in arranging kneading elements. The 90º offset angle used is less likely to allow for 

forward material conveyance but an introduction of high stresses resulting in more 
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breakage and yet, further reconstitution of granules with a binder percentage of 10 %. 

This led to more porous and weaker granules being formed than those in high shear 

mixers, explaining the reduced tendency of seeding (Jamaluddin 2016). There was 

the observation of highest granule crushing strength at 50 rpm, lowest at 400 rpm and 

a drop in strength at 100 rpm but with a slight increase at 150 rpm. This can be 

explained by lower channel fill levels at higher screw speeds (especially 400 rpm) in 

accordance with findings by Lute et al. (2018). Thus, there is less compaction from the 

reduced volume of material for mixing which leads to weaker granules because of the 

high speed of 400 rpm. However, 400 rpm produced the most percentage of desired 

granules (i.e., 125 �± 1000 µm) at 61 %. With increasing speeds from 50 rpm to 150 

rpm however, there was an observed decrease in the percentage of desired granule 

sizes from 56 % to 52 %. This is clearly not consistent with findings in high shear 

granulators where increasing speeds, particularly under HSWG facilitated more 

granule formation. This discrepancy or difference in the contribution of speed to the 

formation of desired granule sizes is one that warrants investigation in this current 

work. Kitching et al. (2020) report on the first three configuration settings within 

Kitching (2018) (i.e., Configurations 1, 2 and 3) and aim to determine the influence of 

speed and screw elements on seeded granule formation. The approach taken 

matched up with earlier work by Jamaluddin (2016) but with some refinement in the 

offset angle of kneading elements (i.e., from 90º to 60º). Configuration 3 (i.e., six 60º 

KB elements at zone 4) at 50 rpm was found ideal for formation of desired granule 

sizes (87.6 %) and with lowest fine particle percentage of 4.9 %, and a corresponding 

low agglomerate percentage of 7.5 %. At lower speeds of 25 and 50 rpm, observed 

granules under SEM were more spherical than those at 75 rpm which indicates better 

compaction and consolidation of granules for configuration 1. This explains why 

measured average crushing strengths at these low speeds were higher (0.8 N) than 

the higher speed of 75 rpm at 0.6 N. Overall, with the use of kneading elements but 

regardless of its positioning along the screw length (i.e., configurations 2 and 3), 

increasing speeds facilitate more sphericity and increased crushing strength. There is 

also a corresponding increase in the yield of granules of the size range 90 �± 1000 µm, 

and the presence of seeding, albeit of a small portion of the sample space considered 

(Kitching et al. 2020). 
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2.4 Summary 

To conclude, there is the tendency of seeded granule formation via hot melt 

granulation as determined in high shear granulation but with weaker granule strengths. 

This needs further exploring to understand in full, the key conditions promoting seeded 

granule structures and granule properties via twin screw granulation. This is because 

the granulation process involves several process and system conditions as identified 

by Meuser et al. (1992). Though earlier works on seeding by high shear mixtures 

provide some guidance, the same conditions cannot be assumed for twin screw as the 

design of the equipment differs with proof from influence of equipment design in 

HSWG by Rahmanian and Ghadiri (2013) as firm confirmation. Furthermore, the 

choice of operating conditions and its levels of operation are vital as shown in the 

differences observed in works by Jamaluddin (2016) and Kitching (2018) for the same 

twin screw granulator. The mechanism of nucleation and growth of granule is not well 

established for twin screw extruders nor seeded granules in high shear granulators. 

However, the expectation from literature is that nucleation by distribution is more likely 

to be present if not dominate, considering the strong influence from the work of 

adhesion, �9�º. 
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Chapter 3 Methodologies  

Introduction 

Several activities were carried out in this work to achieve the aim of the study as 

outlined previously in Chapter 1. This chapter offers a description of the materials 

used, methods and different equipment used to generate useful data for further 

analysis. These include preparatory steps prior to the granulation process like the 

choice of experimental design and various formulations. Other activities including 

sieving were done using standardized British Standard (BS) sieves as in sub section 

3.5.1 and granulation was done by a twin screw extruder, operating as a twin screw 

granulator. 

 

General Research Methodology 

The overall concept of this work is to first investigate the contribution of the identified 

factors of screw speed, temperature, binder content, and the number of mixing 

elements as well as the type of mixing elements, on the formation and characteristics 

of granules via TSHMG (refer to Figure 2.14 for schematic). With the help of a DOE of 

these factors (described in section 3.3), a screening model of analysis is employed for 

an understanding of major factors and/or factor interactions contributing to granule 

production and characteristics. The conditions facilitating improved material 

processing were then applied to the pharmaceutical formulation as will be discussed 

in Chapter 7 and the resulting data subsequently analysed and discussed. Product 

and factor optimization for the improved product (i.e., granules and tablets) attributes 

are then proposed. 
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Figure 3. 1 Research Methodology Design. 
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The key parts of the research methodology in this work are the experimental work and 

the analysis of the corresponding results. The methodology can be seen as divided 

into two parts, the first which is the investigation of model products of calcium 

carbonate and polyethene glycol 4000, and the second part, of a chosen 

pharmaceutical formulation which will be discussed in Chapter 7. The approach taken 

in this methodology is to apply knowledge gained from the first part to that of the 

second part as appropriate. The methodology implemented aims to identify the most 

suitable experimental conditions and to further optimize them for pharmaceutical 

powders. From Figure 3.1, the method adopted begins with a thorough literature 

review in investigating the likely operating and formulation parameters which affect 

granule formation and properties. Upon the successful identification of the most likely 

parameter conditions from literature to granule formation and characteristics, a 

selection of these is made and put into a design of experiments (DOE). The approach 

of DOE is one of screening to further narrow in on the most vital of the parameters 

chosen. For the DOE, four parameters each at three levels of -1, 0, and +1 were used. 

Upon settling on the DOE, experiments were prepared and run accordingly. The first 

major interest from the resulting products was to identify which of the experiments per 

the DOE resulted in the most yielding production of the granules in the size range 125 

�± 1000 µm. The most yielding experiment was then applied in the experimental study 

conditions for the pharmaceutical formulation chosen. Out of the desired granule size 

range identified (125 �± 1000 µm), the granule size of 500 �± 600 µm is selected for 

further characterization of strength, external SEM view and internal SEM granule 

structure. This choice of size range is with it being the median of the broader desired 

range. Hence, being a more representative size range for further analysis. Statistical 

analysis on the outcome of these granule characteristics as well as the yield of desired 

granules was performed, and interpretations were made on the impact of factors on 

such granule properties. The final process and granule characteristic properties are 

then optimized for the optimum best conditions for granule yield and strength. This 

methodological approach is to meet the current study's aim of identifying and 

understanding the unique factor contributions to granule properties studied.  
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3.1 Materials 

For this work, the two main materials used in the formulation of the primary blend for 

the granulation process are calcium carbonate (CaCO3), commercially named Durcal 

65 (supplied by Omya UK) and polyethene glycol (PEG) of molecular weight 4000, 

manufactured by Thermo Fisher Scientific. 

3.1.1 Calcium carbonate (CaCO3) 

Often synonymous with chalk, limestone, aragonite etc., calcium carbonate is of 

molecular weight 100.09 g/mol and known to occur abundantly in most rocks 

especially sedimentary rocks. It is without odour and described both as a colourless 

crystal and a white powder, stable under atmospheric air conditions and with an 

indefinite shelf life. It can be mined from rocks (i.e., limestones) or formed industrially 

either; (a) as a by-product in the Solvay process of making sodium carbonate or (b) 

through the recarbonization of already formed calcium oxide from the initial 

decomposition of limestone. Regardless of the means of production, calcium 

carbonate is insoluble in water and its naturally occurring form is less in purity 

compared with the industrial type. In this work, industrially produced calcium carbonate 

is used and has a unique number as assigned by the Chemical Abstracts Service 

(CAS 471-34-1). 

 

Figure 3. 2 A 2-Dimensional structure of CaCO3 (National Library of Medicine (National 

Center for Biotechnology Information) 2022) 

It is non-corrosive, ranging in hardness from 3.0 to 4.0 on the Mohs scale of hardness 

and has a density between 2.7 �± 2.95 (g/cm3) though often taken as 2.71 g/cm3 at 25.2 

°C. 

It has melting points of 825 °C (alpha) and 1339 °C (beta) with a pH of 8 �± 9 and 

several uses. 

�x An active ingredient in drugs 
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�x In cosmetics as bulking and buffering agents; colourants; absorbents; 

abrasives etc 

�x Agriculture (both animal and crop farming) as well as aquatic farming 

�x Building and construction 

�x Paints, coatings, sealants, paper 

�x In pharmaceuticals for tablets and diluting capsules 

�x Anticaking agent in milk powders 

�x Additives in food manufacturing 

 

 

Figure 3. 3 SEM of calcium carbonate powder 120X 

 

3.1.2 Polyethylene glycol (PEG 4000) �± powdered form and crystalline flakes 

PEG 4000 is a polymer with the structural and molecular formulae H(OCH2CH2)nOH 

and (C2H4O)x.H2�2�����[���•�������U�H�V�S�H�F�W�L�Y�H�O�\��and a CAS number of 25322-68-3. At 20 °C, 55 

g of PEG 4000 is known to dissolve in 100g of water and is of a vapor pressure of < 

0.001. Its melting point is in the range of 53 �± 58 (°C) and has a density of 1.2 g/cm3 

all under the temperature condition of 20 °C. It is immiscible with aliphatic 

hydrocarbons but soluble in both polar and non-polar solvents. Being soluble in water 

is its key advantage for its wide application in most industries and though generally 

non-volatile, at high temperatures exceeding 150 °C, observed weight losses occur. 

In general, PEG results from the polymerization of ethylene oxides under the action of 

water, with ethylene glycol and an alkaline catalyst. Its pH is between 5 �± 7 and is 

https://www.sigmaaldrich.com/catalog/search?term=25322-68-3&interface=CAS%20No.&lang=en&region=US&focus=product
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often stored under temperatures below 30 °C. PEG may in some situations be referred 

to as either polyethylene oxide (PEO) or polyoxyethylene (POE) but with the spine of 

its composition being (-O-CH2-CH2-) (Polyethylene glycol (MAK Value Documentation 

2012). 

 

Figure 3. 4 General 2-dimensional structure of PEG. 

The uses of PEG are varied and are applied in many industries as in Table 3.1 below. 

Table 3. 1 Application of PEG across different industries 

Industry Uses 

Paper and Rubber Moisturizers, lubricants 

Ceramic Binding agents 

Pharmaceutical Binders, excipients, toothpaste 

Cosmetic Lotions, lipstick, the base of ointments 

Food Aromatic carriers, additives 

Clothing and Leather Emulsifiers, plasticizers 

 

Two kinds of PEG 4000 are used in this research as specified below, with the 

powdered form heavily used throughout the study. The crystalline flakes have been 

used for reasons of comparison, hinting at impact of different materials in the 

granulation process (refer to Figure 6.16(c) and Figure B24 in appendix). 

 

3.1.2.1 Powdered PEG 4000 

The figure below shows the as received (ar) powder image of PEG 4000 as well as its 

corresponding SEM image. It has an experimentally determined onset melting 

temperature of 56.5 °C which peaks at 60.7 °C. 
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(a) as received powdered PEG 4000 (b) 80X SEM of powdered PEG powder 

Figure 3. 5 As received powdered PEG 4000 images 

 

3.1.2.2 Crystalline flakes PEG 4000 

The flakes of PEG on the other hand have a peak melting temperature of 62.2 °C and 

a corresponding onset of 59.9 °C. The figure below shows both received image 

samples and observations under SEM. 

  

(a) as received PEG 4000 crystalline 

flakes 

(b) 30X SEM image of crystalline PEG 

flakes 

Figure 3. 6 As received crystalline flakes of PEG 4000 images 
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3.1.3 Ibuprofen 

Pure ibuprofen 99 % with CAS 15687-27-1 is used as the active pharmaceutical 

ingredient (API) in this study and is synonymous with the following, �.-Methyl-4-

(isobutyl)phenylacetic acid; alpha-Methyl-4-(2-methyl propyl) benzene acetic acid; 2-

(4-Isobutylphenyl)-propionic acid; p-Isobutylhydratropic acid. It is of the chemical 

formula C13H18O2 and molecular weight of 206.28 g/mol. It is a solid crystalline powder, 

whitish in appearance and has a boiling point of 157 °C and a melting range of 75 �± 

78 °C (Sigma-Aldrich 2016; Thermo Fisher Scientific 2021). 

 

Figure 3. 7 Backscatter (BSD) image of pure Ibuprofen at 150X 

 

3.1.4 Alpha-D-Lactose monohydrate (�.-D-Lactose monohydrate) 

With its off-white appearance, this powder is generally recommended for laboratory 

use and has the molecular formula, C12 H22 O11.H2O as manufactured by Fisher 

Scientific UK. It is of a molecular weight of 360.3 and a melting temperature ranging 

from 219 °C to 426.2 °C (Thermo Fisher Scientific 2020). It has an experimentally 

measured mean particle size (d50) of 99.9 µm. 
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Figure 3. 8 BSD of �.-D-Lactose monohydrate at 40X 

 

3.2 Twin Screw Granulation Considerations 

Figure 3.9 is the full setup of the granulation equipment used in this study. It shows 

the pharma 16 granulator, as well as a gravimetric feeder for the introduction of 

material into the granulating barrel of the granulator which is without the use of a die 

at its end. 
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Figure 3. 9 Pharma 16 twin screw extruder (Thermo Fisher Scientific, UK) without a 

die and mounted with a gravimetric feeder  

The approach taken in determining the set number of required experimental runs is 

based on the QbD approach and with the use of a twin screw extruder (Figure 3.9). It 

involved careful consideration of the major contributing factors associated with the 

formation of inner core structures (seeds) inside the granule structure, building on the 

observations and findings from the previous works in earlier research (Rahmanian et 

al. 2008a; Rahmanian et al. 2008b; Rahmanian et al. 2009; Kong 2015; Halmi 2016; 

Kitching 2018). These were particularly observed in high shear batch granulators while 

others were with the use of continuous granulation equipment like the twin screw 

(Jamaluddin 2016; Kitching et al. 2020). Based on the outcome of the literature review, 

the following factors were identified as the key influencers for the formation of seeded 

granules, 

i. Screw Design (i.e., screw configuration or number of mixing elements) 

ii. Screw Speed (in revolutions per minute i.e., RPM) 

Gravimetric feeder 
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iii. Screw Set Temperature (in °C) 

iv. Binder Percentage 

Each identified factor was then studied at three individual levels based on the 

understanding and evidence gathered from the recent works by Jamaluddin (2016); 

Kitching (2018); Kitching et al. (2020). 

Since the initial attempt of this work is to clearly understand and appreciate how these 

factors whether individually and/or in combination (collectively) affect the formation of 

seeded granule structures, a simple but useful screening approach to the design of 

experiments (DOE) was chosen with consideration of time (i.e., duration of the 

experiment) and productivity. The screening design of the experiments approach was 

identified as useful and far less time-consuming in clearly identifying which 

combinations of these factors, best lead to the desired result of seeding in granules. 

Thus, a full factorial of four (4) factors each at three (3) levels (34) amounting to 162 

experiments at two (2) replicates in total was avoided. 

The work by Kitching (2018) and others like Kong (2015); Halmi (2016); Jamaluddin 

(2016) served as a good basis for determining the range of such factors as screw 

speed and binder percentage. For a better and more scientific basis on the choice of 

temperature range, differential scanning calorimetry (DSC) was employed to achieve 

the best possible temperature range to use regarding set temperature. 

3.3 Design of Experiment (DOE) 

This section is on the DOE of the corotating twin screw granulator. Reference should 

be made to Table 5.6 in subsection 5.2.3 for the DOE set out for the investigation 

under HSMG. 

The screening method was chosen to help identity which factor(s) and at what levels 

(i.e., conditions) of factor combinations, that best promotes the formation of 125 �± 1000 

µm granules and with high crushing strengths, as well as for seeded structure 

formation. This is successfully done by eliminating those factors and at which levels 

little-to-no significant contributions are recorded for both yield in 125 �± 1000 µm 

granules and strength. The full process for the DOE investigations used in this 

research are as depicted in sub section 4.5.1 in Chapter 4. However, the screening 

approach for the already identified four factors (both operating and formulation) as 
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stated in Chapter 2 and at three independent levels each was used with the help of 

the Minitab software supplied by Minitab LLC (versions 19.1.1.0 and 20.4.0.0) as 

shown in Table 3.2. 

Table 3. 2 DOE Screening Table of factors at three levels each 

Run Order Screw Design 
Screw Speed 

(RPM) 

Set Temperature 

(°C) 

Binder 

Percentage 

(wt %) 

1 4 150 65.0 15 

2 4 50 60.0 15 

3 4 100 70.0 5 

4 2 100 65.0 10 

5 2 150 70.0 15 

6 0 100 60.0 15 

7 0 50 70.0 15 

8 4 150 60.0 5 

9 0 50 65.0 5 

10 0 150 70.0 5 

11 2 50 60.0 5 

12 0 150 60.0 10 

13 4 50 70.0 10 

For screw design (i.e., number of mixing elements), the three levels chosen were 0, 2 

and 4. 

i. 0 - representing an all-conveying screw element configuration for the twin 

screws. 

ii. 2 - representing the use of two individual mixing elements at a determined 

mixing zone along the length of the twin screws. 

iii. 4 - representing the use of four individual mixing elements at a determined 

mixing zone along the length of the twin screws. 

This determined mixing zone is further explained under section 3.6 Experiments. 

However, two separate mixing elements were chosen for this work (see Table 3.3) 

namely, 
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a. Kneading elements (with offset angle of 30°) 

b. Chaotic mixing elements 

Chaotic mixing elements as shown in Table 3.3 and subsequently in Table 4.9, are a 

set of circular shaped mixers, with varying sizes (i.e., 9 mm to 14 mm in diameter), 

arranged in pairs of two (i.e., one small ring and one big ring together as a pair always). 

Reference is to be made to Tables 3.3 and 4.9. 

Table 3. 3 Kneading and chaotic elements used in granulation 

Type of 
mixing 

element 

Number of mixing elements 

2 4 

Kneading 
(KB) 

  

(i) (ii) 

Chaotic 

  

(iii) (iv) 
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3.3.1 Determining the Mixing Zone 

Nine individual conveying screw elements were first arranged unto each of the two 

rods of the twin screw extruder. Two or four mixing elements (KB or chaotic) were then 

added to the already arranged conveying elements and a concluding set of conveying 

elements was added to complete the full arrangement as required respectively. The 

extruder barrel with its zonal markings was then placed unto the two screw rods, 

observing which zone contained the mixing elements. From observation and using the 

demarcations on the top part of the extruder barrel, the mixing zone was found to be 

contained at zone 8 (i.e., towards the end of zone 8 and at the start of zone 9). This is 

depicted in Figure 3.11 with the individual zones of the extruder shown in Figure 3.10 

below. 

 

Figure 3. 10 Display screen of Thermo Fisher Scientific twin screw extruder, showing 

zones 2 through 10 and the die section. 
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Figure 3. 11 Image description of mixing elements present at zone 8 (determined 

mixing zone) of the extruder 

Thus, for screw designs 2 and 4 as listed in Table 3.2 above, there will be 

a) Two individual kneading elements at the determined mixing zone as well as 

four individual kneading elements at the determined mixing zone along the 

length of the twin screws but in separate experimental runs as in the screening 

design below. 

b) Two individual chaotic mixing elements at the determined mixing zone as well 

as four individual chaotic mixing elements at the determined mixing zone along 

the length of the twin screws but in separate experimental runs as shown in the 

screening design below. 

This means that for each mixing element; (a) kneading and (b) chaotic, screw designs 

2 and 4 will be applied under the same conditions as specified in the design table (refer 

to Table 3.2) but as different experiments based on the screw element used. 
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With findings from DSC and the viscosity tests for PEG 4000, the three operating 

temperatures used were 60 °C, 65 °C and 70 °C. It was found that there is no benefit 

in setting lower temperatures as from the rheometer tests, higher viscosity is recorded 

for the lowest temperature of 60 °C. 

Knowledge of the choice of a range of binder percentage or content (5 %, 10 % and 

15 %) to use in this work was gathered from previous works by (Kong 2015; Halmi 

2016) which suggests agglomeration with the production of larger sized granules 

outside of the desired range of 125 µm �± 1000 µm for this study when the higher 

quantities of the binder are used. 

3.4 Experiments 

3.4.1 Experimental Planning 

The approach chosen in this work was to keep the mass of calcium carbonate (CaCO3) 

constant at 180 g for each of the combinations proposed in the experimental design 

table while varying the amount of PEG 4000 to be added accordingly as 5 %, 10 % or 

15 %. This ultimately, results in changing the total mass of the sample blend used for 

each test run as in the design of experiments shown in Table 3.1. 

This approach was arrived at after initially considering a total sample blend mass to 

be 200 g and calculating 90 % of this mass to be 180 g (representative of CaCO3) and 

the remainder 10 % as the amount of PEG 4000 binder. The rational for using 200 g 

of material was to avoid material wastage, as the experiments conducted were for 

screening purposes to satisfy the DOE. From this, the corresponding amounts for 5 % 

and 15 % PEG 4000 were found while maintaining the mass of CaCO3 constant at 180 

g in both scenarios as exemplified below. 

�x Initial chosen sample blend mass (CaCO3 + PEG 4000) = 200 g. 

Out of this 200g total sample blend mass, 90 % is CaCO3 and 10 % is PEG 4000. 

 
�{�r
�s�r�r

�Û�t�r�r���C
L �s�z�r���C�����ƒ�����u�� (11) 

 
�s�r
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Subsequently, to determine the mass of total blend samples and PEG 4000 while 

keeping the mass of CaCO3 constant at 180 g with knowledge of the percentages of 

PEG 4000 needed (i.e., 5 % and 15 %). 

�x The total sample blend mass (CaCO3 + PEG 4000) is represented by X in both 

cases at 5% and 15% PEG 4000 content. 

For 5 % PEG 4000 content, there will be 95 % CaCO3 content based on the initial total 

mass of 200g (blend) with 10% PEG 4000 and 90 % CaCO3 (i.e., 90 % CaCO3 + 10 

% PEG = total sample blend). The same is followed for 15 % PEG 4000 which gives 

an 85% CaCO3 content. Thus at 5 %, 10 % and 15 % PEG content of the blend, the 

corresponding amounts of CaCO3 are 95 %, 90 % and 85 % respectively concerning 

X. 

Table 3. 4 Batch size of blends used at various PEG 4000 percentages (5 %, 10 % 

and 15 %) 

Percentage 

PEG 4000 of X 

(%) 

Mass of 

PEG 4000 

(g) 

Percentage 

CaCO3 of X 

(%) 

Constant 

mass of 

CaCO3 

(g) 

Total mass of 

blend X 

(g) 

5 9.5 95 180.0 189.5 

10 20.0 90 180.0 200.0 

15 31.8 85 180.0 311.8 

The approach of keeping the mass of CaCO3 constant with changing amounts of PEG 

4000 was chosen so that the actual effect of the varying percentages of PEG 4000 at 

5 %, 10 % and 15 % will be independently studied to give a true reflection of the 

percentage of binder content as a factor influencing the formation of seeded granules. 

3.4.2 Experimental Setup 

The Pharma 16 twin screw extruder (Figure 3.9) manufactured by Thermo Fisher 

Scientific (UK) was used but without the die segment. The extruder consists of a screw 

unit for fixing its two screws made up of two rods and screw elements as appropriate 
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for the study. It has a segmented barrel that caps the screw rods once the desired 

configuration has been arranged and fixed. It has a display and control unit for setting 

parameters such as the screw speed, temperature, and pressure as well as all other 

equipment settings and controls. For this extruder, there are ten zones for which 

individual temperatures are set before experiments are run. There is another zone, the 

die, which for purposes of this work is not used and can also be set to its own unique 

temperature. Just at the tail end of zone 10, before the die (from right to left) is a 

temperature probe sensor, which is fixed to the top part of the segmented barrel and 

records the pressure within the extruder (see Figures 3.10 and 3.11). The first zone of 

the extruder is however permanently cooled and serves as the feeding region for the 

blend. 

Temperatures can be set up to 300 °C and pressure up to 100 or 150 bar. Since the 

extruder can operate under hot melt extrusion and/or a continuous granulation, its 

material throughput is dependent on the specific operation used as well as the choice 

of the formulation. Under hot melt extrusion, the maximum throughput of 5 kg/h from 

0.5 kg/h is recorded while for continuous granulation, it is 1 �± 15 kg/h (Thermo 

Scientific 2016). Since this work is on hot melt extrusion/granulation, the range of 0.5 

to 5 kg/h was considered. Screw speeds also range from 10 �± 1000 revolutions per 

minute (rpm) and the torque on the twin screws is 36 Nm (i.e., 18 Nm apiece).  The 

length-to-diameter ratio (L/D) used is also 40, representing a total screw length of 640 

mm (i.e., 40 x 16 mm). 

As already mentioned, the three screw elements chosen for investigation under screw 

design are, 

a) All conveying elements represented by 0 

b) Number of KB elements represented by 2 and 4 

c) Number of chaotic mixing elements represented by 2 and 4 as well 

However, to investigate the contribution of increasing number of mixer elements for 

both chaotic and KB elements, 6 and 8 mixers will be presented and discussed under 

subsection 4.6.1. 

Hence for conveying elements, the following experimental runs were carried out 

amounting to five (5) individual experiments as below. 
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Table 3. 5 Experimental runs for all conveying screw configurations under DOE 

Run 

Order 
Experiment 

Screw 

Design 

Screw Speed 

(RPM) 

Set 

Temperature 

(°C) 

Binder 

Percentage 

(%) 

6 1a. 0 100 60.0 15 

7 2d. 0 50 70.0 15 

9 3c. 0 50 65.0 5 

10 4e. 0 150 70.0 5 

12 5b. 0 150 60.0 10 

In the case of kneading elements, there were two categories (a) use of two individual 

kneading blocks as mixing elements and (b) use of four individual kneading blocks as 

mixing elements as represented in Table 3.6 below. 

Table 3. 6 Experimental runs for two mixing elements (i.e., kneading) 

Run 

Order 
Experiment 

Screw 

Design 

Screw Speed 

(RPM) 

Set 

Temperature 

(°C) 

Binder 

Percentage 

(%) 

4 1 2 100 65.0 10 

5 2 2 150 70.0 15 

11 3 2 50 60.0 5 

Therefore, there are only three (3) experiments for the use of two (2) kneading 

elements as the mixing elements. 

Subsequently, there are five experiments for the use of four kneading elements as the 

mixing elements in a set of experiments. The total number of experiments regardless 

of the number of kneading elements used therefore amounts to eight experiments in 

total. These are as in Table 3.7. 
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Table 3. 7 Experimental runs for four mixing elements (i.e., kneading) 

Run 

Order 
Experiment 

Screw 

Design 

Screw Speed 

(RPM) 

Set 

Temperature 

(°C) 

Binder 

Percentage 

(%) 

1 3 4 150 65.0 15 

2 1 4 50 60.0 15 

3 4 4 100 70.0 5 

8 2 4 150 60.0 5 

13 5 4 50 70.0 10 

For chaotic mixing elements, the same two categories of only two individual chaotic 

elements (see Table 3.8) and four individual chaotic elements (see Table 3.9) were 

used as the mixing elements and are also represented below. 

Table 3. 8 Experimental runs for two mixing elements (i.e., chaotic) 

Run 

Order 
Experiment 

Screw 

Design 

Screw Speed 

(RPM) 

Set 

Temperature 

(°C) 

Binder 

Percentage 

(%) 

11 1 2 50 60.0 5 

4 2 2 100 65.0 10 

5 3 2 150 70.0 15 

Again, there are only three experiments with the use of two chaotic mixing elements. 

With the use of four chaotic mixing elements, five separate experiments were carried 

out and together with the three above, a total of eight experiments were run with the 

use of chaotic mixing elements. This is regardless of the number of individual elements 

used as in the case of the kneading elements. 
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Table 3. 9 Experimental runs for four mixing elements (i.e., chaotic) 

Run 

Order 
Experiment 

Screw 

Design 

Screw Speed 

(RPM) 

Set 

Temperature 

(°C) 

Binder 

Percentage 

(%) 

1 3 4 150 65.0 15 

2 1 4 50 60.0 15 

3 4 4 100 70.0 5 

8 2 4 150 60.0 5 

13 5 4 50 70.0 10 

Summing up all these individual experiments, twenty-one total experiments were 

conducted using the proposed design of experiment with four factors each at three 

unique levels. 

3.4.3 Determination of Feed Rate 

To determine the feed flow rate, a gravimetric feeder was used as shown in Figure 

3.12. A minimum time of two minutes was set for a quantity of the blend (i.e.,189.5 g) 

to exit the feeder at discharge rates (%) in incremental steps of two percent from 2 % 

to 10 %. The corresponding throughputs (i.e., mass of blend output) at the end of each 

time duration (i.e., 2 minutes) was recorded. 

  
(a) Feeder unit with connected motor (b) Control unit of feeder 

Figure 3. 12 Feeder system used in determining feed rate of experimental runs 
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Below is how this activity was carried out to arrive at the discharge rate opted for which 

was 5 % corresponding to 0.82 kg/h and within optimal feed rate conditions of 0.5 kg/h 

to 1.0 kg/h. 

Table 3. 10 Values for feed rate determination, showing discharge and throughput 

Test duration of 2 mins 

Discharge (%) Throughput (g) 

Feed rate, g/min 

= 
�€�Ž�˜�•�›�•�Ž�–�›�š���:�•�;

�€�‹�™�š���Š�›�˜�‡�š�•�•�”���:�“�•�” �;
 

Feed rate, kg/h 

2.00% 3.76 1.88 0.11 

4.00% 20.93 10.47 0.63 

6.00% 38.98 19.49 1.17 

8.00% 58.00 29.00 1.74 

10.00% 58.51 29.26 1.76 

 

 

 

Figure 3. 13 Trend of throughput (g) over feeder discharge rate (%) 
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Figure 3. 14 Graph of throughput against feed rate with a constant slope of 2 minutes. 

 

3.5 Characterization Methods 

Both particle and granule size distribution were achieved with BS sieves, (< 125, 125 

�± 500, 500 �± 600, 600 �± 1000, and > 1000) in conjunction with Retsch AS 200 control 

sieve shaker (by Retsch, UK). The granules were further studied under a scanning 

electron microscope (SEM) and discussed in Chapter 4. 

3.5.1 Particle Size and Granule Size Distribution (PSD and GSD) 

A known mass of granule samples was sieved using the BS sieve ranges; < 125 µm, 

125 �± 500 µm, 500 �± 600 µm, 600 �± 1000 µm, and > 1000 µm for want of time. 

Nonetheless, the complete range of sieves particularly for the feed powders is 

represented in the order below in Table 3.11. 
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Table 3.11 Order of sieve assembly for sieving 

Sieve order (From top to bottom) Sieve size range (µm) 

1 > 1000 

2 600 �± 1000 

3 500 �± 600 

4 425 �± 500 

5 355 �± 425 

6 300 �± 355 

7 250 �± 300 

8 212 �± 250 

9 180 �± 212 

10 150 �± 180 

11 125 �± 150 

12 106 �± 125 

13 90 �± 106 

14 75 �± 90 

15 53 �± 63 

16 45 �± 53 

17 < 45 

For each sieve, its initial mass (mi) prior to filing with the sample was determined using 

a balance, by measuring it three times and finding its average. The sieves were 

stacked from largest to lowest size (i.e., > 1000 µm to < 125 µm) and placed on the 

sieve shaker which was set to fifteen minutes duration with an amplitude of 1.25 mm/g. 

The top sieve (> 1000 µm) was then loaded with the sample (feed materials and 

granules) and covered for automatic sieving to commence. The mass of the sample 

(ms) collected in each sieve was calculated by weighing the mass of the sieves (sieve 

plus its content, mf) three times and averaging it. The initial individual sieve masses 
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(mi) were then deducted from the final (mf) sieve masses and the mass of samples 

(ms) for each sieve found. 

 

Figure 3. 15 sieve and content (mf) weighing via a balance 

 

 

Figure 3. 16 Automated sieving with Retsch AS 200 control sieve shaker 

3.5.2 Scanning Electron Microscope (SEM) Imaging 

Granules of size 500 �± 600 µm from all twenty-one conducted experiments were 

selected and observed under SEM (by FEI, USA). For this analysis, the surface 

structure of the individual test granules was observed by first making them conductive 

by carbon coating them. Upon carbon coating the granules which have been loaded 

unto individual studs via sticky tabs, the SEM is turned on via the computer using the 

XT microscope server. The SEM equipment is then opened to load the granule 

samples unto the stage after first venting the SEM. Once loading is completed, the 
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door of the SEM is gently shut and pumped, after which the first sample is selected, 

and the SEM stage is raised to a considerable height for analysis. The SEM operates 

by focussing an electron beam unto the sample surface such that the electron beam 

interacts with atoms of the sample, causing the release of secondary electrons from 

the sample which are then detected by the Everhart-Thornley detector. This is the 

mechanism by which images of the outer surface of the granules were made. 

 

Figure 3. 17 FEI Quanta 400 SEM equipment setup with monitors 

  

3.5.3 X-ray Powder Diffraction (XRD) 

Known for its quick analytical technique in analysing both amorphous but particularly, 

crystalline material identification, this method of analysis provides successful 

information on unit cell dimensions, as applied in the identification of atomic spaces 

and the study of crystal structures. The diffractometer consisting primarily of a cathode 

tube, the sample container, and an analyser, operates by detecting the diffracted rays 

from a sample upon the impact of the monochromatic light generated via the x-ray 

tube source. For this operatio�Q���W�R���E�H���V�X�F�F�H�V�V�I�X�O�����F�R�Q�G�L�W�L�R�Q�V���R�I���%�U�D�J�J�¶�V���/�D�Z���Q�H�H�G���W�R���E�H��

met and sample materials need to be fine and homogeneous. The detected diffracted 

rays from the sample are then processed and counted, for which the possible 

directions of lattice are obtained from the material sample being scanned across a 

�U�D�Q�J�H���R�I���D�Q�J�O�H�V���R�I�����������7�K�H�V�H���D�U�H���U�H�F�R�U�G�H�G���D�V���G�L�I�I�U�D�F�W�L�R�Q���S�H�D�N�V���I�U�R�P���Z�K�L�F�K���P�D�W�H�U�L�D�O�V��

can be uniquely identified, by conversion of these peaks into d-spacing values for 

which every material is uniquely identified in comparison with known standard patterns 

as a reference (SERC 2022). 
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Figure 3. 18 Bruker powder x-ray diffractometer 

 

3.5.4 UV Spectroscopy 

This characterization is used in conjunction with the dissolution tests conducted for the 

pharmaceutical formulations later discussed in Chapter 7 of this work. It involves the 

determination of the absorbances of liquid samples of the dissolved drug (i.e., API) in 

the solution of a known volume of buffer solution. The measured absorbance helps in 

determining the individual sample solution concentrations which then aid in further 

determination of the amount of drug released from the tablets studied for dissolution 

with the help of a standard calibration curve. It is the quantitative technique enabling 

the determination of how much a sample has absorbed light and at what wavelengths. 

The absorption of light either visible or ultra-violet (UV), leads to the detection of 

spectra due to a change in the materials energy state (ground to excited). This 

technique functions on the Beer-Lambert which in effect states that the rate of an 

�L�Q�F�L�G�H�Q�W�� �O�L�J�K�W�¶�V�� �G�H�F�U�H�D�V�H�G�� �L�Q�W�H�Q�V�L�W�\�� �R�Y�H�U�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �D�� �V�R�O�X�W�L�R�Q�� �L�V�� �G�L�U�H�F�W�O�\��

proportional to the concentration of the absorbing medium/solution, as much as it is 

also proportional to the intensity of the incident monochromatic light radiation. 
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Figure 3. 19 PerkinElmer Lambda 35 UV/VIS spectrometer 

 

3.5.5 Differential Scanning Calorimetry (DSC) 

This was used for the determination of the thermal characteristics of PEG 4000 which 

served as the binder in the twin screw granulation process with calcium carbonate. A 

good understanding of these properties helped in determining the appropriate 

temperatures set in the twin screw for the granulation process. 

DSC is a thermo-analytical technique, employed in the stud�\�� �R�I�� �D�� �P�D�W�H�U�L�D�O�¶�V�� �X�Q�L�T�X�H��

behavioural changes and/or characteristics with changes in temperature. It determines 

the difference in the quantity of heat needed to raise that the temperature of a 

substance or material in the presence of a reference. Both sample and reference are 

kept at almost the same temperatures throughout the test. In this technique, the 

�V�D�P�S�O�H���P�D�W�H�U�L�D�O�¶�V���W�H�P�S�H�U�D�W�X�U�H���O�L�Q�H�D�U�O�\�� �F�K�D�Q�J�H�V���Z�L�W�K���W�L�P�H���D�Q�G���W�K�H���F�K�R�V�H�Q���U�H�I�H�U�H�Q�F�H��

has a defined range of heat capacity across the chosen temperatures to be tested 

which in this case was aluminium. 

The Discovery DSC equipment by TA instruments was used as shown in Figure 3.20 

below, following the standard operation used. The experiment was carried out in a 

heat-cool-heat test approach at a maximum set temperature of 90 °C beginning from 

25 °C and with both heating and cooling rates set at 5 °C per minute (5 °C/min). 



86 
 

 

Figure 3. 20 Discovery DSC instrument 

The test began by measuring the mass of a reference pan (i.e., standard pan plus lid) 

as well as the sample pan (also a standard pan plus lid) which weighed 20.21 mg and 

20.22 mg respectively. Upon filling the sample pan with some PEG 4000 material and 

sealed, the mass of the sample used was determined by subtracting the empty sample 

pan weight with its lid from that of the filled sample pan weight with its lid which 

weighed 32.48 mg. Thus, the actual amount of PEG 4000 used in the DSC test was 

12.26 mg. 

 

3.5.6 Rheometry (Viscosity measurement) 

From the DSC test and its obtained result for the melting point of PEG 4000 at 60.7 

°C, three factor levels for the factor set temperature were chosen at 60 °C, 65 °C and 

70 °C respectively based on a heat flow vs temperature plot. These three temperature 

conditions were investigated for an understanding of the viscous behaviour of the 

binder and its flow phenomenon using the Physica MCR 301 (by Anton Paar) parallel 

plate rheometer by Anton Paar in conjunction with its software on a desktop computer. 
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Figure 3. 21 Image of Anton Paar Physica MCR 301 parallel plate rheometer. 

For the oscillation tests run for all three chosen temperature points, the following 

conditions were employed throughout; (a) constant oscillation at a strain of 1 %, (b) 

Nforce: (-) 0.00N/0.01N, (c) frequency range of 1.0 to 100 rad/s, (d) temperature 

tolerance of +/- 0.1 °C and (e) 30 seconds checking time upon entering temperature 

points. 

To test for each temperature, the zero gaps was always reset before starting a new 

test while using a height of 100 mm to load samples followed by 5 mm then 1.025 mm 

and finally the test height of 1.0 mm. The parallel plates were also thoroughly wiped 

with a copper mesh after each test and before the next test temperature was set and 

run. 
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Chapter 4 Characterisation of Particle Size Distribution (PSD) and Granule Size 

Distribution (GSD) under varying Parameters Conditions  

4.1 Introduction 

The original particle size distribution (PSD) of feed powder used in the granulation 

process can impact and influence the characteristics of the granules produced. This 

becomes either more or less important depending on its unique contribution(s) to the 

processing and/or the product properties. It is vital particularly for granulation when 

specific granule sizes and properties such as density, porosity etc are targeted. PSD 

is a material variable which together with other operating factors, suggests the overall 

kinetic mechanisms in operation, including the rate constants of wetting, growth, 

consolidation, and attrition. Together with the amount of moisture, PSD is a key 

parameter in determining granule deformability which alongside the factors of 

compressive and tensile forces, actively contribute to the limit of granule growth, Dc 

(Parikh 2005). Another contribution of PSD is its impact on powder pore distribution, 

where binder penetration and ease are facilitated by large pores between particles. 

Other attributes of solubility and degree of saturation, as well as particle packing, are 

all also affected by PSD (Waldie 1991). The works in literature on seeded granulation 

and presented in the Chapter 1 of this thesis, as well as subsequently discussed in 

subsection 2.1.1.2.2 in Chapter 2, clearly depicts the importance of PSD in the 

formation of such granule structures. The decision to measure and consider all initial 

material PSDs for this current research is with the paramount aim of determining 

seeding and its potential within a co-rotating twin screw granulator. 

Several experiments have therefore been carried out particularly on PSD of all the 

feed powders used and the granules formed (i.e., granule size distribution �± GSD) 

from the granulation process to help in making meaningful analysis of the results 

obtained for discussion. Structure characterisation of granules using SEM and other 

parametric analyses of all effects resulting from process and formulation properties on 

the quality of final products are also presented, but in subsequent chapters. 

4.2 Particle Size Distribution (PSD) of Feed Materials 

The feed materials used in this study includes CaCO3 (Durcal 65) and PEG 4000 as 

the binder. These are the model materials heavily used for most of the experimental 

work carried out concerning twin screw hot melt granulation (TSHMG) and high shear 
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melt granulation (HSMG). The work and analysis of these raw materials and their 

resulting granules is covered in this chapter until Chapter 7 which is of the 

pharmaceutical formulation of ibuprofen as the Active Pharmaceutical Ingredient 

���$�3�,�������3�(�*�������������D�V���W�K�H���E�L�Q�G�H�U�����D�Q�G���.-D-Lactose monohydrate as the excipient. Since 

powder particle size is known to contribute to the granule properties formed (Mu and 

Thompson 2012), it is important that this is well established prior to the granulation 

process, to help in further analysis and interpretations. The importance of particle size 

was further established in the work by Rahmanian et al. (2011a) who identified large 

single particles of CaCO3 within the core of granules formed in high shear Cyclomix 

granulator, during wet granulation experiments. Since an objective of this current work 

is to further investigate seeded granule core structures with the use of the twin screw 

granulator and under melt granulation technique, it is imperative that the particle sizes 

of raw materials are first determined. The cumulative frequency plots for the excipient 

calcium carbonate (Durcal 65) are presented below with two different sieve ranges. 

The first which is not a full analysis has the sieve range as shown in Table 4.1 and the 

second, which is of the full particle size range is shown in Table 4.2 with the 

corresponding BS sieve sizes. 

Table 4. 1 Sieve test results for CaCO3 material using sieve range between 75 - 

300µm. 

Sieve size 

(µm) 

Product Mass (g) 

wi 

Cumulative weight 

(g) 

Cumulative Weight 

(%) 

< 75 25 25 30.94 

90 �± 75 13.5 38.5 47.65 

106 �± 90 4.6 43.1 53.34 

125 �± 106 5.5 48.6 60.15 

150 �± 125 9.1 57.7 71.41 

180 �± 150 7.4 65.1 80.57 

212 �± 180 6.8 71.9 88.99 

250 �± 212 6.2 78.1 96.66 

300 �± 250 2.4 80.5 99.63 

> 300 0.3 80.8 100.00 
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Figure 4.1 below shows the cumulative PSD of CaCO3 (Durcal 65) of the size range < 

75 µm to > 300 µm. 

 

Figure 4. 1 Particle size distribution of as received materials CaCO3 (Durcal 65). 

4.2.1 PSD for CaCO3 

Since the particle size of the feed material has been determined as an important 

formulation parameter in achieving seeded structures within granules (refer to powder 

ratio and seeding in subsection 2.1.1.2.2) and with the need for the sufficient presence 

of coarse particles (Rahmanian et al. 2011a), the distribution of particle sizes for the 

calcium carbonate material used in this work was carried out using the same method 

as in literature (Rahmanian et al. 2008a; Rahmanian et al. 2011a; Rahmanian and 

Ghadiri 2013; Kitching et al. 2020) and the comparisons were made. Below are the 

table of values and graphs resulting from the use of the sieve size range between 45 

�± 1000 µm. 
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Table 4. 2 �&�R�P�S�O�H�W�H���F�X�P�X�O�D�W�L�Y�H���Z�H�L�J�K�W�����������G�L�V�W�U�L�E�X�W�L�R�Q���R�I���'�X�U�F�D�O���������I�U�R�P���”���������—�P���W�R��

�•�������������—�P 

Order 
Sieve size 

(µm) 

Cumulative 

weight (%) 
Order 

Sieve size 

(µm) 

Cumulative 

weight (%) 

1. < 45 4.70 10. 212 �± 180 88.99 

2. 53 �± 45 12.87 11. 250 �± 212 96.66 

3. 63 �± 53 28.47 12. 300 �± 250 99.63 

4. > 63 30.69 13. 355 �± 300 98.41 

5. 90 �± 75 47.65 14. 425 �± 355 98.61 

6. 106 �± 90 53.34 15. 500 �± 425 98.81 

7. 125 �± 106 60.15 16. 600 �± 500 99.40 

8. 150 �± 125 71.41 17. 1000 �± 600 99.80 

9. 180 �± 150 80.57 18. > 1000 100.00 

From the above table as well as the graph of cumulative weight distribution of the 

particle sizes of CaCO3 used, the following observations are made. A greater portion 

(60.15 %) of the feed powder is of fine particles under 125 µm, with only 0.2 % being 

over 1000 µm. About 10.81 % fall between 250 �± 1000 µm and a considerable amount 

of 36.51 % are between 125 �± 250 µm which is the size range initially determined by 

Rahmanian et al. (2011a) to be the core particles surrounded by fines (i.e., < 125 µm) 

at the core of the seeded granule structure. 
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Figure 4. 2 Cumulative PSD of CaCO3 (Durcal 65) showing values of d10, d50 and d90 

The results from the cumulative plot on Durcal 65 used in this research has been 

summarise in Table 4.3 below, showing the 10th, 50th and 90th percentiles with their 

corresponding particle sizes. 

Table 4. 3 Particle sizes of CaCO3 under 10 %, 50 % and 90 % by weight 

d10 
Particle size for which 10 % of particles are 

less than 
50.2 µm 

d50 Median particle size 96.6 µm 

d90 
Particle size for which 90 % of particles are 

less than 
217.0 µm 

Span 1.73 

Considering that d50 in this work is at 96.6 µm and higher than that of Durcal 65 (i.e., 

63 µm) used in Rahmanian et al. (2011a) which recorded an increase in seeding from 

3 % to 85 % when used instead of Durcal 15, there is a strong potential that the feed 

material in this work could result in the formation of seeded structures. This is because 

the mean particle size of CaCO3 studied in this work is coarser than that previously 

used in literature. Hence, there is the potential of satisfying the formulation condition 

of sufficient coarse particles for which seeding is facilitated. However, other factors 
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and parameters need to be under suitable conditions to achieve the expected outcome 

of seeded structures. 

Comparing the ratio of fines (< 125 µm) to the 125 �± 250 µm size range which is 

representative of the likely core for seeded granules, a 2:1 ratio is obtained if rounded 

to a whole number as shown below. 

 �x�r�ä�s�w���¨ �÷�u�x�ä�w�s���¨ 
L��
�x�r�ä�s�w
�u�x�ä�w�s

�÷��
�u�x�ä�w�s
�u�x�ä�w�s


L �s�ä�x�w�ã�s (13) 

A comparison of fines (< 125 µm) to particle sizes above 125 µm (i.e., including > 1000 

µm) in a similar ratio as shown in the equation above gives a fine-to-coarse ratio of 

1.51:1 which doe�V�Q�¶�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U���E�\���P�X�F�K���I�U�R�P���W�K�H���H�D�U�O�L�H�U���F�R�P�S�D�U�L�V�R�Q���R�I���I�L�Q�H�V��

to actual core sized particles. Both ratios seem to suggest an adequate mass 

percentage of coarse particles, enough to satisfy seeding conditions by way of the 

powder formulation. The ratio of fine to coarse material and their potential for granule 

seeded structures have been previously investigated and reported by Rahmanian et 

al. (2016). Though the authors propose a powder ratio of 1:3 under 10 wt % binder as 

the most effective conditions of seeding, based on the sufficient presence of coarse 

particles, this research has been carried out using a 2:1 ratio at binder content of 10 

wt % based on PSD of the as received excipient, Durcal 65. Thus, the formulation 

property of CaCO3 feed, regarding particle size could well yield seeding in the 

presence of appropriate factor conditions. However, the 2:1 powder ratio is only 

applicable to CaCO3 with PEG 4000 while that of 1:3 is studied with the pharmaceutical 

formulation of �.-D-Lactose monohydrate + IBU + PEG 4000. Note that the powder 

ratios of 2:1 and 1:3 is solely applied to the excipients of CaCO3 and �.-D-Lactose 

monohydrate.  

4.2.2 PSD for PEG 4000 

The distribution of particle sizes as received in the powder binder has been analysed 

using the sieving technique and reported in a cumulative curve shown in Figure 4.3. 

the sieve range used is from less/or equal to 45 µm to greater/or equal to 180 µm. 
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Figure 4. 3 Cumulative particle size distribution curve for PEG 4000 

This graph shows that most of the PEG particles (about 88.15 % equivalent to 70.7 g) 

are greater than or equal to 180 µm meaning only a few (4.24 %) are fines under 125 

µm. A full distribution of the particle sizes of PEG 4000 (as received material) was 

carried out (see Figure 4.4) to further give evidence of the fact that most of the PEG 

particles are coarse but within the range of 250 to 1000 µm. 

 

Figure 4. 4 Cumulative curve for PEG 4000 over the range 45 µm to 2.36 mm 
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From the graph, only 2.58 % of the material are fines under 125 µm with 3.07 % above 

1000 µm and most particles (75.49 %) being between 250 �± 1000 µm with the 

remainder of 18.86 % also being between the size range of 125 �± 250 µm. With such 

large solid particle sizes of the binder, it is expected that its liquid/molten particle sizes 

will also be larger than those of Durcal 65 and would therefore facilitate a nucleation 

mechanism by immersion as described under wet granulation in Chapter 2. This 

agrees with findings by Mu and Thompson (2012) who recognised that similar sized 

solid state binders (i.e., PEG 3350 and 8000) although with different molar masses to 

that in this current work, facilitated such a mechanism of nucleation with the use of 

�H�[�F�L�S�L�H�Q�W���.-lactose monohydrate powder with smaller sized particles. Other works in 

literature which support this mechanism of granule growth and formation are Schaefer 

and Mathiesen (1996); Hapgood et al. (2003) while Schæfer (2001) tend to suggest 

the possibility of both a nucleation by immersion and distribution, depending on which 

is dominant due to the binder and excipient particle sizes present and their interplay 

during the granulation process.  

4.3 TSHMG GSD Analysis 

From the 13 screening design tests developed (refer to Table 3.2 under section 3.6 on 

DOE) for studying the effect of; (a) screw design (SD) or the number of mixing 

elements, (b) screw speed (SS), (c) temperature (ST), and (d) binder percentage (BP) 

at three levels each, twenty-one experiments were run. A total of twenty-one tests 

have been investigated, comprising the following 

a) Five without any mixing elements (all-conveying screw design) 

b) Eight with kneading mixing elements (KB) out of which three tests used 2 KB 

and the remaining five tests had 4 KB. 

c) For chaotic mixing elements, there was a total of eight tests just as for KB with 

three tests using only 2 chaotic elements and the remaining five tests using 4 

chaotic elements. 

Table 4.4 and Table 4.5 are of the experimental runs investigated in this work for 

mixing elements (either KB or chaotic) and no mixing elements (all-conveying) screw 

configuration. 
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Table 4. 4 Experimental runs with 2 and 4 mixing elements for both KB and chaotic 

elements 

Run Order Screw Design 
Screw Speed 

(RPM) 

Set Temperature 

(°C) 

Binder 

Percentage 

(wt %) 

1 4 150 65.0 15 

2 4 50 60.0 15 

3 4 100 70.0 5 

4 2 100 65.0 10 

5 2 150 70.0 15 

8 4 150 60.0 5 

11 2 50 60.0 5 

13 4 50 70.0 10 

 

Table 4. 5 Experimental runs without any mixing elements (All-conveying screw 

design) 

Run Order Screw Design 
Screw Speed 

(RPM) 

Set Temperature 

(°C) 

Binder 

Percentage 

(wt %) 

6 0 100 60.0 15 

7 0 50 70.0 15 

9 0 50 65.0 5 

10 0 150 70.0 5 

12 0 150 60.0 10 

The individual plots of all twenty-one tests are presented below under the appropriate 

number of mixing elements used with the BS sieve ranges, 125 µm, 500 µm, 600 µm, 

1000 µm, and above 1000 µm. 

The discussion and results presented here are just on the formation of granules 

classed into the three size categories of �)�L�Q�H�V�����”�����������—�P�������'�H�V�L�U�H�G�������������± 1000 µm), 

�D�Q�G���$�J�J�O�R�P�H�U�D�W�H�V�����•�������������—�P���� 
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4.3.1 All-conveying Elements (Zero mixing elements) 

Following a successful granulation, the resulting products from each of these five 

experiments without the use of any type of mixing element were collected, allowed to 

dry, and sieved. Figure 4.5 shows the cumulative distribution of granule sizes per the 

BS sieve range used. 

 

Figure 4. 5 GSD for all-conveying screw design (no mixing elements) at different levels 

of investigated factors 

Below is a description of the observations made, discussed under the granule size 

�U�D�Q�J�H�V���R�I���I�L�Q�H�V�����”�����������—�P�������G�H�V�L�U�H�G�������������± 1000 µm), and �D�J�J�O�R�P�H�U�D�W�H�V�����•�������������—�P����

per each experimental run. This is with reference to Figure 4.5 together with Table 4.5. 

Run 6 (100 rpm / 60 °C / 15 wt % PEG) has a similar trend profile to that of run 12 also 

at 60 °C but with 10 wt % PEG and 150 rpm. Run 6 has a very high percentage of 

�I�L�Q�H�V�����”���������� �—�P���� �D�Q�G��a low percentage of agglomerates. However, granule sizes of 

125 �± 1000 µm are higher for run 6 than in run 12, with both being at the lowest 

temperature of 60 °C. The difference between the percentage of desired granule sizes 

may be the greater percentage in binder content for run 6 than for run 12. Run 12 

however has the most percentage of fines and the corresponding lowest percentage 

of agglomerate sizes.  
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Run 7 (50 rpm / 70 °C / 15 wt % PEG) has the most percentage of agglomerates at 

both conditions of the highest temperature and highest PEG percentage. 

Correspondingly, it has the lowest percentage of fines at about 2 %. Though run 10 

has the lowest binder content at 5 wt %, it is at the same highest temperature as run 

7 (150 rpm / 5 wt % PEG). It has the most percentage of granules in the desired range 

of 125 �± 1000 µm for all conveying elements. Nonetheless, the percentage of fines is 

still relatively high. Finally, run 9 (50 rpm / 65 °C / 5 wt % PEG) emerges as the second 

best run for the percentage of desired granule sizes. However, it also has a 

considerable percentage of fines accompanying it. The most likely reason for this is 

its lowest percentage of the binder at 5 wt %. 

GSD Summary of All-conveying Screw Runs 

The use of no screw elements tends to facilitate the formation of large-sized granules 

(i.e., agglomerates), especially at high temperatures and high binder percentages. 

This is the case particularly at the highest temperature and binder percentage settings 

of 70 C and 15 % for run 7. From the experiments conducted and with the results 

obtained, there seems to be no known mechanism of controlling granule growth size 

with these elements except for effecting changes in the feed powder blend formulation. 

Hence, granule growth within the twin screw can only be achieved via unique blend 

formulations for the purposes of granulation and to achieve more granules in the 

desired size range of 125 �± 1000 µm. Irrespective of higher and highest temperature 

conditions of 65 °C and 70 °C, with the lowest binder content of 5 %, there is a 

considerable quantity of fines (likely ungranulated material). Finally, at lowest 

temperature of 60 °C, binder percentage has a little-to-no influence on the reduction 

of fines. This is because fewer binder particles are melted and/or undergo complete 

melting to sufficiently coat materials for effective granulation. 

4.3.2 Kneading Elements (KB) 

Two groups are considered under this type of mixing element and the results from 

GSD are presented. The first group (Group A) is with just two elements and the other 

(Group B) are those with four elements. The offset angle of each kneading disc from 

the other is at 30° in the forward direction. More details on this offset angle and its 

impact on the granulation process are discussed under subsection 4.6.2. 
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Group A  �± Two Kneading Elements 

Run 4 (100 rpm / 65 °C / 10 % PEG) with moderate factor levels for all three factors 

investigated, has the most percentage of desired granule size with considerable fines 

below 30 %. Run 5 (150 rpm / 70 °C / 15 % PEG) at highest temperature and highest 

binder percentages has the most percentage of agglomerates formed and the lowest 

percentage of fines as well. Like the all-conveying configuration under the same levels 

of temperature and binder (Run 7), run 5 has the lowest percentage of fines. Finally, 

run 11 (50 rpm / 60 °C / 5 % PEG) at the lowest levels of temperature and binder, 

generates the most percentage of fines with accompanying lowest percentage of 

agglomerates. It is also the lowest yielding for desired granule size at about 24.4 % in 

comparison to runs of 4 and 5 which in both cases, have higher temperatures and 

percentages of the binder. 

Figure 4.6 shows the full GSD per each of the three experimental conditions studied 

with the use of two KB.  

 

Figure 4. 6 GSD for 2 KB at different levels of the three factors investigated 

GSD Summary on 2 KB Screw Runs 
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formation of the highest percentages of agglomerates and lowest percentage of fines. 

Run 4 however under moderate levels of all three factors is ideal for the formation of 

desired granule sizes, as presented in Sekyi et al. (2021). 

Group B  �± Four Kneading Elements 

With the use of four mixers, granule size formation per the different combinations of 

the factors of screw speed, temperature and binder percentage are presented below. 

Figure 4.7 shows the GSD for each of the five experimental conditions of factor 

combinations used. 

 

Figure 4. 7 GSD for 4 KB screw design at different speeds, binder percentages and 

temperatures 

With reference to Figure 4.7, runs 2 (50 rpm / 60 °C / 15 wt %) and 8 (150 rpm / 60 °C 

/ 5 wt %) have the two lowest percentages for granules in the desired size range of 

125 �± 1000 µm. Correspondingly, they both produce relatively higher fines compared 

to the other three experimental runs. Though run 1 (150 rpm / 65 °C / 15 wt %) and 

run 13 (50 rpm / 70 °C / 10 wt %) have the lowest percentage of fines compared to the 

other three runs, they produce a percentage of desired granules at 59.7 % and 57.5 

% respectively for runs 1 and 13. Run 3 (100 rpm / 70 °C / 5 wt %) on the other hand, 

has the most desired granule sizes at 62.4 % but with associated fines at a percentage 

higher than both runs 1 and 13. 
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GSD Summary on 4 KB Screw Runs 

Run 3 although with about 33.1 % of granules being under 125 µm, has the most 

percentage for 125 �± 1000 µm granules and with a very low percentage of > 1000 µm 

sized granules at 4.5 %. Though it has the same lowest PEG content as run 8, the 

difference in the granule formation attributes is due to the difference in temperatures 

(i.e., 70 °C and 60 °C respectively). The impact of operating temperature and its direct 

impact on GSD through binder viscosity and surface tension is further discussed in 

latter sections of this chapter (i.e., 4.4 onwards), as well as in Chapters 5 and 6. 

4.3.3 Chaotic Mixing Elements 

As has already been done for KB, two groups under this set of mixing elements are 

considered. The first group (Group A) is with two chaotic elements and the second is 

with four chaotic elements (Group B). 

Group A  �± Two Chaotic Elements 

The graph of cumulative granule weights for all granule sizes using two chaotic 

elements is presented in Figure 4.8 below. 

 

Figure 4. 8 GSD of 2 chaotic elements at different combinations of speed, binder 

percentage and temperature 
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Similar trends are observed for two chaotic elements as was found for two KB. 

However, the percentage of fines under run 11 using two chaotic elements is lower 

when compared to that of run 11 under two KB. This is indicative of the crushing action 

of kneading elements as found in the literature (Djuric and Kleinebudde 2008; 

Thompson and Sun 2010; El Hagrasy and Litster 2013). Evidence of chaotic elements 

facilitating the production of larger granules is seen especially with run 5 under two 

chaotic elements as more agglomerates (i.e., by percentage) are formed than with two 

KB. Finally, though run 4 yields the most percentage of desired size granules, the 

percentage under the use of two chaotic elements is less compared to that of 2 

kneading elements. 

GSD Summary on 2 Chaotic Screw Runs 

Regardless of the change in chaotic mixing elements from KB, run 4 with moderate 

levels of all factor conditions of screw speed, temperature, and PEG wt %, yields the 

most percentage of desired granule sizes 125 �± 1000 µm. This strongly hints at the 

lowest number of two mixing elements not significantly impacting strong variation in 

the formation of desired size granules, irrespective of the type of mixing element as 

would be discussed in section 4.6. 

Group B  �± Four Chaotic Elements 

Following the same approach as already done for four mixing elements under KB 

mixers, the distribution of granule sizes in cumulative weight percentages have been 

represented in Figure 4.9 below. 
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Figure 4. 9 GSD for 4 chaotic elements at different combinations of speed, binder 

percentage and temperature 

The observations made from Figure 4.9 are like those made with the use of four KB 

particularly for experimental runs 2, 3, and 8. Very similar patterns are observed with 

the use of chaotic elements as with KB. Nonetheless, the significant difference in the 

type of mixing element used is noticed for run 1 as well as run 13. Though that of run 

1 is hugely significant. In both, the GSD patterns under chaotic mixers completely differ 

from those with four KB. This is a strong indication of the difference in mixer type 

mechanism and contribution to the granule size distribution under the same 

experimental conditions and factor combinations. It is worth noting that this difference 

in the type of mixing element is only pronounced at relatively higher levels of both 

temperature and binder percentage as evidenced by the conditions set out in both run 

1 and run 13. These differences are presented next with the aid of graphical displays. 

GSD Summary on 4 Chaotic Screw Runs 

Similarly, as observed for KB mixing elements, run 3 (100 rpm / 70 °C / 5 % PEG) with 

the use of chaotic mixers yields the most percentage of desired granule sizes. Again, 

hinting at the impact of temperature although binder content again is the lowest for this 

experimental run. 
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4.4 Unique GSDs per Type of Mixer Element Used 

4.4.1 Run 1 (150 rpm, 65 °C, & 15 % PEG) �± KB vs Chaotic for Four Mixing 
Elements 

From Figure 4.10 below, a significant difference in using four mixers of the two types 

of mixing elements is observed not just for the three granule size categories of fines 

���”�����������—�P�������G�H�V�L�U�H�G�������������± �����������—�P�������D�Q�G���D�J�J�O�R�P�H�U�D�W�H�V�����•�������������—�P�����E�X�W���D�O�V�R���D�F�U�R�V�V��

all individual sieve ranges between 125 and 1000 µm. 

 

A 
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Figure 4. 10 GSD variation with KB (A) and Chaotic (B) elements at 65 °C & 15 % 

PEG 

Deductions from both plots in Figure 4.10 with plot A representing the use of four KB 

mixers and plot B representing that of four chaotic mixers suggest that more fines and 

desired granule sizes are produced with the use of KB mixers over chaotic mixers. 

The production of agglomerate sizes is however favoured by chaotic elements over 

KB. This is however not a firm conclusion since the contribution of the binder amount 

and the direct impacts of temperature on the binder (i.e., spread due to viscosity and 

surface tension) also play important roles which need to be collectively considered in 

arriving at a scientific conclusion. Nonetheless, at this stage of the discussion, the 

limitation is to attribute the observed changes to just the differences in mechanistic 

action (mixing) of the two mixing elements studied. Furthermore, a wholistic analysis 

is presented in section 4.5 where the DOE analysis of all factors and factor interactions 

are considered. The significant reduction in agglomerates with the use of KB over 

chaotic elements is a strong testament to the breaking and crushing action already 

reported for kneading elements (Thompson and Sun 2010; El Hagrasy and Litster 

2013). This same action is what results in its significant desired granule size 

percentage of about 60.7 % to 23.3 % with chaotic elements. Again, there is a 

considerably high percentage of fines with KB from its breaking action in further 

reducing larger-sized granules by about 3.4 % more than with chaotic elements. 

4.4.2 Run 13 (50 rpm, 70 °C, & 10 % PEG) �± KB vs Chaotic for Four Mixing 
Elements  

Unlike run 1 where there is a significant difference in the percentage of granules across 

the three granule categories identified as well as the individual granule size/sieve 

ranges, Figure 4.11 for run 13 paints a different picture. 
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Figure 4. 11 GSD variation with KB (A) and Chaotic (B) elements at 70 °C & 10 % 

PEG 

By comparison of the observations per individual granule sizes for KB in plot A and 

chaotic in plot B, the overall trend under both mixing element types is similar. However, 

a closer view at the individual granule/sieve sizes shows that though the overall trend 

across all sizes is similar for both KB and chaotic, they have unique differences, 

especially at 125 �± ���������—�P���D�Q�G���•�������������—�P��(i.e., 10000 µm). At 125 �± 500 µm, chaotic 

elements produce a higher percentage of granules (about 9.0 % more) than KB 
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�H�O�H�P�H�Q�W�V�����)�R�U���W�K�H���J�U�D�Q�X�O�H���V�L�]�H���•�������������—�P�����F�K�D�R�W�L�F���H�O�H�P�H�Q�W�V���\�L�H�O�G���O�R�Z�H�U���S�H�U�F�H�Q�W�D�J�H�V��

than KB (about 9.5 % lower in comparison to KB). In analyzing the difference in granule 

size yield per the three granule categories between KB and chaotic elements under 

these operating conditions, though KB has higher percentages of fines and 

agglomerates in comparison to chaotic elements, it also has the lower of the two 

percentages of desired granule size of 125 �± 1000 µm. This observed difference 

between the mixing element types is made evident by the reduced percentage of 

binder content from 15 % to 10 %. With this reduction in binder content, over-

agglomeration as witnessed under run 1 is significantly reduced under chaotic 

elements. This percentage reduction is what adds to the percentage of desired 

granules for chaotic elements here under run 13. 

4.5 Analysis of DOE Conditions Favouring 125 �± 1000 µm Sized Granules 

4.5.1 Methodology of Screening Analyses 

The approach in carrying out meaningful analysis of the impact and contributions of 

individual factor terms as well as interactions must be properly undertaken to avoid 

wrong deductions and interpretations of the results. To do this in this work, the analysis 

is divided into three phases or steps as below, 

a) Phase 1 �± Linear Screening Model Analysis of individual factors as the only 

terms in the model  

b) Phase 2 �± Identification of possible significant factor(s) using either (i) linear 

terms only or (ii) linear + interaction terms by Stepwise Model (i.e., forward 

selection or backward elimination). 

c) Phase 3 �± Backward Elimination Approach through Stepwise Model Analysis 

using only linear terms followed by linear + interaction terms as applicable. 

A schematic of the process of analysing all the results from the statistical investigation 

is shown in Figure 4.12 below as the methodological approach. 
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Figure 4. 12 Methodological process flow of DOE Screening Analyses 

As already stated, the analysis begins with a consideration of all factors as linear terms 

under phase 1. At this stage, the attempt is to identify significant factors using linear 

screening without the use of the more refined approach of stepwise analysis. At this 

phase, the researcher can decide upon the identification of a factor being significant 

to either or not apply the higher analysis of stepwise. In this research, the stepwise 

approach was investigated whenever the linear analysis of factors could not identify 

any factor as being significant. Therefore, the need for phase 2 involving the inclusion 
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of possible interaction terms. In phase 2, depending on the outcome of the linear model 

of analysis (Phase 1), this next phase of the investigation could be done either with; 

(a) just the linear factors as single terms and/or (b) linear + interactions terms. The 

overall purpose of this second phase is to either further strengthen the results from 

phase 1 or to derive a better understanding of factor terms in terms of impact on the 

studied outcome. This is done to avoid arriving at erroneous judgements, deductions, 

and conclusions. The final phase (Phase 3) is applied to only achieve and display the 

significant factors within the model of investigation (i.e., either as Linear or Linear + 

interactions), regardless of the approach in factor term selection. 

4.5.2 Kneading Mixing Elements 

For the first group of TSHMG experiments to be statistically analysed, the experiments 

involving the use of KB mixers are considered here as in Table 4.6. 

Table 4. 6 DOE of KB mixers showing percentages of granules formed 

 Factors 
Response % 

(Granule sizes µm) 

Run 

Order 

Screw 

design 

Screw 

speed 

Temp. 

(°C) 

Binder 

(wt %) 
< 125 125 - 1000 > 1000 

1 4 150 65 15 4.8 60.7 34.5 

2 4 50 60 15 61.4 38.2 0.4 

3 4 100 70 5 33.1 62.4 4.5 

4 2 100 65 10 8.2 70.3 21.5 

5 2 150 70 15 1.4 25.5 73.1 

6 0 100 60 15 63.6 36.0 0.4 

7 0 50 70 15 2.0 26.5 71.5 

8 4 150 60 5 76.1 23.7 0.2 

9 0 50 65 5 44.4 52.5 3.1 

10 0 150 70 5 40.7 55.5 3.8 

11 2 50 60 5 75.4 24.4 0.2 

12 0 150 60 10 71.2 28.6 0.2 

13 4 50 70 10 2.9 57.5 39.6 
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From the DOE, run 4 with two KB discs offset at 30° with experimental conditions of 

100 rpm, 70 °C and 5 % PEG has the highest percentage of granules in the desired 

size range at about 70.3 % with an associated minimal percentage of fines (8.2 %) 

and considerable low agglomerates (21.5 %). Since this work has it as part of its 

objective to optimize the conditions favouring the formation of desired granules, 

conditions of run 4 are further investigated and analysed for the pharmaceutical 

formulation discussed in Chapter 7. The choice of the screening design is to help 

determine the factor(s) of significance, promoting the formation of granule sizes in the 

range of 125 �± 1000 µm. This is done so the emphasis is placed on the identified 

factors for further experimental work and analyses. 

4.5.2.1 Main Effects Plots 

To give a general overview of how a factor could be identified and considered as being 

significant or not. The plot of the main effects of the four factors studied (i.e., number 

of mixing elements, screw speed, temperature, and binder percentage) according to 

the three granule size categories of fines, desired, and agglomerates are presented 

here. 

Since the focus of this work is to identify conditions favouring the formation of the 

desired granule size, the main effects plot of this granule size is discussed first as in 

Figure 4.13. 
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Figure 4. 13 Main effects plot for desired size range 125 �± 1000 µm 

In the results obtained and shown in Figure 4.13, though no single factor by itself far 

overshadows the impact by other factors per the coverage across data means as used 

within the Minitab statistical software (version 19.1.1.0), the temperature seems to 

have more influence on desired granules formation than all other factors. This tends 

to suggest the possibility of complex factor interplays in the formation of the desired 

product sizes. These interactions are supported with evidence from the factor 

interaction plots obtained and presented in Figure 4.18. 

From the main effects plot on granule sizes 125 �± 1000 µm, the temperature is seen 

to have the largest contribution out of all four factors per its spread or range about the 

date means for desired granule percentage. Screw speed follows next with the effect 

of binder percentage closely following screw speed, and finally screw design (i.e., 

number of mixing elements) sits in last at fourth place on the level of impact. The most 

ideal conditions for the highest percentage of desired granule formation from the main 

effects plot are identified as follows. 

a) Four kneading elements at 100 rpm 

b) Operating at 65 °C and 
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c) With a PEG content of 10 %. 

To offer a better graphical explanation and understanding of why no single factor 

investigated in the main effects plot for desired granules was major, Figure 4.14 on 

�W�K�H���P�D�L�Q���H�I�I�H�F�W�V���I�R�U���I�L�Q�H�V�����”�����������—�P�����L�V���V�K�R�Z�Q���E�H�O�R�Z�� 

 

Figure 4. 14 Main effects plot for granule sizes under 125 µm 

As seen in Figure 4.14, it is evident that the effect of temperature significantly controls 

the formation of fine granules with consideration to its spread about the data means 

recorded while the effect of screw speed barely contributes any effect and thus, is 

relatively insignificant. The rationale for significant and insignificant factors are fully 

examined and discussed in later parts of this section as well as in section 4.6. Binder 

percentage and the number of mixing elements, both have some effect on the 

fractional size of granules under 125 µm, with binder percentage having a greater 

impact and influence on the formation of fines than the number of mixing elements. 

The observed spread and area of coverage by each factor within the range of means 

depict how much or less an influence each factor has on the chosen subject of 

investigation (i.e., percentage granule size formation). With increasing temperature, 

the percentage of fines reduces and the same is observed with increasing binder 
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percentages. Though a similar effect is observed for the number of mixing elements 

(i.e., increasing temperature and binder percentage), the trend reverses with an 

increase from 2 KB to 4 KB. A final and important observation that will be further 

discussed throughout this work on statistical analysis is that both temperature and 

binder percentage have a negative impact on fines. Increasing orders of both factors 

result in fewer fines but the opposite is observed for agglomerate formation. 

To further strengthen the case of visually determining more influential factors from the 

plot of main effects, that of the agglomerates (�• 1000 µm) is also shown below in 

Figure 4.15. These are all to help in visually depicting the dominance of a single 

factor(s) on the plot of the main effects. 

 

Figure 4. 15 Main effects plot of granule sizes over 1000 µm 

From observation, temperature and binder percentage are the more influential factors 

in the formation of larger granule sizes in comparison to the other two factors of the 

number of mixing elements and screw speed. However, the effects of the number of 

mixing elements and screw speed are not completely diminished as was seen in 

Figure 4.14 for screw speed. An increase in both temperature and binder percentage 

achieves larger granule sizes (i.e., a positive impact on agglomerate formation) which 
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is a direct contrast to the condition for fines. In increasing screw speed, there is a drop 

and a rise while the opposite occurs for increasing mixing elements (i.e., a rise and fall 

in the percentage of large granules). 

4.5.2.2 Application of Screening Methodology 

The described methodology (subsection 4.5.1) in analysing the DOE in the 

identification of significant factors has been applied here to two and four KB mixers, in 

addition to the five experiments under all-conveying screw elements and considered 

as one set of investigation. In analysing the screening design used and to understand 

all that has been presented and discussed in the earlier sections and subsections 

above, the normalised plot and Pareto plots generated are presented below. 

Figure 4.16 is the standardized normal plot on the impact of desired granules from 

phase 2 in the screening methodology in subsection 4.5.1. 

 

Figure 4. 16 Normal Plot of standardized effects under KB mixers for all 13 DOE runs 

The results deduced from both linear and linear with interaction (i.e., linear + 

interaction) terms suggest that there is indeed no single significant factor out of the 

four investigated. This suggests further and strongly that all four factors tend to interact 
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somehow among themselves as will be explained under interaction plots and impact 

a combined effect on the desired response (i.e., 125 �± 1000 µm). Phase 1 of 

considering just the four factors as linear terms was investigated first and yielded no 

significant factors. This was then subsequently followed with phase two, including all 

possible linear and interaction terms into the model and the analysis conducted. Again, 

though the model included interaction terms, both interaction terms and individual 

factors were identified as being nonsignificant. There was therefore no need for phase 

3, although for purposes of scientific studies and reporting, phase 3 on stepwise 

analysis was carried out. All factors within the model were eliminated for being 

nonsignificant and no plot could be generated. This suggests further and strongly that 

all four factors tend to interact somehow among themselves and impact a combined 

effect on the desired response (i.e., 125 �± 1000 µm). 

The next to be discussed is the Pareto chart of the hierarchical order of the impact per 

each linear and interaction factor displayed in Figure 4.16. Figure 4.17 is the chart of 

individual factors and interaction impact on the formation of desired granule sizes. 

 

Figure 4. 17 Pareto chart of standardized effects under KB mixers for all 13 DOE runs 
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For any factor or factor interaction to be significant per the confidence level of 95 % 

set in this study, these factors needed to exceed the threshold point of 3.182 (i.e., 

standard value) as shown in the Pareto chart. Clearly, none exceeds this threshold 

and are therefore confidently classed as being nonsignificant. This is in line with the 

results from Figure 4.16 and shows the reliability of the Minitab software for the 

analysis. Nonetheless, there is still an order of impact on desired granule percentage 

production as represented by the Pareto plot. 

4.5.2.3 Interaction Plots 

With all four factors contributing to the formation of desired granule sizes and hinting 

at factor interactions, the interaction plot of these four factors is also generated below 

in Figure 4.18. 

 

Figure 4. 18 Interaction plot of all four factors under KB, using data means generated 

with analysis of variance (ANOVA) 

For each plot of interactions, two factors are plotted against each other showing how 

one factor trends over the other. This means that for each factor that trends over the 

other factor, each set level of that factor is observed over the range of changing values 
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of the second factor. These interactions in Figure 4.18 are represented and explained 

below, 

Lower left bottom plots show, 

1. Screw speed trends over/across screw design 

2. Set temperature trends across screw design 

3. Binder percentage trend across screw design 

4. Set temperature trend across screw speed 

5. Binder percentage trend across screw speed 

6. Binder percentage trend across set temperature 

The upper right plots show, 

1. Screw design trends over/across screw speed 

2. Screw design trends across set temperature 

3. Screw design trends across binder percentage 

4. Screw speed trend across set temperature 

5. Screw sped trends across binder percentage 

6. Set temperature trends across binder percentage 

4.5.2.3.1 Explanation of Interaction Plots 

To help understand and make meaningful interpretations of interaction plots, the two 

factors of set temperature and screw speed are chosen. Using the trends of 

temperature across screw speed as an example (represented by the hatched blue 

oval shape), the interaction plot is explained. From this, it is observed that the trend 

lines for all three temperatures (i.e., from 60 °C to 65 °C then 65 °C to 70 °C) are and 

remain parallel and do not intersect. This means there is no combined interaction 

effect of set temperature together with screw speed on the granules formed. This is 

regardless of the levels of both temperature and screw speed. However, for each level 

of temperature, the value (data mean) of desired granules changes. This means that 

individual levels of temperature contribute to the percentage formation of granules. 

screw speed has a contributing effect on desired granules formed. Vice versa, each 

level of temperature across screw speed gives different data means of the granules 

desired. Thus, temperature is also significant in the formation of granules. 
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Considering the interaction plot of screw speed across set temperature in the upper 

section of the interactions plot (represented by the orange shape), the same 

relationships can be viewed except that there appears to be an interaction effect of 

screw speed and set temperature on the mean of the desired granules formed. This 

is observed with screw speeds 100 and 150 rpm not being parallel but intersecting. 

This means that there is a combined effect of screw speed at these levels with 

temperature to impact the desired granule sizes. Observing them further shows that 

both screw speed and temperature still have separate main effects on desired granule 

size as well as their combined effect. Therefore, the reason why in the main effects 

plot, no one factor was dominantly the sole contributing factor. A second observation 

under this is that each individual screw speed across the rising levels of temperature 

has their unique influences on the percentage of desired granules formed. This is 

evidenced in the spread of screw speed about the data means of desired granule 

percentages per the main effects plot in Figure 4.13. 

4.5.2.4 Overlaid Contours 

In this subsection, the results from a series of overlaid contour plots are presented. 

The results are of an overlay of set conditions of the three granule size categories in 

achieving the most ideal conditions of factors for which the set conditions would be 

met. This is another part of the analyses, chosen to help identify the conditions under 

which a pair of factors can best promote the formation of the desired granule sizes. 

The results presented here are under the following two main conditions. 

a) Only a 20 % cap formation in both the percentage of fines and agglomerates is 

tolerable 

b) The percentage of desired granule sizes must be at least 60 % of the total 

product.  

These conditions were only satisfied with the two factor pairs of 

(i) Temperature (ST) against screw design (SD - number of elements) and 

(ii) Binder percentage (BP) against screw design (SD). 

The conditions were identified as satisfied when positive areas/regions within the plots 

derived had feasible values of the two conditions set. These positive regions were for 
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desired granules with at least 60 % formation and a maximum of 20 % yield in both 

fines and agglomerates. All other factor combinations investigated per these two 

conditions set did not yield regions of feasible desired granule yield with a minimum 

yield of both fines and agglomerates. Other studies were investigated by increasing 

the limiting value of fines and agglomerates which have not been presented here as 

that does not play into the aim of optimizing desired granule formation with fewer 

percentage fines and agglomerate formation. In those studies, more factor pairs 

showed regions of feasibility unlike the results presented and discussed here under 

the conditions specified. The overlaid contour plots for factor pairs in (i) ST vs SD and 

(ii) BP vs SD are shown below in Figure 4.19 and Figure 4.20. Figure 4.19 is the 

overlaid contour plot combining the temperature of the TSHMG process and the screw 

designs investigated. 

 

Figure 4. 19 Overlaid contour plot under KB comparing temperature and screw 

configuration 

This overlaid plot of ST vs SD in Figure 4.19 has two main regions. A grey shaded 

area and a clear or white region. The grey regions regardless of the conditions of 

granule sizes that make intersections are considered the not feasible zone for the two 

main conditions set out in investigating the promotion of 125 �± 1000 µm with reduced 
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fines and agglomerates. The clear or white region is the area satisfying both 

investigation conditions, for which desired granule size formation is at least 60 % and 

that for fines and agglomerates is at a maximum of 20 %. It can be concluded just from 

the two factors of temperature and screw configuration that, higher number of KB 

mixers running under higher temperature conditions with enough binding material will 

best facilitate the formation of more desired granules with fewer percentages of both 

fines and agglomerates. 

The next plot, Figure 4.20 is the result generated when the factors of binder 

percentage and screw design (number of KB mixers) are analysed under the set 

conditions of limited fines and agglomerates at a maximum of 20 % and a least desired 

granule production of 60 %. 

 

Figure 4. 20 KB overlaid contour plot of binder percentage and screw configuration 

Like Figure 4.19, an increasing number of KB mixers facilitate the conditions of the 

investigation analysed. This is however not in isolation and must be accompanied by 

high binder percentages over 13 wt %. Thus, higher binder content with higher 

temperatures and KB mixers from 3 discs will yield desired granules at about 60 % 

and a maximum percentage of both fines and agglomerates at 20 %. This again is with 

consideration to three out of the four experimentally investigated factors. The validity 
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of the results lies in the fact that screw speed is consistently of little-to-no impact on 

the formation of desired granules as in Figure 4.17. 

4.5.3 Chaotic Mixing Elements 

As has been done with the use of KB mixers, the same is done here for chaotic mixers 

both at two and four elements. In Table 4.7, the results of granule percentage 

according to the categories of fines, desired, and agglomerates are presented. 

Table 4. 7 Chaotic elements DOE table showing percentages of granules formed 

 Factors 
Response % 

(Granule sizes µm) 

Run 

Order 

Screw 

design 

Screw 

speed 

Temp. 

(°C) 

Binder 

(wt %) 
< 125 125 - 1000 > 1000 

1 4 150 65 15 1.4 23.3 75.3 

2 4 50 60 15 58.3 40.8 0.9 

3 4 100 70 5 24.9 69.2 5.9 

4 2 100 65 10 13.2 68.8 18.0 

5 2 150 70 15 1.0 19.4 79.6 

6 0 100 60 15 63.6 36.0 0.4 

7 0 50 70 15 2.0 26.5 71.5 

8 4 150 60 5 74.6 25.2 0.2 

9 0 50 65 5 44.4 52.5 3.1 

10 0 150 70 5 40.7 55.5 3.8 

11 2 50 60 5 73.9 25.9 0.2 

12 0 150 60 10 71.2 28.6 0.2 

13 4 50 70 10 2.4 67.4 30.2 

Unlike under KB mixers in Table 4.6, run 3 under chaotic elements yields the most 

percentage of desired granule sizes 125 �± 1000 µm. For conditions facilitating more 

desired granule production, the best experimental conditions with the use of chaotic 

mixers are, using four mixing elements under a screw speed of 100 rpm, operating at 

a temperature of 65 °C and powder blend with a 10 wt % of PEG. These factor levels 

or experimental conditions are as deduced from the main effects plot, Figure 4.21 

under the main effects plot. Nonetheless, from the DOE runs investigated, the closest 
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to this is run 3 which has the same number of mixers and speed at four and 100 rpm 

but with a higher temperature at 70 °C and a lower percentage of PEG binder at 5 wt 

%. 

4.5.3.1 Main Effects Plot (125 �± 1000 µm) 

This research aims to identify the conditions favourable for the formation of desired 

granule sizes and to optimize this range as best as possible. Therefore, here under 

chaotic elements, only the main effects plot for the desired granule range is presented 

and discussed below in Figure 4.21. 

 

Figure 4. 21 Main effects plot for desired size range 125 �± 1000 µm 

It is noticed from the analysis of experimental data that run order 3 is the most yielding 

for desired sized granules and has a temperature of 70 °C and not 65 °C. Though it 

satisfies all other conditions of speed and percentage binder as from the main effects 

plot. The shortfall from the ideal temperature of 65 °C does not negatively impact the 

formation of 125 �± 1000 µm sized granules since the difference in PEG viscosities at 

these two temperatures do not differ much and both values of viscosity are low (i.e., 

0.5 and 0.4 Pa s at 65 °C and 70 °C respectively). 
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4.5.3.2 Variation in Factor Trends per Type of Mixer Element (KB or Chaotic) 

Though ideal conditions for the most desired granule formation under both KB and 

chaotic mixer element types are the same (i.e., of four mixers running at 100 rpm and 

with 10 wt % of PEG under 65 °C), the individual factor plots within the main effects 

plot for both types of mixer elements trend differently and are discussed below in Table 

4.8. for better understanding of the differences presented here, reference to the two 

main effects plot for KB (Figure 4.13) and chaotic (Figure 4.21) would be helpful. 

Table 4. 8 Comparison of individual factor trends under KB and chaotic mixers with 

respect to the value of data means for the formation of 125 �± 1000 µm granules 

Factors Kneading elements Chaotic elements 

  

N
um

be
r 

of
 m

ix
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g 
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(i.
e.

, s
cr

ew
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ig

n)
 

The corresponding 

increase in mean granule 

percentage with the 

increasing number of 

mixing elements, with no 

mixing elements having the 

lowest granule mean. 

A drop and rise in mean 

granule percentage from 

no mixing elements to 2 

elements and then from 2 

to 4 elements 

respectively. Here, 2 

mixing elements have the 

lowest granule mean with 

no mixing elements being 

second best to the 4 

elements. 

  

S
cr

ew
 s

pe
ed

, r
pm

 

A rise and fall in mean 

granule percentage from 50 

to 100 and 100 to 150 

respectively. However, 

�W�K�H�U�H���L�V�Q�¶�W���P�X�F�K���G�L�I�I�H�U�H�Q�F�H��

in the granule mean values 

at 50 and 150. 

A similar rise in mean 

granules percentage from 

50 to 100 then a drop 

from 100 to 150. There is 

a significant difference in 

the mean values at 50 

and 150.  

The mean value at 150 is 

the lowest and lower than 

at 50. 
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T
em

pe
ra

tu
re

, °
C

 

Significant increase in 

mean granule values from 

60 to 65 then a drop from 

65 to 70. The drop is not as 

wide as the rise although 

considerable. Though the 

mean granule value drops 

at 70, its value is still better 

than at 60. 

Though the mean granule 

value is lowest at 60 and 

increases to the highest 

value at 65, the drop in 

�P�H�D�Q���Y�D�O�X�H���W�R���������L�V�Q�¶�W��

significant. Yet, its mean 

value is considerably 

higher than that at 60. 

  

P
E

G
, %

 

The value of the mean 

granule increases from 5 to 

10 and drops down to 15. 

The mean value recorded 

at 15 is lower than the 

initial value at 5, making it 

the binder condition for the 

lowest mean granules 

formed. 

A similar trend is seen 

here with the same 

granule means at 5. 

However, this value at 10 

is higher than that under 

KB and the subsequent 

drop in value at 15 is also 

lower than under kB. 

These observations in the table of mixer element differences simply mean that under 

the same conditions of screw speed, temperature and binder percentage, the different 

mixing elements will influence desired granule formation differently. This is seen in the 

percentage of granules produced in Tables 4.6 and 4.7. 

4.5.3.3 Chaotic Interaction Plot 

Like the observations made for KB elements on factor interactions, several interactions 

between factors at various levels are present here under chaotic elements. Some of 

these are more significant or pronounced than others. Figure 4.22 is the representation 

of all model interactions of factors with the use of chaotic mixing elements. 
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Figure 4. 22 Interaction plot of all four factors using data means of granule 

percentages, generated with ANOVA 

Though there is evidence of factor interactions, most of these interactions are only of 

two factor levels and do not stretch across all three factor levels as set out in the 

investigated DOE. Individual factors are as well significant, impacting results of 

granule size individually, and without a combined factor effect. 

4.5.3.4 Overlaid Contours 

Using the same two main conditions as used under KB elements, similar overlaid 

contour plots are generated with the use of chaotic element mixers. The two major 

conditions are 

c) A 20 % maximum yield in both fines and agglomerates and 

d) Lowest percentage yield of desired granule size at 60 % of the total product.  

Similarly, the results of the plots under the same pair of factors are presented and 

discussed here with the two factor pair combinations being 

(i) Temperature (ST) against screw design (SD - number of elements) and 

(ii) Binder percentage (BP) against screw design (SD). 
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The first to be discussed is the temperature against screw configuration plot in Figure 

4.23 

 

Figure 4. 23 Chaotic elements overlaid contour plot - comparing temperature and 

screw configuration 

Higher temperature over 68 °C into 70 °C is seen to be the range of temperature 

facilitating desired granule size formation above 60 % with the use of four chaotic 

mixers. Though the region of feasibility is smaller than that recorded for KB mixer 

elements, higher temperatures at increasing number of mixing elements can be 

concluded as an overall favourable condition for 60 % desired granule formation with 

the maximum percentage of fines and agglomerates at 20 %. Again, the feasible 

region per the two set out conditions of the investigation remains the white or clear 

area on the plot while the grey area represents the not feasible region for 60 % desired 

granule size formation. 

Figure 4.24 with consideration to binder percentage and the number of chaotic mixing 

elements is next to be discussed for the possibility of satisfying the at least 60 % 

desired granule size formation with just 20 % maximum fines and agglomerates. 
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Figure 4. 24 Chaotic elements overlaid contour plot - comparing binder percentage 

and screw configuration 

Though with the same considerations as for KB, the investigation of factor conditions 

of the number of chaotic mixers and binder percentage for which granules of size 125 

�± 1000 µm can be formed with the lowest percentage of fines and agglomerates at 20 

% was not feasible. However, all four regions demarcated by different levels of fines, 

desired and agglomerate sizes resulted in the percentage of desired granules being 

lower than the set 60 %. 

 

4.6 Comparison of Screw Elements (KB and Chaotic) under various Test Conditions 

All discussions here are with reference to Tables 4.6 and 4.7. On conveying elements, 

there exists three conditions or combinations of the four factor levels which are not 

ideal for desired granule size formation. The runs 6, 7 and 12 with runs 6 and 12 

operating at lowest temperature of 60 °C and run 7 at 70 °C. Run 7 forms a higher 

percentage of agglomerates (> 1000 µm) while runs 6 and 12 form more percentage 

of fines (< 125 µm). Only runs 9 and 10 for conveying elements yield percentages of 

desired granules above 50 % at 52.5 % and 55.5 % respectively with low agglomerates 
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at 3.1 % and 3.8 %. Also, fines are at 44.4 % and 40.7 % respectively thus, these run 

�F�R�Q�G�L�W�L�R�Q�V�� �P�D�\�� �E�H�� �X�V�H�G�� �L�Q�� �I�R�U�P�L�Q�J�� �J�U�D�Q�X�O�H�V�� �W�K�R�X�J�K�� �L�W�� �Z�R�Q�¶�W�� �E�H�� �H�F�R�Q�R�P�L�F�D�O�� �Q�R�U��

profitable. This suggests that there is a need for a mixing zone within the extruder to 

promote the formation of more granules of 125 �± 1000 µm. 

For kneading elements and their relationship with other factors not desirable in the 

formation of desired granule size, runs 5 and 11 (i.e., of two kneading elements/discs) 

at the highest and lowest conditions of screw speed (150 and 50 rpm), temperature 

(70 °C and 60 °C) and PEG content (15 % and 5 %) respectively are not appropriate. 

There is high percentage of agglomerates in run 5 while run 11 has a high percentage 

of fines. With 4 individual kneading discs/elements, runs 2 and 8 are also not 

appropriate. Both runs yield a high percentage of fines at the same lowest temperature 

of 60 °C but with different screw speeds (50 and 150 rpm) and the binder content (15 

% wt and 5 % wt) respectively. For all these conditions, desired granule size falls below 

50 %. 

Considering chaotic elements; runs 1, 2 and 8 with four chaotic mixing elements are 

not appropriate for the formation of 125 �± 1000 µm sized granules. With runs 2 and 8 

at the same lowest temperature, these runs have the lowest and highest conditions of 

screw speed and binder percentage (run 2 - 50 rpm & 15 % PEG and run 8 �± 150 rpm 

& 5 % PEG). They both produce a high percentage of fines with desired granule size 

below 50 %. Run 1 yields very high agglomerates with very few fines and desired sizes 

still below 50 %. Interestingly, this same run under kneading conditions yields the third 

best percentage of desired granules but under chaotic elements, it is found 

inappropriate. This firmly proves that granule formation is strongly affected by the type 

of mixing element. Run 5 with two chaotic elements is also not ideal as it forms the 

most agglomerates. 

4.6.1 Contribution of Mixing Elements on GSD 

This section of the work seeks to address one of the identified gaps in the literature, 

to do with the contribution of the type of mixing element used within the screw 

configuration. The number of individual mixer units used has been investigated as well 

as the offset angle of kneading discs, and the various combinations of chaotic mixers 

used. 
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4.6.1.1 Impact of Increasing Number of Mixers (KB and Chaotic) 

Since run 4 yielded the most desired percentage of 125 �± 1000 µm granules from the 

DOE for KB elements and run 3 in the case of chaotic mixers, these two runs were 

further investigated to determine if an increase in both the number of KB and chaotic 

elements will positively impact the percentage of 125 �± 1000 µm granules produced. 

However, run 3 is also investigated under KB elements and run 4 is investigated under 

chaotic mixers to offer a broad perspective of the impact of the increasing number of 

mixers under different experimental conditions. 

4.6.1.1.1 Increasing the Number of KB Elements under Conditions of Run 4 and Run 

3 

The discussion on the number of increasing discs and its impact on GSD is discussed 

under two major headings. Both headings are based on the two most yielding 

experimental conditions for desired granule sizes. Experimental run 4 (2 KB, 100 rpm, 

65 °C, and 10 wt % PEG) is the first and run 3 (4 KB, 100 rpm, 70 °C, and 5 wt % 

PEG) is the second.  

A) Under Run 4: (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) 

The experimental conditions for investigating the effect of increasing the number of 

KB elements are the same as in the original run 4 from the DOE table of investigation. 

The screw speed was kept at 100 rpm, binder percentage at 10 % and temperature at 

65 °C. Original run 4 had only 2 kneading mixers and yet about 70.3 % of desired 

granule size. To investigate the impact of increasing the number of kneading mixers 

on granule formation, 4, 6 and 8 mixers were studied, and the accompanying results 

discussed. It is important to note that the offset or stagger angle of all kneading mixers 

as used in the original DOE table (Table 4.6) was the stagger angle of 30°. Thus, the 

same angle is maintained for these investigations while only increasing the number of 

individual KB mixers and/or discs. This is similar to the work by El Hagrasy and Litster 

(2013) who investigated the contribution of offset angles 30°, 60°, and 90° on 

increasing kneading discs of 3, 5, and 7, and at the different liquid to solid ratios (L/S) 

of 0.15 and 0.2. 

Comparison of granule production is made based on the following sizes, less than 125 

µm, between 125 �± 1000 µm, and greater than 1000 µm. Granules under 125 µm are 

referred to as fines, those between 125 and 1000 µm are considered the desired size 
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range and those above 1000 µm are referred to as oversize agglomerates. The results 

are presented in the form of the percentage of granules produced and cumulative plots 

as below. Figure 4.25 is the results of the percentage production of the granule sizes 

with increasing KB mixers from 2 through to 8. 

 

Figure 4. 25 Percentage granule production across increasing KB elements under the 

sizes; fines, desired and oversize agglomerates 

From the bar charts for each number of KB mixers used, a monomodal distribution in 

favour of desired granules is obtained. This contrasts the findings by El Hagrasy and 

Litster (2013) who observed a bimodal distribution, supporting higher percentages of 

both fines and agglomerates with a 30° offset angle and across the increasing KB 

mixers of 3, 5, and 7. Though this difference in GSD from the reported literature and 

this current work cannot be directly identified, possible reasons for this could be the 

difference in materials used as well as the technique of granulation. While Durcal + 

PEG 4000 are used in this research, El Hagrasy and Litster (2013) used a model 

�S�O�D�F�H�E�R���E�O�H�Q�G���R�I���.-lactose monohydrate + microcrystalline cellulose + hydroxypropyl 

methylcellulose + croscarmellose sodium. Also, the investigated under wet granulation 

conditions with the use of a liquid binder that was pumped into the granulator unlike 

here in this work where both binder and excipient are in powder form with the binder 

melting along the length of the granulated barrel to wet excipient powder. These could 

be the main reasons leading to the differences in experimental findings in both works. 

Back to Figure 4.25, there is a clear trend in the formation of fines, desired granules, 

and agglomerate sizes across increasing number of kneading mixers especially from 
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4 to 8. Higher percentages of desired granules are formed with increasing the number 

of KB elements, accompanied by decreasing percentages of fines, and as well, 

associated minimal increase of agglomerates. There is however not much benefit in 

increasing KB from 4 to 6 since there is only a 0.7 % increase in the quantity of desired 

granules formed. The reduction in fines and accompanying increase in agglomerates 

from 4 to 6 KB elements also does not make much difference. 

It can be concluded that for the number of KB elements to significantly affect the 

percentage of desired granules formed, these mixers will have to be increased to 8 

and this is without consideration of the use of 2 KB mixers. This is because the use of 

2 KB mixers yields a significantly high percentage of desired granules, about 8 % 

higher than that of 8 mixers, although the use of 8 mixers produces over 60 % of 

desired granules. A percentage difference in desired granules of about 10 % is 

recorded when the number of mixers used changed from 4 to 8, with a corresponding 

significant decrease in the percentage of fines (i.e., about 15 %). 

A representation of the cumulative weights of individual granule sizes per each number 

of increasing KB is shown in Figure 4.26.  

 

Figure 4. 26 Cumulative plot of the increasing number of KB elements from 2 to 8 
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The information from the cumulative plot supports findings from the percentage 

distribution of granules graph. The more the number of KB mixers (i.e., without 

consideration of 2 KB elements), the less the percentage of fines formed and the better 

the production of desired sized granules. However, with the use of just two elements, 

a better percentage of 125 �± 1000 µm granules are formed even better than increasing 

the number of elements to eight. 

Again, the general trend from 4 to 8 mixers is an increasing percentage of desired 

granules, with decreasing percentage of fines and a corresponding increase in the 

formation of agglomerates although under 10 %. 

B) Under Run 3: (i.e., 4 mixers, 100 rpm, 70 °C, and 5 wt % PEG) 

The original experimental conditions for run 3 are 100 rpm, 5 % binder, 70 °C and 4 

mixing elements. This experimental run yielded the second highest percentage of 

desired granules formed, about 8 % less than the highest yielding for desired size in 

the case of run 4. The number of mixing elements further studied were at 2, 6 and 8 

KB respectively with an attempt to understand the impact of increasing the number of 

mixers at the unique experimental conditions of this run as already stated. Figure 4.27 

presents the various granule size percentage yields with each increasing number of 

KB elements. 

 

Figure 4. 27 Percentage granule production across increasing elements under Run 3 
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From the above plot, there is a general pattern of decreasing fines with a 

corresponding increase in desired granules from 2 to 6 and then 8 elements, without 

consideration to the original study which used 4 elements. The patterns of decreasing 

fines and increasing percentage of desired granules are however very similar in the 

case of 6 and 8 elements. 

There is yet another pattern worth noting when only two sets of mixer comparisons 

are made. These are categorised below. 

(a) 2 mixers vs 6 mixers and 

(b) 4 mixers vs 8 mixers. 

These two observable trends are better presented and discussed below. 

(a) 2 mixers vs 6 mixers  

In comparing the case of 2 and 6 mixers (refer to Figure 4.27), the higher percentage 

of fines (i.e., higher than in 4 and 8 mixers) although decreasing in trend from the use 

of 2 to 6 elements are accompanied by relatively lower percentages of desired granule 

sizes in an increasing trend of percentage values. This observation is however similar 

to findings by El Hagrasy and Litster (2013) who observed a high percentage of fines 

over desired granule sizes and as well, a decreasing trend in the percentage 

production of fines with the increasing number of kneading discs from 3 to 5 and finally 

to 7. From this plot, it is clear to also see that there is a corresponding decreasing 

trend in agglomerates though not as significant (about 1.7 % difference) as for the 

fines (about 7.5 % difference) while the percentage of desired granules increase 

appreciably by about 9 %. This observed increase in the desired granules with the 

decreasing trend in fines is also accounted for by El Hagrasy and Litster (2013) in their 

study with the same offset angle of 30°. However, the increase in corresponding 

agglomerate percentages does not play out in this current work. In this work, the 

appreciable increase in the desired size range and with the lowest weight percent of 

the binder at 5 wt % is attributed to the increased number of discs to enable more 

mixing and better distribution of the minimal binder content. 

(b) 4 mixers vs 8 mixers 
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A contrasting result is seen in the case of 4 and 8 mixers. Here, there is just about a 

1.4 % difference in the percentage increase in the formation of agglomerates (i.e., an 

increasing trend) which again is relatively insignificant in comparison to the 10 % 

increase in fines from 4 to 8 mixers with a corresponding decreasing trend in the 

formation of desired granules. The opposite trend as observed with 2 and 6 mixers, is 

observed here with 4 and 8 mixers. These rather have lower percentages of fines 

when compared to those of 2 and 6 mixers, and a corresponding high percentage of 

desired granules, with a decreasing trend in percentage values from 4 to 8 mixers. It 

is also very evident that the use of 4 and 8 mixers yield better percentages of desired 

granule sizes, at least above 50 % while the use of 2 and 6 mixers results in lower 

percentages of which the highest is 45 % with 6 mixers. 

Another unique observation is that in the case of 2 and 6 mixers, while both fines and 

agglomerate sizes decrease, desired granule sizes increase. For 4 and 8 mixers, the 

percentage of desired granules decreases with fines and agglomerates increasing. 

4.6.1.2 DOE Investigation of Offset 30° for both Runs 3 and 4 

Since run 3 has a temperature and binder content of 70 °C and 5 % which differs from 

that of run 4 at 65 °C and 10 %, the attempt here is to investigate if under the same 

offset angle of 30° and with different number of kneading discs, the changes in 

temperature and binder content significantly impact the percentage of the three 

granule sizes formed. The results are discussed with the aid of a few Pareto charts 

and conclusions drawn. 

The methodology applied is in two parts. First, temperature and binder content are 

considered linear terms without any interactions to establish if there are any significant 

factors influencing the percentage formation of granules. For this stage of the 

investigation, the confidence level set is 95 % meaning there is a 5 % error in 

concluding that there are no significant factor impacts when there are in fact, 

significant factors. Based on the results obtained from this first approach, further 

investigation is conducted to help identify important terms with significant contributions 

to the impact of granule production. This is the second stage of the investigation and 

at this stage, a forward stepwise regression method is applied at a reduced confidence 

level of 75 % for a less restrictive analysis in comparison to that of 95 %. The results 
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from both methods are presented and discussed below per granule size ranges as 

follows 

a) Fines 

b) Desired and 

c) Agglomerates. 

A) �)�L�Q�H�V�����”������5 µm) 

For the discussion on fine-sized granules and the contribution of the factors of 

temperature, binder percentage, and the number of screw elements investigated, 

Figure 4.28 on the resulting Pareto chart is presented. 

 

Figure 4. 28 Evidence of factor significance via Pareto charts on the influence on fines 

under alpha values (A) 0.25 and (B) 0.05  

Pareto chart B represents the first of the two-stage approach investigation (refer to 

subsection 4.5.1) in which the factors of temperature, percentage of binder and the 

number of elements (i.e., screw design) are considered as linear terms without 

possible factor interactions. In the results, both temperature and number of elements 

(i.e., kneading discs) were considered insignificant in their impacts on the formation of 
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fines. However, at a less confidence interval (CI) of 75 %, temperature emerged as a 

significant factor when a stepwise approach through forward selection was used at an 

alpha value of 0.25. In using the forward selection stepwise approach, factor terms 

which had p-values lower than the alpha value set were considered as significant and 

thus added to the operation which initially began without any model terms. 

Though the error margin under the CI of 75 % has increased by 0.2 % when compared 

to the CI of 95 %, this statistical result is experimentally meaningful and valuable, 

considering that with the use of the same offset angle of 30°, the trends of granule 

production differ for each number of discs (be it 2, 4, 6, or 8) used and under the 

different conditions, particularly of temperature and binder content. As temperature 

had a positive influence on the percentage of fines in that an increase from 65 to 70 

°C facilitated more formation of fine-sized granules, an increase in the number of 

kneading discs had a negative influence with associated decreases in the percentage 

of fines. A change in the value of binder from 5% to 10% also reflects a negative impact 

of reduced percentage of fine production which is understandable because, with less 

binder, the chances of ungranulated material are higher regardless of the experimental 

temperature set. 

B) Desired (125 �± 1000 µm) 

In this next figure, the Pareto charts from 95 % CI and 75 % CI are presented and 

discussed. Again, regardless of the increased chance of erroneously concluding there 

are not significant factors when there may be in the case of CI 75 %, it remains a safe 

margin within experimental conditions and allows us to trust the statistical results 

obtained from using such an interval of confidence. 

The point of interest is that with a 95 % CI, the same conditions of temperature and 

screw design (number of KB elements) are again identified as being non-significant 

factors impacting the formation of desired granule sizes of 125 �± 1000 µm, which was 

similarly observed under fines. The change however is that the degree of influence 

(i.e., standardized effect) for both factors have reduced values in the case of desired 

sizes than was for fines. For 125 �± 1000 µm sized granules the values of standardized 

effects with respect to temperature and screw design are 1.43 and 0.10 while these 

values increase to 1.64 and 0.13 respectively for fines. 
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Below is Figure 4.29 on the level of factor impact on the formation of desired granule 

sizes. 

 

Figure 4. 29 Pareto charts on factors influencing desired sizes under alpha values (A) 

0.05 and (B) 0.25 

In the Pareto plot shown, the use of the stepwise forward selection method resulted in 

binder percentage being the significant factor in determining the percentage of 

granules formed and with a standardized effect value of 1.57. Considering that this 

value of binder percentage is higher than the values for temperature and screw design 

although values for the latter two were derived with a CI of 95 %, it is sufficient to 

accept the results under CI 75 % and to conclude that the percentage of binder used 

will significantly influence the formation of granule sizes within this range. A shift 

towards higher binder content from 5 to 10 % therefore, results in an accompanying 

increase in the percentage of desired-sized granule formation/production. 
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C) �2�Y�H�U�V�L�]�H���$�J�J�O�R�P�H�U�D�W�H�V�����•�������������—�P�� 

Figure 4.30 is a plot of two Pareto charts, one at 95 % CI (A) and the other at 75 % CI 

(B). these plots are discussed further to understand the role of investigated factors at 

�W�K�H���W�Z�R���&�,�¶�V���V�H�W�� 

 

Figure 4. 30 Pareto charts on factors influencing agglomerates under alpha values (A) 

0.05 and (B) 0.25 

Pareto plot (B) is the result from the forward selection approach through stepwise 

regression and highlights temperature as the most significant factor influencing the 

formation of agglomerates negatively. With an increased temperature from 65 to 70 

°C, agglomeration reduces and with the general trend of accompanying increase in 

the number of elements. 

4.6.1.3 Increasing the Number of Chaotic Mixers under Conditions of Run 3 and Run 

4 

The chaotic element sizes used throughout this entire research, range from diameters 

of 9 to 14 mm (i.e., 9, 10, 11, 12, 13, and 14 mm). Beginning from 9 mm, the 

representative colour codes for each of the element sizes are purple, yellow, red, blue, 
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orange, and green. Thus, 9 mm = purple, 10 mm = yellow, 11 mm = red, 12 mm = 

blue, 13 mm = orange, and 14 mm = green. This is clearly shown in the table below. 

Table 4. 9 Experimental representations of the chaotic element sizes and 

arrangements 

Chaotic elements and colour code Element size combination matrix, mm 

 

14 13 12 11 10 9 

9 10 11 12 13 14 
 

 

12 11 10 9 

11 12 13 14 
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10 9 

13 14 
 

 

A) Under Run 3: (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) 

The experimental conditions of screw speed, temperature and binder percentage 

studied are the same for chaotic mixers as for KB elements. The original number of 

chaotic mixers used in this run is 4 elements and an attempt was made to study the 

outcome by using 6 and 8 mixers. However, increasing the mixing elements to 8 was 

unsuccessful since even with 6 mixers, the extruder drive became over-torqued with 

very high internally generated pressures for which the experiment could not continue 

under safe conditions. With the system being over-torqued with the use of 6 mixers, 

the extruder automatically stopped functioning as a measure of its safety protocol. 

Thus, the study of 8 mixers could not be operated and the results from using 4 and 6 

mixers are discussed here as shown in Figure 4.31. 
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Figure 4. 31 Trend in granule formation for Run 3 chaotic mixers, < 125 µm, 125 �± 

1000 µm and > 1000 µm 

Several observations can be drawn from the plot above, with the general trend 

observed being a reduction in the percentage of desired granules and a corresponding 

increase in the percentage of fine production from 4 chaotic mixers to 6. Both 

percentage increase in fines and decrease in desired granule sizes are significant, 

with the differences in percentages being about 23 % and 22 % respectively across 

the use of 4 and 6 mixers. 

There is however a distinct monomodal size distribution for 4 mixers which favours a 

significantly high percentage of 125 �± 1000 µm granules while in the case of 6 mixers, 

though a monomodal size distribution can be argued, it favours the formation of under 

125 µm sized granules with 125 �± 1000 µm granules closely following. A likely reason 

for this may be the improper mixing of the powder blend during the granulation process 

due to excess powder build-up at the 6 mixers constituting the mixing zone. Some 

material tended to collect at sections along the length of the barrel when the extruder 

became over-torque and as a result, material from the feed section could not easily 

flow past the mixing zone (see Figure 4.32). With the high internal system pressure 

build-up when 6 chaotic mixers are used, the general conclusion drawn is that 

granulation (particularly melt granulation) will not be beneficial with the increased 

number of chaotic mixers beyond 4. 

0

10

20

30

40

50

60

70

R3 4 Chao R3 6 Chao

P
er

ce
nt

ag
e 

G
ra

nu
le

s

< 125 125-1000 > 1000

Linear (< 125) Linear (125-1000) Linear (> 1000)



142 
 

 

Figure 4. 32 Evidence of material build-up before and at the mixing zone with 6 chaotic 

elements 

There is therefore no gained benefit in using more chaotic mixers beyond 4 elements 

in this experimental setup since there is the tendency for improper powder mixing and 

granulation of material due to the overaccumulation of material at the mixers. Instead, 

the proportion of fines which in this unique case would represent ungranulated powder 

increases. This increase in fines is further made possible by the initial lowest binder 

percentage of the powder blend at 5 %, which means not enough binder to coat all the 

powder available. 

B) Under Run 4: (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) 

Experimental conditions here are the same as for KB elements also under run 4 with 

the original number of chaotic mixing elements being 2. Though the same observation 

of the extruder being over-torque was encountered while using 6 mixers as in the case 

of run 3 above, results from the original 2 mixers and those from 4 and 6 mixers are 

presented and discussed here as represented in Figure 4.33. 
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Figure 4. 33 Trend of granule size with the increasing number of chaotic mixers 

From the plot, there is a visible trend of decreasing percentage of desired granules 

with the increasing number of chaotic mixers and a corresponding increase in the 

formation of fines. However, the distinct monomodal size distribution across all three 

number of mixers (i.e., 2, 4 and 6) investigated suggests the affinity of chaotic mixers 

in allowing for better formation of 125 �± 1000 µm granules. The accompanying 

evidence of higher percentages of agglomerates also further supports the evidence 

that chaotic elements generally give rise to larger-sized granules than fines. Unlike the 

discrepancy in trend from 2 mixers to 4 as observed for KB elements, here for chaotic 

mixers the trend of decreasing and increasing fines are consistent from 2 to 4 and 

finally 6 mixers. This lack of a discrepancy in trend can also be observed in the case 

of chaotic elements under run 3 and this can be a testament to the less complex 

mechanism of impacting the granulation process in the case of chaotic elements in 

general than KB elements. 

4.6.1.4 How Chaotic Mixer Compares with Kneading Element under the same 

Experimental Factor Conditions 

A direct comparison of the percentages of fines for chaotic elements (regardless of the 

number of mixers) under run 4 and that for KB elements evidences the major 

contribution of kneading discs in forming more fines through its breaking action than 

the reconstitution action from chaotic mixers in allowing for further granule-granule 

bonding. Further justification of the separate mechanisms of granule formation for 
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these two types of mixers is also in the percentage of agglomerates formed. There is 

far less agglomeration with the use of KB mixers than there is for chaotic mixers. While 

oversize agglomerates are below 10 % with the use of KB elements, for chaotic mixers, 

the least agglomeration percentage is 18 %. On average and across the number of 

mixers used be it KB or chaotic, chaotic mixers tend to favour greater percentages of 

both desired granules and agglomerates while KB elements promote more fines 

through their crushing action. In the case of run 3 with the original mixing elements 

being four, the same conclusions as for run 4 can be comfortably drawn. On average, 

chaotic mixers again tend to favour the production of higher percentages of desired 

granules than KB elements although its associated rise in agglomerates is not 

significantly higher than in the case of KB elements. Nonetheless, higher quantities of 

fines are observed using KB elements than chaotic mixers. There is, however, a 

similar pattern in the percentage of granule sizes formed (i.e., fines, desired and 

agglomerates) regardless of the type of mixer element used (either KB or chaotic) 

under run 3. The reason for this strongly points to the low percentage of binder content 

in this experimental run at 5 %. It can strongly be argued that with less binder content, 

the contribution of the two types of mixing elements is almost negligible with a 

distinguishable difference in the pattern of GSD under run 4 between KB and chaotic 

elements but not so under run 3. The two figures below help in graphically presenting 

the summarised observation under runs 3 and 4 between the two mixing elements 

studied. 

Figure 4.34 presents the observations in trends of GSD with the use of the same 

number of mixer elements irrespective of the type of mixer used (either KB or chaotic). 
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Figure 4. 34 Similarity in GSD with same the number of mixers, regardless of the 

element type used as under experimental run 3 

The GSD trend regardless of mixing element type is somewhat similar, particularly 

under the same number of mixing elements. The pattern of GSD under 4 mixers is the 

same regardless of the type of mixer, with the least percentage out of the three granule 

sizes being agglomerates. However, in moving from 4 to 6 mixers and irrespective of 

the type of element used, there is a change in the pattern of fines and desired granules, 

although the general pattern of oversize agglomerates does not change by remaining 

the lowest out of the three size ranges. With 4 mixers, fines are the next lowest 

percentage of produced granules after agglomerates and desired granules tend to be 

the most significantly yielding range. This is not the case with the use of 6 mixers as 

the most yielding range shifts to the fines. Nonetheless, the percentage of desired 

granules formed is not too far from that of the fines, with a maximum percentage 

difference of about 4 % when KB elements are compared with their chaotic 

counterpart. Notice that though the overall GSD is similar under run 3 irrespective of 

the mixing element used (Chaotic or KB), the tendency of KB elements to increase the 

percentage of fines due to its crushing action is still identifiable. The slightly higher 

percentages of desired granules by chaotic elements over KB elements also continue 

to hint at chaotic elements allowing the production of larger granules than KB 

elements. 
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Figure 4.35 below presents the differences in GSD per mixer element type under the 

varying number of elements for the run operated at 100 rpm with the temperature of 

65 °C and binder wt % of 10. 

 

Figure 4. 35 Difference in GSD pattern, comparing KB to chaotic elements, across 

increasing number of mixers under experimental run 4 

Unlike for run 3 where the GSD pattern for chaotic and KB elements are nearly the 

same regardless of the number of mixers used, here under run 4, there is a general 

pattern in GSD for KB elements irrespective of the number of mixers used but this 

pattern is completely different for chaotic elements across the same number of 

increasing mixers. The pattern observed with KB mixers across all increasing numbers 

of individual discs is of higher percentages of fines than for agglomerates. 

Nonetheless, this pattern is not the same for both desired and agglomerate sizes. Both 

4 and 6 KB mixers result in a decrease in the percentage of desired granules and with 

very high percentages of fines, at least 39 %. The initial pattern of decreasing 

percentages of desired granule sizes from 2 to 4 KB is not followed through with the 

use of 6 KB which slightly increases in the percentage of desired granules than that of 

4 KB. For chaotic elements however, a consistent trend in decreasing percentages of 

desired granules across increasing mixer elements is observed (from 2 through to 6 

elements). A change from 4 to 6 chaotic elements has a very minimal change in the 

percentage of desired granules formed while the drop off from 2 to 4 elements is 

considerable. Another trend under the increasing number of chaotic elements is that 
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the percentage of fines increases from 2 through to 6 elements with a notable change 

from 2 to 4 mixers and a rather minimal increase from 4 to 6 mixers. Particularly for 4 

and 6 mixers, chaotic elements favour more agglomerate production with fewer fines 

and a minimal 0.8 % percentage difference in desired granule yield. The contribution 

of the different mixing elements is visibly observed from the different patterns within 

the plot and that is strong evidence of the unique impact of the type of mixing element 

used in the granulation process. The difference in mixer element type is evidenced 

here in the GSD trends and though more profound under conditions of run 4 as 

discussed here, it is rather less pronounced under run 3. This means that the 

experimental conditions set as well as blend formulation (in this case wt % of PEG) 

have a way of either masking the contribution of the mixer element used or making its 

contribution profound. 

4.6.2 Impact of Kneading Element Offset Angles 

In this subsection, the focus is on investigating the impact of offset angles on granule 

production and size distribution. It is an effort to contribute to what has already been 

established in the literature, of which the most popular angles are 30°, 60° and 90°. In 

this study, only 30° and 60° stagger angles have been investigated because of the 

lack of forward action reported for the 90° offset angle (Thompson and Sun 2010). 

Figure 4.36 is a representation of the orientation and stagger angles investigated in 

this work. In it, two kneading discs are used to depict the offset angles of 30° and 60° 

respectively. 

  

Figure 4. 36 Representation of kneading offset angles, (A) 30° and (B) 60° 
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As was the case in studying the impact of increasing the individual number of mixers, 

the two most yielding experimental runs of 4 and 3 for 125 �± 1000 µm granules have 

been used here to understand the impact of stagger angles on the formation of 

granules as well as the accompanying size distributions. 

4.6.2.1 Investigation of Stagger Angles (30° vs 60°) under Run 4 Experimental 

Conditions (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) 

Since run 4 originally had only 2 kneading discs per screw, the first part of this study 

was to investigate the same conditions of run 4 but with the discs offset at 60°. This is 

to help understand if there is a significant effect or contribution on the production (i.e., 

percentage of granules) and size distribution of granules in using different stagger 

angles. The second part of the investigation was to understand the trend of 

impact/influence by the different stagger angles, with the increasing number of 

kneading discs (i.e., from 2 to 8). 

Part 1  �± Two Individual Discs Offset at 30° and 60° 

Two graphs are presented here to offer insight into the impact and contribution of the 

two different stagger angles on the production of granules as well as their GSD. These 

observations are with just 2 kneading discs in both cases of 30° and 60° offset angles. 

Each of the graphs is further discussed and conclusions drawn from the use of just 2 

kneading discs per each co-rotating screw. Figure 4.37 below is a combination of line 

and bar graphs, depicting the variation in offset angle of kneading discs on the 

formation of granule sizes. 
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Figure 4. 37 Percentage granule production over the size ranges of fines, desired and 

agglomerates 

The standout observation from the above plot is a clear indication of the different 

effects contributed by the two studied offset angles and their unique influence on the 

percentage of granules formed per each size range. With the offset angle of 30°, the 

formation of both desired granules and fines are favoured due to its less conveying 

character in comparison to 60° stagger, while the formation of fines increases with the 

use of the greater stagger angle of 60°. This is due to 60° stagger allowing more 

bypass of materials around the KB lobes in agreement with Thiele (2003). At 30°, there 

is a sharp rise in the formation of desired granule sizes as there is an accompanying 

sharp decline in the production of fines due to its less conveying character in 
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comparison to 60° stagger (Thiele 2003). Hence, this angle facilitates more formation 

of desired granules than with the use of the 60° angle by about 24 %. There is also a 

less than 50 % production of desired granules for the 60° offset angle which hints at it 

not being beneficial in the granulation process with the expectation of higher yielding 

desired sizes not achieved. Further to this, about 10 % more fines are produced under 

the 60° offset angle than the percentage of desired granule sizes formed. This is an 

interesting observation in that, though all three most satisfying conditions under screw 

speed, temperature and binder content are present, the offset angle between two 

kneading discs determines to a large extent the production of different granule sizes. 

Thus, with the use of only two kneading discs at varying stagger angles, stagger angle 

is vital in the distribution of granule sizes formed. 

Figure 4.38 shows the GSD per each stagger angle studied. 
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Figure 4. 38 Trend of individual granule sizes across the two investigated stagger 

angles 

Information from this plot also reveals the unique impacts of the different stagger 

angles studied on the formation of the three granule sizes of fines (< 125 µm), desired 

(125 �± 1000 µm) and agglomerates (> 1000 µm). While there is an increase in the 

production of fines with an increase in stagger angle from 30° to 60°, in both cases of 

desired granule sizes and agglomerates, there is a decrease in percentage yield. 

Nonetheless, the decrease in percentage yield for desired granules is more significant 

than it is for agglomerates, with just over a 1 % difference in yield when the stagger 

angle is changed from 30° to 60°. Overall, there are negative slopes for both desired 

granules and agglomerates in moving from the lower stagger angle to the higher 
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stagger angle between two kneading discs. The positive slope for the fines size range 

indicates the unsuitable nature of the use of the 60° stagger angle for the granulation 

of material as already identified, even in the presence of the best conditions of 100 

rpm screw speed, 10 % PEG content and a process temperature of 65 °C as per the 

DOE investigations. 

Part 2  �± Understanding the Effect of Stagger Angles with Increasing Number of 

Kneading Discs 

This second set of investigations became necessary in not arriving at biased 

conclusions on the influence of stagger angles between individual kneading discs. This 

is very important so that a generalised assumption is not arrived at per individual 

applications regarding screw configuration (i.e., for what might not be a true case). 

Again, this is to help further our understanding of the impact of increasing the number 

of mixers and the resulting GSD, another gap in the literature. From using just two 

kneading discs, the general conclusion is that the use of a 60° stagger will not be 

beneficial in the formation of greater percentages of desired granule sizes. Instead, 

there are more accompanying fines, and the aim of granulation is not met. The task in 

this second part of the investigation is therefore to verify if the use of the 60° stagger 

angle in kneading discs is generally not profitable for granulation with an increasing 

number of individual kneading discs. 

A series of graphs are presented below, in understanding the impact of stagger angles 

under the three granule sizes of fines, desired and agglomerates, with an increasing 

number of kneading discs. Figure 4.39 below is a trend in the fine granule size across 

an increasing number of KB elements at different stagger angles. 
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Figure 4. 39 Pattern of percentage fines yield across an increasing number of KB 

elements under 30° and 60° offset angles 

With an increase from 4 to 6 elements and regardless of stagger angle, there is a 

pattern of fines reducing with an increase in KB elements. There is therefore not a 

considerable difference between the two offset angles. However, the difference in the 

use of the different stagger angles is seen with a shift from 2 to 4 and from 6 to 8. 

Nonetheless, there is a trend of decreasing the percentage of fines with an increasing 

number of KB elements, particularly from 4 elements through to 8. With the use of 2 

and 8 elements respectively, the percentage of fines under 30° stagger is lower than 

that of 60° stagger in both cases of 2 and 8 elements. Overall, under 30° stagger and 

over increasing KB elements (from 2 to 8), there is a general positive slope with all 
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three values of fines at 4, 6 and 8 being higher than that of 2 elements. This is although 

the trend of fines consistently decreases from 4 through to 8. Under a 60° stagger, 

however, a general negative slope across the increasing number of kneading 

elements is observed. This confirms the fact that with the increasing number of 

kneading discs under 60° stagger, the percentage of fines decreases. 

The nest to be discussed is the trend of desired granule sizes across an increasing 

number of kneading discs for the two offset angles. This is shown in Figure 4.40 below. 

 

Figure 4. 40 Pattern of the percentage of desired granule yield across an increasing 

number of KB elements under 30° and 60° offset angles 
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Like the overall trend for fines over the increasing number of KB elements and with 

the use of 60° stagger, there is a general pattern of increasing percentage of desired 

granules over increasing KB elements. This observation is the opposite of fines. 

Therefore, with the use of a 60° stagger, the percentage of fines decreases over the 

increasing number of elements while the percentage of desired granules increases 

with an increasing number of elements. Under 30° stagger for desired granules, the 

opposite trend as was observed in the case of fines is seen here. There is a negative 

slope for desired granules while there was a positive slope for fines. Again, from 4 

through to 8 elements, there is a general increase in the percentage of desired 

granules formed with increasing elements. There is a considerable impact by choice 

of stagger angle in changing from 4 to 6 elements for desired granules unlike it was 

for fines. The significant impact of the different stagger angles at each stage of 

increasing the number of elements (i.e., 2 to 4, 4 to 6, and 6 to 8) is present under 

desired granule size unlike that for fines which saw significant stagger angle impacts 

at 2 to 4 and from 6 to 8. Finally, all values of desired granule percentage with the use 

of a 60° stagger are higher than it is for 30° stagger, in increasing the number of 

elements, particularly from 4 through to 8. 

The last granule size to be presented and discussed is that of the agglomerates. The 

trend in agglomerates is presented in Figure 4.41 and subsequent discussions are 

made. 



156 
 

 

Figure 4. 41 Pattern of the percentage of agglomerate yield across an increasing 

number of KB elements under 30° and 60° offset angles 

Two interesting trends are seen in the case of agglomerates under the two different 

stagger angles studied. Under 60° stagger, there is a consistent drop in the percentage 

of agglomerates over the increasing number of elements of 2, 4 and 6. Under 30° 

stagger, there is an increasing trend in the percentage of agglomerates but from 4 to 

6 and then 8 elements. The discrepancy in trend across the different stagger angles 

could be due to the use of 4 elements since it is only with this number of elements that 

the percentage of agglomerates for the 60° stagger exceeds that of the 30° stagger. 

Across the other mixers of 2, 6 and 8, the percentage of agglomerates under 30° 

stagger is rather higher than that under 60° stagger. The most significant impact of 
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stagger angle on the influence of agglomerates is therefore observed when the 

number of elements shifts from 2 to 4. Another interesting observation is seen in the 

trend of the percentage of granules formed when agglomerates are compared with 

fines under 60° stagger. While there is a uniform percentage decrease in both 

agglomerates and fines from 2 to 6 elements, there is an opposite pattern of a rise in 

the percentage of oversize agglomerates from 6 to 8 while that of fines keeps reducing. 

A similar yet different trend is observed for the 30° stagger although, in this instance, 

the general pattern of decreasing percentage fines occurs with the use of 4, 6 and 8 

elements and not 2, 4 and 6 in the case of 60° stagger. However, while the percentage 

of fines decreases over this range of elements (i.e., 4 to 8), there is a trend of 

increasing oversize agglomerate percentages over the same. This again is evidence 

supporting the different impact of offset angles on granule formation/production in 

conjunction with the number of kneading elements since for 60° stagger both fines and 

agglomerates decrease over the same range of 2 to 6 elements whereas, with 30° 

stagger, fines decrease with increasing agglomerates over the different element range 

of 4 to 8. The percentage of fines under 30° stagger also increases from 2 to 4 mixers 

while the percentage of agglomerates rather decreases over the same range. 

Table 4. 10 Summary table on granule size production under 30° and 60° offset angles 

Granule size 
(µm) 

30° stagger 60° stagger 

< 125 

Percentage decreased from 4 
to 8 elements with a 

discrepancy of percentage 
increase from 2 to 4. 

General percentage decrease in 
production across all increasing 

number of elements (2 to 8). 

125 �± 1000 

Percentage increase from 4 to 
8 elements with the 

discrepancy of a percentage 
decrease from 2 to 4. 

General percentage increase in 
production across all increasing 
numbers of elements (2 to 8). 

> 1000 

Percentage increase from 4 to 
8 elements with the 

discrepancy of a percentage 
decrease from 2 to 4. 

Percentage decrease in 
production from 2 to 6 elements 
with a percentage increase from 

6 to 8. 

The table above summarizes the pattern of granule size production over the increasing 

number of KB elements for the stagger angles 30° and 60°, clearly establishing the 

different impacts of stagger angle on granule size production under the same 
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conditions of temperature, binder content and screw speed. Therefore, with the use of 

different stagger angles of kneading discs, the formation of granules across the size 

range of fines, desired and agglomerates varies. An understanding of the contributions 

of the different stagger angles will therefore help in the engineering process of 

experimental design for desired products. 

Supporting Evidence from the Statistical Investigation in Support of Findings 

Further evidence of all the discussions made under this subsection on the contribution 

of stagger angles to the GSD from the granulating experimental conditions have been 

presented below in Figure 4.42. This figure is of the main effects plot and trend of the 

various granule sizes per the number of elements as well as offset angle used. 

 

Figure 4. 42 Run 4 main effects plots on the increasing number of discs and changing 

offset angles 

The individual plots in the above figure are represented as 

�x A - Main effects plots for < 125 µm, 

�x B1 - Main effects plots for 125 �± 1000 µm, 

�x B2 - Trend of main effects plots for 125 �± 1000 µm, and 
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�x C - Main effects plots for > 1000 µm. 

The method used in both plots of screw design (i.e., number of kneading discs) and 

offset angle is that of finding the overall average/mean values for each condition. 

Therefore, the plot of values for screw design is representative of the mean average 

of the percentages of granules (i.e., fines, desired and agglomerates) formed at the 

respective number of discs (2, 4, 6, or 8), irrespective of the offset angle used. That of 

offset angle on the other hand is the mean of percentages yielded for fines, desired 

and oversized agglomerates, regardless of the number of discs. Hence, the mean 

value under offset angle 30 for any of the size ranges (e.g., fines) is a result of the 

summation of all the percentages produced individually with the four different kneading 

combinations (i.e., 2, 4, 6 and 8 discs) expressed as an average sum. Since the pattern 

of GSD for increasing number of discs from the main effects plot is with consideration 

to both offset angles, the observed pattern is seen not to differ from that of the single 

offset angle of 30° shown previously and compared with that of offset 60°. This is 

strong evidence supporting the already stated fact that under this offset angle, the 

actual contributions from the number of discs used is clearly noticed and under its 

unique experimental conditions. The use of this offset angle thus allows for more 

information to be gathered on the other prevailing conditions whereas, for offset 60, 

this stagger angle seems to overshadow the other contributions from other factors with 

its uniquely trending patterns of GSD. 

A change from 30° to 60° stagger for both desired granules and agglomerates results 

in a negative slope, with reduced percentage production of both granule sizes. 

However, the case of fines is different with a higher percentage of fines formed when 

the stagger angle shifts from 30° to 60°. Thus, in the presence of more binder (10 %), 

a shift from lower to higher offset angles results in the production of more fines with 

accompanying low percentages of desired granules and fines. With fines increasing 

and desired size reducing, a 60° offset would not be ideal for producing more desired 

granule sizes. 

The generalised trend (B2) of increasing percentage in desired granules with 

consideration to both stagger angles suggests that there would be an increase in the 

yield of desired granules with the increasing number of kneading discs. Evidence of 

this is in the main effects plot for screw design labelled B2. 
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4.6.2.2 Investigation of Stagger Angles (30° vs 60°) under Run 3 Experimental 

Conditions (i.e., 4 mixers, 100 rpm, 70 °C, and 5 wt % PEG) 

The same approach as for experimental run 4 above is taken here. The investigation 

is split into two, the first part considers results obtained from the use of 4 kneading 

discs under the original conditions of run 3 when 30° and 60° offset angles are used. 

The second part then considers the general impact of the two stagger angles over the 

increasing number of kneading discs per each co-rotating screw. 

Part 1  �± Two Individual Discs Offset at 30° and 60° 

As was done under run 4, two separate graphs are discussed here for an 

understanding of the impact of stagger angle under the same experimental conditions 

and number of elements (i.e., 4 kneading discs). 

Figure 4.43 shows the trend in granule sizes across fines, desired and agglomerate 

granules but at different stagger angles of 30 and 60. 
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Figure 4. 43 Percentage granule production over individual granule size ranges for 30° 

and 60° offset angles under run 3 

Comparatively, both trends under the two studied offset angles do not differ at all for 

run 3 and run 4, though the number of kneading elements differs with run 3 having 

four and run 4 having 2. It could be said to be the same in that under both runs, there 

is a higher percentage of fines than desired granules with the least formed size being 

the agglomerates under 60° stagger. Under 30° stagger, the higher percentage of 

desired granules are formed with relatively lower percentages of both fines and 

agglomerates, although agglomeration again is the least. With the use of four and two 

kneading discs therefore and regardless of the experimental conditions (i.e., under 

runs 3 and 4 respectively), the pattern of granule distribution is the same for the same 
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offset angles. The trend under offset angle 30° for both runs 3 and 4 does not change 

at all and this is the same for offset 60° but with the use of four and two kneading discs 

respectively. It can therefore be argued that the increased number of kneading discs 

compensates for the changes in experimental conditions from that of run 4 (i.e., a drop 

in binder content and a temperature rise). These experimental changes in combination 

with increasing the number of kneading discs to 4 helps in generating the similarity in 

trends observed with the use of 30° and 60° offset angles for runs 3 and 4. 

Figure 4.44 depicts the full GSD per each offset angle used. At each offset angle, the 

percentage distribution in fines, desired, and agglomerate granule sizes are shown.  

 

Figure 4. 44 Trend of individual granule sizes under run 3 for 30° and 60° offset angles. 
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Though the pattern of GSD under the two offset angles does not change regardless 

of the changing experimental conditions, particularly of temperature and binder 

content, a unique observation for agglomeration is noticed under run 3. Agglomeration 

comparison under 30° and 60° offset angles suggest that there is a rise in the 

percentage of agglomeration under conditions of run 3 while for run 4 there is a 

decrease. Nonetheless, this variation in percentage increase and decrease for runs 3 

and 4 respectively is with the same value, slightly above 1 %. Thus, in the case of run 

3, there is about a 1 % increase in agglomeration while for run 4 there is a decrease 

of the same value.  

Part 2  �± Understanding the Effect of Stagger Angles with Increasing Number of 

Kneading Discs 

A clear understanding of offset angles with increasing number of discs is investigated 

here to avoid arriving at generalised conclusions. A few graphs are presented and 

discussed below, comparing the trend of the granule sizes of fines, desired and 

agglomerate over an increasing number of kneading discs. 

Figure 4.45 shows the trend of fines across an increasing number of kneading discs 

for each of the stagger angles investigated. 



164 
 

 

Figure 4. 45 Percentage yield of fines across an increasing number of kneading discs 

There is a very steady fall in the percentage of fines with the increasing number of KB 

elements for offset angle 60°. In the case of angle 30°, there is no consistent pattern 

over the number of increasing discs. Though from 2 to 4 and from 6 to 8 discs there is 

a fall in the percentage of fines, an increase in fines is observed with a change from 4 

to 6 discs. The overall pattern for using an offset angle of 60° seems to be of 

decreasing percentage in fine production over an increasing number of discs and this 

is the same for both run 3 and run 4. This is evidence that regardless of the different 

experimental conditions (i.e., temperature and binder content) for runs 3 and 4, the 

impact of a stagger angle of 60° remains the same. Therefore, the impact of an offset 

angle of 60° dominates the individual contributions of the number of kneading discs. 
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The size range of 125 �± 1000 µm granules and its trend across the increasing number 

of discs is presented in Figure 4.46 for each studied stagger angle. The result is shown 

below. 

 

Figure 4. 46 Percentage yield of desired granules across an increasing number of 

kneading discs 

From the graph, there is a steady rise in the percentage of desired granule sizes with 

the increasing number of kneading discs under offset 60°. This pattern is similar if not 

the same for the same size range both under conditions of run 3 and run 4. Again, this 

is a strong indication of the dominant influence of 60° stagger regardless of the number 

of KB and the difference in conditions of temperature and binder content. In the case 
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of an offset angle of 30°, there is no trend in the percentage of desired granules same 

as is the case for the same offset angle under run 4. Though percentage increases 

are observed with a change from 2 to 4 discs and from 6 to 8 discs, the latter has a 

less significant percentage change in comparison to the previous of 2 to 4. An offset 

angle of 30° can therefore be said to allow for the influence of prevailing experimental 

conditions and the contribution from the individual number of KB elements. Therefore, 

irrespective of the stagger angle of 30°, desired granule formation is impacted by the 

number of KB elements used as well as the pattern/trend in percentage granule 

production. 

Finally, the trend in agglomerate sizes is shown here in Figure 4.47. 
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Figure 4. 47 Percentage yield of agglomerates across an increasing number of 
kneading discs 

For both 30° and 60° offset angles, and considering them independently of each other, 

the change in percentage of agglomerate production across increasing number of KB 

elements doe�V�Q�¶�W���V�Lgnificantly differ, especially in the case of 60° stagger. However, 

under both angles, the least formed agglomerate percentage was with four kneading 

discs. The highest percentage difference under offset 30° is about 3 % while that under 

60° is about 2 %, both of which are relatively insignificant changes. When both offset 

angles are compared to each other, the highest percentage difference in agglomerate 

production is recorded at 4 kneading discs at about 1.3 % which again is a relatively 
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insignificant change in agglomerate production between the two angles. Though the 

trend in agglomerate production is of a fall when at 4 discs, a rise with 6 discs and a 

final fall with 8 discs, actual values with these number of discs tend to be slightly higher 

with the offset angle 30°. The only change is with 4 discs where the 60° stagger value 

is higher than that of 30° stagger. 

Supporting Statistical Evidence in Favour of Findings 

For all the discussions presented already in this subsection for conditions of run 3 

between the offset angles of 30° and 60°, statistical evidence in support of these have 

been presented below in Figure 4.48 and discussed accordingly. 

 

Figure 4. 48 Run 3 main effects plots for changing offset angles under an increasing 
number of discs 

Again, as was observed under run 4, here under run 3 also, the overall pattern in GSD 

over the increasing number of discs reflects the same as for the trends with offset 30°. 

This suggests that regardless of the prevailing experimental conditions (i.e., 

temperature and binder content), the use of an offset angle of 30° displays more 

variation in the formation of individual granule sizes (fines, desired and agglomerates) 

over the different number of discs than that of offset 60°. From the main effects plot 



169 
 

on offset angles, it is evident that though offset 30° shows wide variation in the 

percentage of granule sizes formed under different numbers of discs, it is the most 

suitable angle for forming more desired granules with accompanying low percentages 

in both fines and agglomerates. Generally, there is an expected trend of increasing 

percentage of desired granules with the increasing number of kneading discs from 2 

to 8, although with 4 discs, the highest value is recorded and followed by 8, 6 and 2 

discs in that order. This expectation is with consideration to both angles over the 

increasing number of discs. 

4.6.3 Impact of varying Chaotic Mixer Combinations/Configurations on GSD 

As part of tackling another gap in the literature regarding the impact of different chaotic 

element combinations, the following study was undertaken, and the resulting findings 

were reported. The sizes used in the original DOE at 2 elements were of the size 

combinations 9 mm + 10 mm and 13 mm + 14 mm. However, the interest of this study 

was to investigate if the use of combinations of 11 + 12 mm sized elements will result 

in changes to the size distribution of granules different from that of the original 

combinations (i.e., 9 mm + 10 mm and 13 mm + 14 mm). 

The table (Table 4.11) below depicts the various combinations used in the study. 
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Table 4. 11 Combinations of two chaotic elements 

2 Chaotic Elements Description 

 

Combinations of 9 + 10 + 13 + and 14 
mm sized elements. 

�x The top screw consists of 10 and 
9 mm (from left to right) 

�x The bottom screw consists of 13 
and 14 mm (from left to right) 

 

Combinations of 11 + 12 mm sized 
elements. 

�x The top screw consists of 12 and 
11 mm (from left to right) 

�x The bottom screw consists of 11 
and 12 mm (from left to right) 

Run 4 (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) which yielded the second 

highest percentage for desirable granule sizes with the use of chaotic elements is the 

main run considered in this part of the work. As well, runs 5 (i.e., 2 mixers, 150 rpm, 

70 °C, and 15 wt % PEG) and 11 (i.e., 2 mixers, 50 rpm, 60 °C, and 5 wt % PEG) 

which also involves the use of two chaotic mixers and under different experimental 

conditions are also investigated. The results presented below compares the GSD of 

fines, desired and agglomerate sizes under the two main chaotic element 

combinations of (a) 9 mm + 10 mm and 13 mm + 14 mm, and (b) 11 + 12 mm. 

Combinations of the chaotic element sizes of 9 mm + 10 mm and 13 mm + 14 mm will 
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�E�H���U�H�I�H�U�U�H�G���W�R���D�V���³�R�U�L�J�L�Q�D�O�´���X�Q�G�H�U���D�O�O���W�K�U�H�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�X�Q�V�����L���H�������5�X�Q���������5un 5 and 

Run 11). 

4.6.3.1 Fines (< 125 µm): 

Figure 4.49 below presents the percentage of fines formed across experimentally 

investigated runs of 4, 5, and 11. For each experimental run, a unique bar is 

representative of the percentage of fines formed under those conditions. This is 

however a comparison of how GSD changes per a change in the combination of two 

chaotic elements per each screw rod. 

 

Figure 4. 49 Percentage of fines production with the two different chaotic mixer 

combinations 

Across all three experimental runs and regardless of the different prevailing conditions 

of temperature, screw speed and binder content, the use of the 11 mm + 12 mm 

chaotic elements yielded an increase in the percentage of fines under all three runs of 

4, 5 and 11 when compared to that from the original arrangement. However, the 

pattern as observed in the original conditions is replicated with the use of the new 

element combination. In that, the least percentage of fines is recorded with run 5 

followed by run 4 and finally run 11. The main cause for the increase in the percentage 

of fines across all three experimental runs regardless of their unique factor levels 

especially of temperature and binder content points to the fact that with the 11 mm + 

12 mm arrangement, there is less room for freedom around the elements to facilitate 

larger growth of granules. Hence, with this reduced space, more crushing occurs even 
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when agglomerates have been formed, they tend to be broken down further into 

smaller sizes. 

4.6.3.2 Desired (125 �± 1000 µm): 

The same approach of representing each experimental run condition uniquely in a bar 

chart is shown below for desired granule sizes in Figure 4.50. The resulting 

observations are discussed according to the impact of different chaotic element size 

combinations. 

 

Figure 4. 50 Percentage of desired granules production with the two different chaotic 

mixer combinations 

Unlike in the case of fines, for desired granule sizes, the trend under original conditions 

for the three runs is not replicated with the use of the 11 mm + 12 mm chaotic 

combination. This is rightly so due to the same explanation provided above on the less 

room of freedom with using this unique combination. In both run 4 and run 11 under 

the new chaotic combination, the percentage of desired granules reduces from that 

originally recorded for the same experimental runs. With the reduced room for granule 

growth under the 11 mm + 12 mm combination, lesser quantities of the desired granule 

sizes are formed under conditions of run 4 as these suffer further breakage into fines. 

This can be deduced by the percentage increase in fines with this combination at about 

17 % difference as well as the reduced percentages in both desired granules and 

agglomerates. A similar occurrence is observed for run 11. However, to further justify 

0

10

20

30

40

50

60

70

2Chao (11 + 12)mm 2Chao_Originnal

%
 D

es
ire

d 
S

iz
e,

 1
25

 -
10

00
 µ

m

Run 4 Run 5 Run 11



173 
 

the reduced room for granule growth under the 11 mm + 12 mm combination, the 

opposite occurs with run 5. Under conditions of run 5 with 15 % binder content, there 

is an increase in the percentage of desired granules although the chaotic combination 

remains the same. This is because there is more than enough binding material to mask 

the reduction effect of the chaotic element combination although with a limiting 

potential for granule growth. This is better understood with the findings in the reduction 

of agglomeration under run 5. The reduced agglomeration supports the argument of 

the limited potential of granule growth with an 11 mm + 12 mm combination but with 

more than enough binder available, granules are not easily broken down completely 

into fines like with run 4 and run 11. Instead, these granules hold and tend to remain 

in the desired size range. 

4.6.3.3 Oversize Agglomerates (> 1000 µm): 

Finally, the agglomerate sizes which are least desired for this work have been 

represented in a bar chart (Figure 4.51). This is according to their unique experimental 

run conditions and a comparison of the difference in element size combinations 

discussed. 

 

Figure 4. 51 Percentage of agglomerates production with the two different chaotic 

mixer combinations 

From the comparison plot, it is obvious that the percentage of agglomeration has 

reduced from the case of the original chaotic element combinations which facilitate 

more room for granule growth than the latter which does not. Under conditions of run 
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5, the drop off in percentage agglomeration between the two combinations is about 15 

% with a change from the original combination to the now investigated combination of 

11 mm + 12 mm. That of run 4 is also around 13 % and both further strengthen the 

argument of there being less room for freedom for granule growth in using the 11 mm 

+ 12 mm chaotic element combinations than that of the original. An additional reason 

for this is the reduced room of material passage or flow, with the 11 mm + 12 mm 

combination. Since these element sizes complement each order on both screw rods, 

the mixing zone comprising this combination tends to collect more and more material 

around the circumference of these elements, resulting in more continuous barrel wall 

interactions which reduce already formed granule sizes. 

Finally, to conclude on the impact of different chaotic element size combinations and 

their influence on GSD, the case of run 4 is singled out and discussed in Figure 4.52. 

 

Figure 4. 52 Comparison of the impact of chaotic element size combinations on GSD 

With the argument being that an 11 mm + 12 mm chaotic element combination yields 

less agglomeration and promotes more fines, run 4 under the use of this set of 

elements has been compared with the original size combination of 9 mm + 10 mm and 

13 mm + 14 mm. From the graph, while there is a significant reduction in agglomerates 

under 11 mm + 12 mm combinations, there is also an accompanying significant rise 

in fines with both values being above 10 %. Though the drop in desired granule size 

�L�V�Q�¶�W���D�V���V�L�J�Q�L�I�L�F�D�Q�W���D�V���I�R�U���D�J�J�O�R�P�H�U�D�W�H�V�����W�K�H���D�U�J�X�Pent still holds in that the increase in 

fines exceeds the percentage difference in agglomeration by a considerable value. 
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4.7 Chapter Summary on GSD with KB and Chaotic Mixing Elements 

This chapter has discussed granule size distribution (GSD) as it is impacted by the 

two mixing element types; KB and Chaotic investigated in this work. For both KB and 

chaotic mixers, a study on the contribution to GSD with the increasing number of 

mixing elements at 2, 4, 6, and 8 has been presented, although for chaotic elements, 

8 mixers were not feasible due to very high torque. There has been a discussion of 

the influence of different offset angles of 30° and 60° on GSD across the increasing 

number of KB discs. Finally, a comparison of chaotic mixer element sizes with just 2 

mixers has also been investigated and discussed. The concluding observations are as 

follows. For conditions of run 4 (i.e., 2 mixers, 100 rpm, 65 °C, and 10 wt % PEG) and 

under increasing KB, the percentage of desired granules increase from 4 KB to 8 KB 

but the percentage increase with 8 KB is not greater than with just 2 KB. Also, 8 KB 

has more associated fines and agglomerates than just 2 KB. There is no benefit in 

increasing the number of KB discs under conditions of run 3 (i.e., 4 mixers, 100 rpm, 

70 °C, and 5 wt % PEG) as there is a reduction in the percentage of desired granule 

sizes and a very high accompanying percentage of fines. Though the decision on 

which number of KB discs to use in the granulation process is dependent on the 

experimental conditions as evidenced by the findings from run 4 and run 3, it could be 

said that an increase in the number of KB generally will reduce desired granule sizes 

but result in a high percentage of fines. This agrees with Thompson and Sun (2010). 

In the case of chaotic elements, the same conclusion as drawn for KB can be arrived 

at regardless of the experimental conditions (either run 3 or run 4). However, the 

percentage of fines considerably increases with blends of less binder (run 3) than for 

those with the high binder (run 4). Also, the use of the 11 mm + 12 mm two chaotic 

combination promotes more fines and less desired sizes than with the originally 

studied combination of 9 mm + 10 mm on one screw and 13 mm + 14 mm on the other. 

Finally, the use of a 30° offset in KB mixers reveals better, the contributions of each 

number of mixing elements used be it 2, 4, 6, or 8. A 30° offset also facilitates few 

fines and better percentages of desired granule sizes which is an objective of this 

work. 
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4.8 Mechanism of Granulation 

From the above results and discussions on granule size distribution, with and without 

mixing elements, the mechanistic action during the melt granulation process with the 

twin screw extruder (TSE) used as a granulator is studied and presented here. 

4.8.1 Mechanism of Nucleation in TSHMG 

The melt granulation process involves the introduction of the binder medium in its solid 

state (McTaggart et al. 1984). The particles of the binding material undergo melting 

with the increasing temperatures above binder melting points, but not at temperatures 

of thermal degradation for both the binder and active pharmaceutical ingredients 

(APIs) used (Almeida et al. 2012). For this reason, melt granulation has been identified 

as ideal for moisture-sensitive ingredients as well as hygroscopic materials, both 

binders and APIs which are not soluble in water (Kleinebudde and Thies 2001). 

The mechanism of melt granulation via the twin screw granulator is not as profound 

as is the case of melt granulation with high shear granulators (Schæfer 2001) and 

fluidized beds (Abberger and Henck 2000). Regardless of these two granulation 

techniques, granule growth mechanism has been identified to be controlled either by 

nucleation through distribution or through immersion (Schæfer 2001; Abberger et al. 

2002). A more recent work on the melt granulation mechanism within twin screw 

equipment by Steffens and Wagner (2019) confirms that both nucleation types (i.e., 

distribution and immersion) occur during the process. However, the unique type of 

nucleation to occur is strongly dependent on the two controlling factors of 

a) Binder particle (i.e., droplet) sizes to that of excipient solid particles 

b) Viscosity of molten binder 

Depending on the differences in particle size between the excipient solid material and 

that of the molten binder, either immersion or distribution nucleation would form. 

Larger molten drops over the solid excipient particles facilitate immersion nucleation 

while the opposite of smaller molten binder drops than excipient particles favour 

distribution nucleation mechanism (Mu and Thompson 2012). With regards to viscosity 

of the binder during the granulation process, higher viscosities lead to immersion 

nucleation under conditions of favourable smaller excipient particles. The distribution 
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nucleation occurs with less viscous binders in the presence of larger excipient particle 

sizes (Steffens and Wagner 2019). Other factors that could favour either of the 

nucleation mechanisms according to Abberger et al. (2002) and Schæfer (2001) aside 

the above listed two factors include 

a) Mechanical forces present 

b) Means of binder addition 

However, the general mechanisms for wet granulation of nucleation, growth and 

breakage (Iveson et al. 2001) are also identified to be the same for melt granulation 

as by Liu et al. (2021) in their recent work on twin screw melt granulation mechanism. 

Considering that the initial particle sizes of PEG 4000 binder used in this work are 

larger and coarser than the excipient Durcal 65 particles (refer to section 4.2), the 

more likely nucleation mechanism to occur during the granulation process would be 

by immersion than distribution. However, with varying binder viscosities during the 

granulation process resulting from the granulating temperatures used (see Table 6.1 

in section 6.1 of Chapter 6), the discussion here on granulation mechanism will 

incorporate both binder particle sizes as well as conditions of binder viscosity. The use 

of the two different mixing elements and their contribution to possible binder spreading 

hence the mechanistic forces generated by these will also be considered. 

4.8.1.1 Mechanism at Low Binder Viscosity and with Conveying, KB, and Chaotic 

Elements 

It is important to state that regardless of the mixing element type (KB or Chaotic) or in 

the absence of mixing element (i.e., with conveying elements), the particle sizes of the 

PEG 4000 binder remain larger than excipient Durcal particles. This reflects a general 

immersion nucleation mechanism, in the formation of nuclei and then granules. Now, 

with temperatures of 65 °C and 70 °C having lower viscosities of 0.5 and 0.4 Pa s 

respectively, molten binder is likely to be more evenly distributed and dispersed 

depending on the mechanistic force involved, with the use of screw elements (i.e., 

conveying, kneading, and chaotic). 

The use of both conveying and chaotic elements at these temperatures and binder 

viscosities, tend to promote nucleation by immersion per their low impacts of shear 
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forces. This is because the droplet size of molten PEG 4000 binder, more likely 

remains intact with a bigger size than excipient particles and has these smaller 

particles embedding into the larger molten binder drops in forming nuclei which further 

coalesce into granules. The evidence of this is in the higher strength values recorded 

for granules formed with the all-conveying configurations of run 9, run 7, and run 10 at 

the higher temperatures of 65 °C and 70 °C respectively. The reason is that with 

nucleation by immersion, the excipient particles become saturated with the binder and 

proceed to squeeze out unto the surface of the particles to allow for further growth by 

bonding to other similar particles. This is the same conclusion and observations made 

in studies by Abberger et al. (2002) in their study of the mechanisms of nucleation 

within a fluid bed granulator. The less shear forces from the forward action of both 

screw elements (conveying and chaotic) although the chaotic elements are mixers. 

Less shearing force therefore ensures that the dominant factor in the mechanism of 

granule formation is by immersion than distribution. Again, the case of chaotic 

elements at higher temperatures and with stronger granules is evidence with findings 

from run 5 at 70 °C, run 1 at 65 °C, and run 13 also at 70 °C (refer to Table 5.1). 

However, by being less viscous at these temperatures and with the ability to be easily 

spread about (better wetting tendency), the use of the kneading elements which are 

more distributive and dispersive in its mixing (Rauwendaal 1998) would more likely 

shift the nucleation mechanism towards distribution than immersion. Original large 

molten binder droplets are easily sheared and broken down into smaller droplet sizes 

(i.e., under the higher dispersive action of KB) which then tend to coat the surfaces of 

larger excipient particles leading to a more distributive nucleation process. 

Nonetheless, the binder droplet sizes which remain larger than the smaller-sized 

excipient particles still promote immersion nucleation and thus, there is a combination 

of both nucleation mechanisms with the use of the more intense mixing kneading 

elements, promoting higher mechanistic forces. 

4.8.1.2 Mechanism at High Binder Viscosity and with Conveying, KB. and Chaotic 

Elements 

At the lowest temperature of 60 °C and with molten binder particles being larger than 

excipient particles, the overall dominant nucleation mechanism irrespective of screw 

element used would be by immersion. This is because the molten binder tends to be 
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more viscous (with strong interparticle/intermolecular cohesion forces) and with less 

likeliness to breakup into smaller sizes/droplets, except under very high mechanistic 

shearing forces which are not present with the use of any of the screw element types 

studied in this work. The closest to some shearing intensity would be KB mixers. This 

same observation is made by Schaefer and Mathiesen (1996) with higher viscosities 

of PEG 10000 and 20000, resulting in high percentages of ungranulated material. 

Conveying and chaotic elements tend to favour molten particle either remaining same 

and interacting with excipient powders or undergoing minimal deformations. Example 

deformations of molten binder with the use of chaotic elements due to its action of 

pressing granules (i.e., nuclei as such) unto the inner walls of the extruder barrel are 

shown in Figure 6.9(b) and Figure 6.10 in Chapter 6 of this work. 

Evidence of deformation is also seen with the use of kneading elements, particularly 

at four individual discs where the molten binder deforms and shows the squeezing 

action by this type of mixing element (refer to Figure B13 in appendix). These 

mechanistic actions by the two mixing elements investigated in this research support 

the fact that some form of breakup of the original large molten droplets can occur 

during the granulation process but under conditions of low binder viscosity (i.e., higher 

temperatures). Also, accompanying material breakup and further agglomeration could 

result from such action of both chaotic and kneading elements. 

 

4.8.2 Proposed TSHMG Granule Formation and Growth 

From the experimental works undertaken in this research, a granulation mechanism 

under hot melt operation is proposed with the aid of Figure 4.53 below. 
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Figure 4. 53 Schematic of granule formation process under TSHMG 

Figure 4.53 depicts the process of granulation as used for this research and seeks to 

contribute an understanding to the works of literature on the formation of granules with 

special interest to co-rotating screws under hot melt application. 

The excipient particles are represented by the coloured red circles of varying sizes to 

reflect the various particle sizes within the initial powder material for granulation (i.e., 

either Du�U�F�D�O�� ������ �R�U�� �.-D Lactose monohydrate as studied in this work). It is also 

symbolic of the API particles (i.e., ibuprofen) as used in this work. The blue coloured 

circles are representative of the larger sized solid particles of the binder, PEG 4000. 

The first and most useful observation made during the granulation process was that 

most of the granules were seen to form within the intersecting region of the two co-

rotating screws (i.e., the granulation region) as marked in Figure 4.53. 

4.8.2.1 Steps to Granule Formation in TSHMG 

The proposed mechanism of granule formation, considering the formation of seeded 

structures is therefore presented in the following steps. 

1. The introduction of a blend of excipient and binder particles of various sizes 

(ranging from < 125 µm to > 1000 µm) by a gravimetric feeder into the inlet of 

the granulator barrel. 

2. With an equilibrium temperature achieved within the granulator barrel, the 

larger particle sizes of PEG 4000 (blue coloured) begin onset melting in the all-

initial 
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conveying section (purple marked rectangular section). The molten binder 

tends to coat excipient powder particles as well as API where applicable. Due 

to the little-to-no shear forces by conveying elements, the molten binder 

droplets remain ideally larger and promote nucleation by immersion, thus 

wetting the powder. Hence, achieving the first of the three granulation rate 

processes of Wetting and Nucleation (Parikh 2005). Nonetheless, granule 

growth further along the length of this section is very likely with evidence from 

granules formed via the all-conveying screw configurations. 

3. Nonetheless, because of the random introduction and interaction of particles of 

varying sizes into and along the length of the screws, both seeded and non-

seeded granules are likely to occur, without a particular mechanism/operation 

favouring one over the other. 

4. The mixing section depicted by the yellow-coloured box in Figure 4.53 facilitates 

granule growth through consolidation and coalescence (2nd granulation rate 

process) by the mixing action of the two types of mixers studied (i.e., KB and 

Chaotic). This section also promotes the third granulation rate process of 

�E�U�H�D�N�D�J�H�� �D�Q�G�� �D�W�W�U�L�W�L�R�Q���� �I�D�F�L�O�L�W�D�W�L�Q�J�� �W�K�H�� �³�G�H�W�D�F�K�P�H�Qt-�U�H�D�W�W�D�F�K�P�H�Q�W�´�� �S�U�R�F�H�V�V��

Mahdi et al. (2019) attribute as the main mechanism for seeded granules. Liu 

et al. (2021) however, limited the breakage stage in the granulation process to 

the second shorter length of all-conveying arrangement in their work. 

5. Finally, the shorter section of all-conveying elements (also marked purple in 

Figure 4.53) helps in further granule growth and as well, the controlling of 

agglomerate sizes (> 1000 µm) dependent on the conditions of temperature 

and binder percentage. This is confirmed in the work of Liu et al. (2021) who 

identified the breaking up of oversized agglomerates as the third of the three 

contributions of conveying elements to granule formation. This section also to 

an extent, can contribute to the final granule shapes on exiting the granulator 

(e.g., rounding the sharper edges of granules formed via 4 KB elements �± 

compare Figure B15 to Figure B16 in appendix) 

4.8.2.2 TSHMG Mechanism 

In a nutshell, with any all-conveying screw configuration, with reference to the runs 

studied in this work (i.e., runs 6, 7, 9, 10, and 12), granule formation is mainly achieved 

via the first and second granulation rate processes. However, for granule growth via 
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consolidation and coalescence, this is achieved primarily due to the two factors of 

temperature and percentage of binder present. Higher percentages of binder under 

higher temperatures achieved stronger granules (refer to Table 5.1 comparing run 7 

to run 10 and to run 5 of 2 KB). This is however in contrast to the absence of granule 

growth with only conveying elements, except in the kneading mixing zone as proposed 

by Liu et al. (2021). The likelihood in arriving at their conclusion may be the absence 

of an all-conveying screw configuration for the study as has been done in this current 

work. However, there is the omission of the third and final stage of breakage and 

attrition, except that very large agglomerates tend to breakdown by themselves on 

exiting the granulator. For the case of the inclusion of a mixing section/zone (i.e., with 

reference to KB and Chaotic elements in this work), both the second- and third-rate 

processes of granulation are successfully achieved. Thus, the use of mixing elements 

facilitates all three granulation rate processes. 

Finally, from the granulation mechanism proposed in this work of all three rate 

processes occurring in the presence of mixing elements (i.e., KB and Chaotic), and 

just the first and second processes occurring with an all-conveying configuration, the 

positioning of mixing elements along the length of the screws can therefore actively 

influence the nucleation mechanism. However, this will be dependent on the 

temperature regime set for the granulation process as already presented in this work. 

The use of mixing elements closer to the feed zone or midway into the length of the 

screws/barrel would enable nucleation as well as breakage and further material 

reconstitution. KB elements would highly favour distribution nucleation while chaotic 

elements would promote immersion nucleation under higher temperatures and 

corresponding lower binder viscosities. However, there is still the tendency of some 

nucleation by immersion even with the use of KB elements since there is still the 

random introduction and conveying of material along the barrel length. 

 

4.9 Summary 

To conclude the discussions in this chapter, particle size of initial granulating materials 

was initially measured. The purpose was to ensure the presence of enough larger 

sized coarse particles of the excipient Durcal 65 powder, which would be useful in 

further investigation of seeded granule structures. With the particle size of PEG 4000 
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binder being larger than that of Durcal 65, the tendency of molten PEG droplets being 

larger than Durcal 65 powder particles and resulting in immersion nucleation is high. 

With evidence from SEM images (Figures 6.9(b) and 6.10, and Figure B13 in 

appendix), it is established that the use of four mixing elements (i.e., both KB and 

Chaotic) results in both molten binder and granule deformations, particularly at lowest 

temperature and high binder viscosity. The dominant type of nucleation at the lowest 

temperature of 60 °C irrespective of type of screw element used is nucleation by 

immersion. This same nucleation mechanism leading to formation of nuclei and then 

granules is dominant at higher temperatures of 65 °C and 70 °C where binder viscosity 

is low. However, with the use of kneading mixers, the potential of the less viscous 

binder being broken up into smaller droplets due to the mechanistic dispersive action 

of KB elements cannot be ignored. Thus, there is the tendency that there is some 

nucleation by distribution with the use of KB elements at low binder viscosities. This is 

however more prevalent in using higher numbers of KB elements at four than at two. 

The use of KB elements under low binder viscosities facilitates both types of 

nucleation, as some molten binder droplets remain large to promote immersion 

nucleation while the smaller droplets coat surfaces of larger Durcal 65 particles in 

achieving nucleation by distribution. The overall granule mechanism with the twin 

screw has the same three-step process of nucleation, growth, and breakage as in wet 

granulation. However, breakage can be more effectively achieved with the KB and 

chaotic mixing elements than with the conveying elements (Li et al. 2019). The random 

addition and movement of particle sizes of excipients and binder is the reason why the 

potential for seeding is limited in twin screw granulation than as observed with high 

shear mixers in earlier literatures. 
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Chapter 5 Characterization of Strength of Durcal Granules: Understanding the 

Contribution of Operating Parameters on Mean Crushing Strengths via DOE 

Analysis  

5.1 Introduction 

Strength of materials is an important physical attribute in many engineering disciplines, 

particularly mechanical, material, and civil, predating even the seventeenth century to 

as far back as the super structures (i.e., pyramids etc.) built by the Egyptians of old 

(Timoshenko 1983). Though it is easily associated with mechanical and civil 

engineering because of the huge structures these fields are concerned with, there are 

many aspects of this subject which apply to many if not all sciences and even 

mathematics (Case et al. 1999). In this chapter, the crushing strength (often quoted 

as crushing force (N) in this work) of granules is studied, reported, and discussed. The 

rationale for this relates to the findings of Ansari and Stepanek (2008) on the impact 

of granule microstructure (i.e., PSD) on dissolution rate, due to the influence of 

porosity resulting from PSD as well as particle shapes. Considering that atoms make 

up a molecule and the nature of the molecule is dependent on that of the atom, this is 

a similar concept in understanding the role of PSD on granule properties of a 

substance consisting of an element which is then made up of molecules, and 

molecules consisting of atoms. Thus, the unique properties of the basic unit of 

substances (i.e., the atom) have the potential to influence the overall substance 

properties and characteristics. Thus, the need for an understanding of the granule 

microstructure and its relationship with other property attributes (Ansari and Stepanek 

2008). In likening an atom of a substance to granules which will form larger doses (i.e., 

tablets), the strength of granules formed is considered thoroughly in this section. This 

is with interest to the forces of stress (internal) and strain (deformation), as a measure 

of the ability of granules of the size range 500 �± 600 µm to withstand crushing forces 

of 10 N (1 kg). 
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5.2 Methodologies  

For the purposes of direct compressional forces acting on granules and their 

relationship to the resulting deformation, a load cell of 10 N (10 mN resolution) via an 

AML Z5 tensometer (manufactured by AML Instruments, UK) is used for all the 

crushing studies in this work (see Figure 5.1). Fifty granules from each experiment 

were randomly selected for testing to give a fair representation of the measurements 

recorded. 

 

Figure 5. 1 AML Z5 Tensometer 

The tensometer consists of a vertical column which supports the load cell for crushing 

materials. It has a keypad with which it can be manually operated aside using its 

software application via a computer. There is a display screen to show the forces 

recorded, the value of the load cell in operation, and the displacement values. Finally, 

there is the emergency lock button for the safe operation of the equipment. Granules 

are loaded individually at a time on the stage of the tensometer, prefixed with the load 

cell (1 kg) and compressed until its failure. The resulting values of crushing force (N) 

are recorded together with its corresponding displacement, which is measured in 

millimetres, mm. 
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This chapter discuss is on the measurement and analysis of the crushing strength of 

granules produced via melt granulation in the Pharma 16 extruder (manufactured by 

Thermo Fisher Scientific, UK) and in the Freund Vector GMX LabMicro high shear 

melt granulator (refer to Figure C2 in appendix C). 

5.2.1 TSHMG Mean Granule Crushing Strength (Crushing Force) 

From the original DOE tables reported previously in Chapter 4 for both kneading and 

chaotic number of mixing elements, and same for only conveying elements, a similar 

table with values of mean crushing strengths is presented here. For each run, a total 

of fifty individual granules were tested and a mean crushing value was reported along 

with corresponding standard deviations. Fifty granules were chosen so that a wider 

sample size would be representative of each experimental condition investigated. This 

would reduce sample bias and incorrect interpretations as well as conclusions from 

the results obtained. For this research, strength refers to crushing force. 

Table 5. 1 Mean crushing strengths for all twenty-one test runs. 

 Factors Strength, N (500 �± 600) µm 

Run 

Order 
SD 

SS 

rpm 

ST 

(°C) 

BP 

(wt %) 
KB STD CHAOTIC STD 

11 2 50 60 5 0.24 0.09 0.23 0.08 

4 2 100 65 10 0.29 0.12 0.25 0.09 

5 2 150 70 15 0.29 0.18 0.36 0.16 

12 0 150 60 10 0.26 0.09 0.26 0.09 

6 0 100 60 15 0.27 0.06 0.27 0.06 

9 0 50 65 5 0.29 0.09 0.29 0.09 

10 0 150 70 5 0.33 0.10 0.33 0.10 

7 0 50 70 15 0.37 0.13 0.37 0.13 

1 4 150 65 15 0.36 0.14 0.45 0.18 

2 4 50 60 15 0.27 0.07 0.33 0.12 

3 4 100 70 5 0.33 0.16 0.21 0.12 

8 4 150 60 5 0.26 0.06 0.28 0.09 

13 4 50 70 10 0.38 0.22 0.35 0.20 
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In the above table, the order of experimental runs has been arranged in the order of 

two mixing elements (for KB and chaotic), no mixing elements (all-conveying 

elements), and four mixing elements (for KB and chaotic). 

Notice from Table 5.1 that for each group of experiments (i.e., no mixing elements, 

two elements and four elements), the general trend follows that at the lower 

temperatures, the obtained granule mean strengths are correspondingly low while the 

opposite is true at the highest temperature of 70 °C. This is explained by the influence 

of temperature on binder viscosity, determining the extent of its wettability and spread 

within the powder bed as also reported in Cantor et al. (2016). This further determines 

granule properties as well as other tablet characteristics (Smirani-Khayati et al. 2009) 

as would be discussed further in this chapter and subsequent chapters of this 

research. However, a discrepancy in the general trend of low temperatures resulting 

in weaker granule strengths is seen not to hold with the use of four chaotic elements 

which is an indication of the impact of the mixer element types in the granulation 

process.  

To determine the contribution of factors to the mean values of strength recorded, and 

to meaningfully make the right deductions and interpretation of the results, the Minitab 

statistical software (version 20.4.0.0) is used in analysing the results. The discussion 

is split into three categories so that effective analytical understanding is achieved. The 

three categories for discussion are, 

I. Category 1 - No mixing element (i.e., all-conveying elements) 

II. Category 2 - Two and four mixing elements (using both KB and chaotic, 

presented separately) 

III. Category 3 - All thirteen experimental runs together (for both KB and chaotic, 

presented separately) 

The first category of no mixers looks at crushing strength variation over the factors of 

screw speed, temperature, and binder percentage only. This has been done so that 

factor influences can best be adjudged as being significant or not. 

Under the second category of analysis above, the aim is to investigate the most 

significant factors (if any), in the production of stronger granules, considering screw 

speed, temperature, and binder percentage, and with a change in the number of 
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mixers only. Also, there is an investigation into possible factor interactions which either 

contribute positively or negatively to the value of mean crushing strengths. 

Finally, an overall discussion is presented which considers all thirteen experimental 

runs under both KB and chaotic elements. All thirteen runs are investigated under KB 

separately and under chaotic also separately. The aim of this is to identify the most 

promising combinations of factors for which values of granule crushing strength are 

the highest, and regardless of the number and type of mixing element used. 

5.2.1.1 Category 1 - No Mixing Element (All-conveying Setup) 

Using statistical analysis, the impact of individual factors on the mean crushing 

strengths of granules have been reported and discussed. Figure 5.2 is a 

representation of granule crushing strengths in order of decreasing strengths per each 

experimental set conditions. 

 

Figure 5. 2 Increasing mean crushing strengths of granules for all-conveying 

experimental runs. 

The results of granule strengths without the use of any mixing elements (only 

conveying elements) have been shown in Figure 5.2, from the lowest crushing strength 

to the highest, considering the individual experimental runs as in the original DOE. 

Two key observations can be made from the order of increasing strengths, with both 

based on factor contributions. 
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To discuss these, references will be made to the Table 5.2 which shows the various 

temperature and binder content combinations per each experimental run. 

Table 5. 2 Temperature and binder content combinations for all 5 conveying runs 

 Temp, °C Binder, wt % 

Run 12 60 10 

Run 6 60 15 

Run 9 65 5 

Run 10 70 5 

Run 7 70 15 

For each experimental run, the unique combination of temperature and binder content 

for which the experimental run was set up and investigated is shown. 

The two observations for discussion are as below, 

a. Increasing temperatures 

An increase in temperature from lowest to highest values corresponds with 

proportional increments in the values of crushing strengths recorded. With runs 12 and 

6 both being under the same lowest temperature value, both tend to yield the weakest 

granule strengths tested. Similarly, runs 10 and 7 at the highest temperature value 

also produce granules of the highest strengths. It is therefore appropriate to state that 

values of mean granule strengths increase with increasing temperatures. However, at 

the same temperatures, there is another contributory factor to the trend of increasing 

strengths which is discussed in the next observation. 

b. Increasing binder content 

Referencing the Table 5.2, this second observation holds true that granule strengths 

increase with increasing binder content. However, this is both across increasing 

temperatures (from 60 °C through to 70 °C) and within the same temperature settings. 

Thus, for runs 12 and 6 which have the same lowest temperature of 60 °C, higher 

percentages of binder results in better or stronger granules. Likewise in the case of 

runs 10 and 7 which have the highest temperature of 70 °C. 
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It is therefore fair to conclude that the factors affecting granule mean crushing 

strengths the most are temperature and binder content. Further justification and 

support for this conclusion is presented below from other statistical analyses. These 

allow for the determination of the likelihood of significant and non-significant factors, if 

any, to better aid in the engineering design of the process. The results from all the 

analyses that will be presented here are based on a confidence level of 95 %, with a 

5 % chance of erroneously concluding there are no significant factors when there may 

be such factors. 

Figure 5.3 is the normal plot of factor impact on granule strength under linear screening 

statistical analysis. 

 

Figure 5. 3 Normal plot of standardized effects for screw speed, temperature, and 

binder content with Linear Screening model 

This normal plot strengthens the earlier findings of the two most contributing factors to 

granule crushing strength being temperature and binder content. Though both binder 

content and screw speed are non-significant factors, contributing less of an impact on 

granule strengths than temperature, binder content is about 50 % more viable an 

impactful factor in comparison to the 21 % factor contribution from screw speed. 
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Temperature however is the only and most significant factor, impacting granule 

crushing strengths, with an impact value of about 79 %. With p-values exceeding the 

�D�O�S�K�D�����.�����Y�D�O�X�H���R�I���������������E�L�Q�G�H�U���F�R�Q�W�H�Q�W�����.���± �������������D�Q�G���V�F�U�H�Z���V�S�H�H�G�����.���± 0.67) are both 

justifiably non-significant factors under the linear screening model. The contribution of 

temperature is with its direct influence on the unique binder medium properties of (a) 

surface tension and (b) binder viscosity (in particular). The correlations drawn from the 

observations made in this research indicate that lower temperatures translate into high 

viscous binder with potentially high surface tensions which corresponds to less 

spreading coefficient (i.e., less uniform binder mixing) while the opposite is the case 

at higher temperatures. Much evidence in literature supports the conclusions made on 

binder viscosity and its impact on granulation as identified and discussed in this 

research. With high binder viscosities, binder spread and distribution in achieving 

homogeneity within the powder bed is limited (Tan et al. 2014). This results in localized 

over wetting sections which give rise to larger oversized granules depending on the 

quantities of binder present (Cantor et al. 2016). 

Worth mentioning is the fact that while temperature and binder content have a positive 

impact on granule mean strengths, screw speed has a negative impact. An increase 

in screw speeds results in weaker granules and this is particularly prevalent with the 

same temperature settings. In the case of runs 12 and 6, the values of granule strength 

are both the lowest, with corresponding screw speeds of 150 rpm and 100 rpm. Being 

under the same lowest temperature of 60 °C, the highest speed of 150 rpm gives the 

lowest granule strength as justified by the standardized effect plot. Also, for runs 10 

and 7 under the highest temperature of 70 °C, corresponding to screw speeds of 150 

and 50 rpm respectively, the lowest speed of 50 rpm yields the highest granule 

strength amongst all five experimental runs. 

To justify screw speed being a non-significant factor, the values of granule strength at 

lowest and highest temperatures (60 °C and 70 °C) do differ significantly across the 

two temperatures. Nonetheless, the difference in granule strength within the same 

temperature (either 60 °C or 70 °C) at varying screw speeds, does not result in much 

change in the values of granule strengths reported. This is shown below, 



192 
 

Table 5. 3 The non-significance of screw speed to the significance of temperature in 

granule strength analysis 

Run 

order 

Temp, 

(°C) 

Screw speed, 

(rpm) 

Crushing 

Strength, 

(N) 

Strength 

changes 

within 

Temp. 

Strength 

changes 

across 

Temp. 

Run 12 
60 

150 0.26 
0.01 (-) 0.08 

Run 6 100 0.27 

Run 10 
70 

150 0.33 
0.04 (+) 0.08 

Run 7 50 0.37 

This initial analysis of granule strength from which the normal plot has been derived is 

with consideration to only the individual linear factors of speed, temperature, and 

binder content, without any factor interactions (i.e., linear screening model). With the 

results agreeing with earlier findings that temperature and binder content are the two 

most impacting factors on granule strength and pointing to temperature as the only 

significant factor, further investigation to conclude has been carried out. 

This next step of further investigation is based on the stepwise backward elimination 

approach, to ascertain and/or add to the already identified findings. Under the stepwise 

backward elimination approach as opposed to the linear screening model, only the 

factors which are significantly impactful at the set confidence level of 95 % are reported 

while the non-significant factors are eliminated and therefore not considered in the 

final set of results. 

The results are presented and discussed as follows, Figure 5.4 is of the normal 

standardized plot of granule strength with respect to the impacts of the operating 

factors studied, when investigated under stepwise statistical analysis. 
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Figure 5. 4 Normal plot of standardized effects under backward stepwise elimination 

As already mentioned, the non-significant factors are not included in the statistical 

analysis under the stepwise backward elimination model. Since the non-significant 

factor, in this case, is screw speed (SS), it is evident from the normal plot of 

standardized effects that speed has been omitted unlike under the screening model 

which still factored speed into its analysis and plot. This approach to determining 

significant effects yields two factors in both temperature and binder content. Like the 

screening model, temperature remains the most significant factor followed by binder 

content. Again, both temperature and binder content have a positive impact on granule 

strengths in that, with increasing values of both factors, there is a corresponding rise 

in the strength of granules. 

Other statistical analyses included contour plots which are shown in Figure 5.5 and is 

discussed next, in measuring the effect of two factor combinations on granule strength.  
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Figure 5. 5  Contour plots of the trend of granule strengths for all-conveying screw 

elements, (A) SS vs ST (B) SS vs BP (C) ST vs BP 

The above contour plots depict the trend of granule strengths per two factors at each 

time. The first considers granule strengths over the two factors of screw speed and 

temperature, labelled (A). The second is of screw speed and binder 

percentage/content, labelled as (B) and finally, the third is of temperature and binder 

percentage, labelled as (C). 

The contour plots support the results already discussed above that, higher 

temperatures and corresponding higher binder percentages promote the formation of 

stronger granules. Regardless of the increased content of binder at low and lowest 

temperatures (65 °C and 60 °C), granule strength is overall weaker and the 

contribution by binder percentage is relatively less impactful. 
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5.2.1.2 Category 2 - Two and four Mixers (for KB and Chaotic Elements) 

All four factors of screw design (SD), screw speed (SS), temperature (ST), and binder 

percentage (BP) are analysed here to determine the most significant factor(s) 

responsible for improved granule strengths. Unlike the previous analysis which had no 

mixing elements, this set of analyses consider the experimental runs that had two and 

four mixing elements (i.e., either KB or Chaotic). The results discussed will be the 

normal standardized plot of effects and contour plots, as in the case of the previous 

discussion, without mixing elements (i.e., all-conveying elements only) and as 

depicted in Figure 5.6 under 5.2.1.2.1. 

5.2.1.2.1 (A) KB: 

 

Figure 5. 6 Comparison plot of standardized effects under (A) Linear Screening and 

(B) Backward Stepwise Elimination models respectively 

To begin with, this is a comparison of the two standardized effects plots under linear 

screening and backward stepwise elimination as above in Figure 5.6. For the linear 

screening approach without any factor interactions (i.e., A), all four factors are 

considered in the analysis with all being non-significant per the alpha value of 0.05. 

An attempt to further improve the analytical model was then to run the analysis via 
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stepwise backward elimination. Under this, all other factors except for temperature, 

are eliminated from the outcome of the results in the effects plot just as was the case 

for the all-conveying setup. This is because these factors are considered as not being 

significant per the conditions of the analysis set. This therefore further strengthens the 

findings so far that, screw speed regardless of the mixing elements present or not, has 

little to no influence on the impact of granule strengths formed. Consistently too, screw 

speed has a negative impact on strength, with increasing speeds resulting in weaker 

granules. 

Nonetheless, it is worth noting that under the linear screening approach, although 

screw design (i.e., number of KB mixing elements) and binder percentage are both 

non-significant factors, they both have a positive influence on strength of granules 

formed. An increasing number of KB mixing elements, as well as an increase in binder 

percentage both give rise to stronger granules. The number of mixing elements 

however tends to influence granule strength more than the amount of binder used. 

This should however be considered in combination with temperature, in that at the 

same higher temperatures and with a change in KB elements from two to four, better 

granule strengths are achieved.  

The contour plots in this part of the work are presented in pairs in Figure 5.7 
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Figure 5. 7 Contour plot of granule strength (A) SS vs SD and (B) SS vs ST 

All eight experimental runs with two and four KB elements have been represented to 

show the mean strengths of granules formed under each of the different experimental 

conditions (i.e., factor level pairings) for the investigation. From both (A) and (B) 

contour plots, the experimental runs showing lowest, moderate, and highest granule 

strengths have been displayed with the lowest strength runs represented by the 

deeper blue colour, moderate strength runs by the lighter sky-blue colour, and the 

highest strength runs by the green to darker green colours. Runs 2, 8 and 11 forms 

the experimental conditions that yield the lowest granule strengths while the moderate 

strengths are from runs 4 and 5. Runs 3, 1 and 13 are the conditions with the highest 

strength for granules. These observations can be easily seen as depicted pictorially in 

the plots. It is however interesting to note that temperature (with its influence on binder 

viscosity and surface tension) as already identified via the plot of standardized effects 

remains a major determinant in granule strengths. Irrespective of the number of mixers 

present (either 2 or 4), lower strengths are consistently recorded for lower 

temperatures and higher strengths at higher temperatures. However, a comparison 

between experimental runs under the same temperatures but with a different number 
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of mixing elements as well as binder percentages suggests that values of strength 

increase with an increasing number of kneading elements proportionally. Note that this 

observation agrees with the normal standardized effect plot under the linear screening 

model which has the hierarchical order of increasing factor impact on granule strength 

as SS < BP < SD < ST. 

Figure 5.8 is a contour plot depicting how binder content relates with screw speed and 

temperature, and how granule strength is impacted by these combinations. 

 

 

Figure 5. 8 Contour plot of granule strength I SS vs BP and (D) BP vs ST 

Similar if not the same observations as for contour plots (A) and (B) are made here for 

(C) and (D). Again, runs 2, 8 and 11 can be seen to represent conditions yielding 

granules of the lowest strength comparatively. While runs 3, 1 and 13 show the best 

yielding conditions for granule strengths. 

Table 5.4 indicates the range of granule strengths identified as weak (lowest), 

moderate and high. 
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Table 5. 4 Granule mean strength classification from contour plots. 

Runs Strength range, N Strength classification 

Run 2, Run 8, and Run 11 0 �± 0.275 Lowest 

Run 4 and Run 5 0.275 �± 0.325 Moderate 

Run 3, Run 1, and Run 13 0.325 �± �•������������ High 

Figure 5.9 shows the trend in granule strength under a set of two factor combinations: 

screw design against temperature and screw design against binder content. 

 

Figure 5. 9 Contour plot of granule strength I SD vs ST and (F) SD vs BP 

A careful look at contour plots I and (F) showing the trend of granule strengths over 

the increasing number of mixing elements and for increasing temperatures and binder 

content respectively shows that, runs with higher temperatures (i.e., runs 4, 5, 3, 1, 

and 13) irrespective of the number of mixing elements, produces granules of higher 

strengths. The opposite is true for the lowest temperature runs of 2 (with four KB) and 

11 (with two KB) which yield weaker granules. Though run 2 has a binder of 15 % and 

run 11 has just 5 %, the impact of the wide variation in the binder is not significantly 

expressed in the final granule mean strengths of 0.27 N to 0.26 N respectively. This 
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also gives justification to binder percentage being the third highest factor impacting 

granule strength and overshadowed by the effects of the number of mixing elements 

at second, and finally temperature at first, in the order of factor impacts on granule 

strength (see standardized effect plots for 2 and 4 KB mixing elements). 

Summary 

Granule strength under KB elements is significantly impacted by the operating 

temperature of the process (i.e., directly responsible for its contribution to binder 

viscosity and surface tension). Though runs 2 and 8 both have four kneading mixers 

and together with run 11 (with only two mixers) form the experimental conditions with 

the lowest granule strengths, the values of runs 2 and 8 although at the same lowest 

temperature of 60 °C, yield higher granule strengths than for run 11. This strengthens 

the fact that an increase in the number of mixing elements as by the standardized 

effects plot, increases the mean granule strengths recorded. The contribution of binder 

content is only prevalent under conditions of the same temperature and number of 

mixers, in which case increasing the binder percentage improves the granule strength 

property. 

5.2.1.2.2 (B) Chaotic: 

To determine or ascertain if the different mixing element types contribute to granule 

strengths or not, similar analyses as have been presented for KB elements are 

discussed in this section. Using the same approach of standardized effects plots and 

contour plots, the impact of this type of mixing element in combination with the other 

operating factors of screw speed, the number of elements (SD), binder percentage 

and temperature are discussed. 

Figure 5.10 below is of both the linear screening model analysis as a first step and the 

stepwise model analysis as a second more refined step in the determination of 

significant factors. 
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Figure 5. 10 Normal plots of standardized factor effects on granules strengths via 

chaotic mixers, (A) Linear Screening and (B) Stepwise Backward Elimination 

There are significant changes in the results received from the change in mixing 

element type from KB to chaotic as evidenced by the two model approaches of 

standardized plots. These changes are essentially a result of the change in mixing 

element type since all other experimental factors of screw speed, number of mixers, 

temperature and binder percentage remain the same. 

In comparing like for like, under the linear screening model, it is evident that while 

temperature and screw speed were the highest and lowest impactful factors on 

granule strengths under KB, binder percentage and temperature are for chaotic 

elements, the highest and lowest contributing factors (i.e., determinant factors) with 

regards to mean granule strengths formed. 

While screw speed was the only factor with a negative influence on granule strength 

for KB, in that higher speeds resulted in weaker granules, for chaotic elements, 

temperature is the factor which tends to facilitate weaker granule formation as it is 

increased. This negative impact of temperature is particularly evident at same binder 
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percentages and different temperatures, especially across the different number of 

mixers used. Examples of these are Run 1 vs Run 5 and Run 8 and Run 11. 

Another useful observation is that, with binder percentage being the most impacting 

factor (from plot A on linear standardized effects) on granule strength under chaotic 

elements, under the same temperature conditions (i.e., low, moderate, or high) with 

an increase in binder percentage, granule strengths increase as exemplified in the 

following run orders at (a) 60 °C and (b) 70 °C respectively; (a) Run 11 < Run 8 < Run 

2 and (b) Run 3 < Run 13 < Run 5. 

The final observation from the backward stepwise elimination plot suggests binder 

percentage as the most and only significant factor, contributing positively to the mean 

strengths of granules formed under chaotic elements. Increasing binder percentages 

results in better granule strengths. This could be linked to the observation of chaotic 

mixers achieving material compaction through the compressing action of materials 

between the walls of the extruder barrel and the outer ring diameters of the collective 

mixing elements. Thus, the more the binder and without particular attention to 

temperature, the more material compaction is achieved which enables stronger 

granular bonds and hence strengths. This is strongly in agreement with work by Liu et 

al. (2021) where increased binder quantities within a TSMG process facilitated more 

agglomeration and stronger bridging bonds. 

The next sets of results are of the contour plots, like those done under KB elements. 

Figure 5.11 shows the trend in granule strength with the use of chaotic elements, 

considering the operating factors of screw design, screw speed and temperature. 
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Figure 5. 11 Contour plot of granule strength under chaotic elements (A) SS vs SD 

and (B) SS vs ST 

Drawing from both plots (i.e., A and B), Runs 3 and 11 falls under the strength of 0.25 

N (< 0.25 N). Run 4 and 8 falls between 0.25 to 0.30 N, run 2 and 13 between 0.30 to 

0.35, run 5 between 0.35 to 0.40, and finally run 1 between 0.40 to 0.45. This is in 

order of increasing granule strength with run 1 being the highest for strength and runs 

3 and 11 being the lowest. 

From plot A, one can infer that with higher screw speeds, stronger granules are 

consistently formed irrespective of the number of chaotic mixing elements, particularly 

at higher speeds. However, at lower speeds under 75 rpm, granule strength increases 

with an increasing number of chaotic mixers. For this, compare the values of granule 

strength at run 2 and 13 (four mixers) with that of run 11 (two mixers). 

From plot B, an optimum temperature range around 63 °C to 67 °C tends to yield 

stronger granules though temperature generally does not significantly impact granule 

strengths formed via chaotic mixers. Also, higher screw speeds at or close to 150 rpm 

and within the optimum temperature, better increases granule strength. 



204 
 

It is of no surprise that run 1 at 65 °C, 150 rpm and the highest binder content of 15 wt 

% has the highest mean granule strength recorded. 

Figure 5.12 considers the trend of granule strength with chaotic elements when the 

factors of screw speed, binder content, and temperature are involved. 

 

Figure 5. 12 Contour plot of granule strength under chaotic elements (C) SS vs BP 

and (D) BP vs ST  

Contour plot C supports run 1 being of the highest strength value, at the various levels 

of factor combinations set. The plot shows that granule strength is skewed towards 

the highest binder content and fastest speeds to the top right corner of the plot. 

Likewise, plot D supports observations from plot B in that, there is a seemingly 

optimum temperature range for forming stronger granules. With this optimum 

temperature range and at the highest binder percentage as well as screw speeds, 

better mean strengths of granules are formed. 

For the trend in granule strength under the factors of screw design, temperature, and 

binder content, Figure 5.13 is presented below. 
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Figure 5. 13 Contour plot of granule strength under chaotic elements (E) SD vs ST 

and (F) SD vs BP 

Again, plot E demonstrates the same story as plots B and D. the presence of an 

optimum temperature range in which stronger granules can be formed. However, plot 

E adds the importance of increasing the number of chaotic mixers. Hence, within the 

optimum temperature range and with the highest levels of speed, binder and number 

of mixers, stronger granules will be formed. Plot F then displays the trend in granule 

strength over the two most contributing and determining factors of strength which are 

binder percentage and the number of mixers. Granule strength is seen to increase 

with the increasing number of the mixer elements as well as the corresponding rise in 

the content of binder used. 

Summary 

The only significant factor influencing the production of stronger granules is binder 

percentage. A rise in binder content gives a corresponding rise in granule strength. 

There is an optimum range of temperature (63 °C to 67 °C) for which corresponding 

increases in screw speed, binder percentage and the number of chaotic elements, 

yields stronger granules. 
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5.2.1.3 Category 3 - Overall Combined Analysis (all thirteen runs under KB and 

chaotic) 

The final category of granule strength analysis considers all thirteen experimental runs 

regardless of the presence or absence of mixing elements and the number of mixers 

used. The results are presented for each type of mixing element used, either (A) KB 

or (B) chaotic. For this final category of granule strength analysis, only the normal plot 

of standardized effects and the Pareto charts will be discussed. 

5.2.1.3.1 (A) KB: 

Figure 5.14 is the first step in the analysis of granule strength and factor impacts, using 

a linear model of single terms. 

 

Figure 5. 14 (A) Standardized effects plot and (B) Pareto chart under KB elements for 

all DOE experimental runs under linear screening model. 

From both plots, temperature is identified as the only significant factor when all 

conditions are considered and analysed, regardless of having mixing elements (KB or 

chaotic) or not (all-conveying). Screw speed which under no mixing elements as well 

as for two and four kneading elements, was the least impactful factor and continues 
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to remain the least out of the four factor conditions studied in this analysis. The unique 

observation that can be made comparing all three categories of analysis is that 

temperature is the most contributing factor in determining the strength of granules 

when kneading elements are used while screw speed is the least impactful factor with 

a negative impact on strength as speed increases. 

Figure 5.15 is the results from using the stepwise model of linear and interaction terms 

in understanding the impact of factors on granule strength. 

 

Figure 5. 15 (C) Standardized effects plot and (D) Pareto chart under KB elements for 

all DOE experimental runs under backward stepwise elimination model. 

With the analysis performed under backward stepwise elimination to discount non-

significant factors while leaving only significant factors within the analytical results, 

temperature is again consistently determined as the most influential parameter, with 

and without mixing kneading elements. 

In comparing all three categories of the analysis; no mixing elements (all-conveying), 

two and four KB elements, and all 13 combined runs, another observation that can be 

made is that the absence of mixing elements and its presence, does not result in 

substantial changes per the contribution of the factors studied. This means, with or 
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without kneading discs, the general trend in the contribution of factors is in the 

increasing order as follows, screw speed < binder percentage < temperature. 

Finally, the values of granule strengths recorded with the use of kneading discs (either 

two or four) do not differ much from the values recorded for screw configurations 

without them (i.e., all-conveying elements). 

5.2.1.3.2 (B) Chaotic: 

As done for KB, Figure 5.16 shows the impact of studied factors on granule strength 

in a standardized plot as well as a Pareto chart. This is under the linear model terms 

approach. 

 

Figure 5. 16 (A) Standardized effects plot and (B) Pareto chart under chaotic elements 

for all DOE experimental runs under linear screening model. 

The results from this approach of combining all thirteen experimental runs reveal 

binder percentage as the most influencing as well as a significant factor, in determining 

the strength property of granules formed at the different factor level combinations as 

per the DOE tables discussed in Chapter 4. 
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Unlike for KB elements presented earlier, the observation across all three categories 

is not consistent regarding the trend of factor influence and/or contributions to granule 

strengths. From category one (i.e., no mixing element), temperature is the significant 

factor under the linear model while for both categories two (2 and 4 mixers) and three 

(all DOE Runs), binder percentage emerges as the most influential factor. In the 

analysis of category three, binder percentage is not just the most influential factor but 

also, the only significant factor. 

To verify and or validate results from Figure 5.16, the stepwise model of analysis is 

used and reported in Figure 5.17 to determine significant factors. 

 

Figure 5. 17 (C) Standardized effects plot and (D) Pareto chart under chaotic elements 

for all DOE experimental runs under a backward stepwise elimination model. 

The result from the more defined stepwise model also confirms binder percentage as 

being the most significant and influential factor when all thirteen experimental runs are 

considered (i.e., a mix of chaotic and all-conveying elements). The difference in 

significant factor selection between chaotic and KB elements is sole because of the 

individual unique mixing element properties and their contribution during the 
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granulation process. With chaotic elements, the motion action of circular rotations, 

facilitates some scourging action of material build-up around the elements which are 

then pressed onto the walls of the extruder barrel to facilitate material compaction unto 

strength bonds. Hence, the change in temperature does not significantly contribute to 

granule strength values as the amount of binder under the scourging action, better 

facilitates strength thereby overriding the impact of temperature if any. 

Summary 

A conclusion from all three categories of the analyses shows that the two main factors 

with significant impacts on granule strengths are temperature and binder percentage. 

While temperature (i.e., with its impact on binder viscosity and surface tension) is the 

most significant factor under all-conveying elements analysis as well as for both 

categories two (i.e., 2 and 4 KB) and three (i.e., all DOE Runs combined). A completely 

different result is observed when the type of mixing element was changed from KB to 

chaotic. The significant factor identified in this case is binder percentage. It could be 

therefore said that the use of a more intense mixing element in the screw configuration 

shifts the significance towards temperature, while the use of the less intense mixing 

element (chaotic) shifts the significance more towards binder percentage under the 

same conditions of screw speed, number of mixing elements, as well as even for 

temperature and binder percentage. Nonetheless, both temperature and binder 

content are seen to complement each other particularly under the investigations of the 

linear model screening (see Figures 5.14 and 5.16). This strongly reflects the direct 

influence of temperature on the binder property of viscosity where, higher 

temperatures results in lower viscosities and vice versa. The strength of granules 

formed is therefore dependent on the binder viscosity, with lower viscosities forming 

stronger granules and vice versa. Hence, binder viscosity with its spread and droplet 

size considered as an important granulation variable by Cantor et al. (2016) in their 

work on fluidised bed granulation. 
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5.2.2 Granule Desired Size and Strength Optimization 

With one of the objectives of this research being the optimization of factor 

conditions/levels for improved granule strength and the percentage production of 

desired granule size (125 �± 1000 µm), the Minitab statistical software was used in 

generating two optimized plots, with consideration to the two mixer element types 

investigated (i.e., chaotic and kneading). This method of process and product 

optimization has been successfully applied in recent literature, in optimising the 

operating conditions favourable for diesel replacement in a CI engine via pyrolyzed 

waste plastic (Jena et al. 2023). 

5.2.2.1 KB Element Optimization of Granule Strength and Size 

The general conditions set for optimized desired granule yield and strength, regardless 

of the mixing element used is as follows. A target strength of 0.5 N (i.e., crushing force) 

with a corresponding minimum standard deviation (i.e., error), in combination with 

minimum yields (i.e., %) of fine (< 125 µm) and agglomerate/oversized (> 1000 µm) 

sizes, and finally with a maximised yield in desired granule size as seen in Figure 5.18. 



212 
 

 

Figure 5. 18 Response optimization plot for optimised desired granule yield and 

strength with use of KB elements in the presence of conveying elements 

Each of the responses (i.e., fine-sized granules, desired size granules, agglomerates, 

granule strength, and granule standard deviation �± STD) shown in Figure 5.18 all have 

individual desirability values (d) which help measure how the response settings used 

facilitate optimized conditions per each unique response. These translate into the 

overall composite desirability (D), a measure of the contribution of all response setting 

in the optimization process. The desirability values range from 0 to 1 with values closer 

to 0 suggestive of response(s) not meeting acceptable set limits, while values closer 

to 1 represent ideal conditions facilitating the settings for optimized results (Minitab 

2021). 
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With consideration to all the settings for the five responses, the results in Figure 5.18 

suggest a granulating temperature of 70 °C at a screw rotation speed of 50 rpm and 5 

wt % of PEG 4000. These conditions would need to be in conjunction with 2 to 3 KB 

mixers (i.e., 2.7) to the maximum composite desirability (D) of 0.55 for the optimized 

desired granule yield and strength, at lowest standard deviation of 0.16. Since the 

number of KB cannot be 2.7 per the result, further investigation on optimization using 

just 2 and 3 KB elements was explored. However, the value of composite desirability 

reduced, meaning there was a shift in the acceptable limits of some responses which 

negatively impacted optimization. However, the value of composite desirability for 3 

KB does not significantly differ from the initial recommended result obtained in Figure 

5.18 and this is presented below as Figure 5.19. 

 

Figure 5. 19 Acceptable response optimization with the use of 3 KB elements per each 

screw 
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From Figure 5.19, though the yield value (y) for granule strength improves than that of 

Figure 5.18, and there is a corresponding lower yield of fine-sized granules which is 

desired in the granulation process, the final composite desirability (D) insignificantly 

reduces from 0.5521 to 0.5519. this is because of the increased value in standard 

deviation for granule strength from 0.1592 to 0.1622 with a corresponding desirability 

value (d) of 0.36 with 3 KB. This value of STD desirability reducing from 0.38 in Figure 

5.18 is the evidence of its deviation from set conditions of reduced error for optimized 

desired granule size yield and strength. 

5.2.2.2 Chaotic Element Optimization of Granule Strength and Size 

As was done for KB elements in the presence of all-conveying screw arrangements, 

the same is applied to chaotic element configurations in combination with all-

conveying screw configurations to help determine the optimized conditions for high 

yield of desired granule size with a target crushing strength force of 0.5 N, and with 

corresponding lowest STD. the result from the investigation is presented in Figure 

5.20. 
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Figure 5. 20 Response optimization plot for optimised desired granule yield and 

strength with use of Chaotic elements in the presence of conveying elements 

From the result optimization plot obtained, the absence of any number of chaotic 

elements from the screw configuration is deemed the best in satisfying the conditions 

of the five responses set. This is still with the aim of reducing both the yield of fine and 

agglomerate granules, and improving the yield of 125 �± 1000 µm granules which have 

the lowest possible STD. The optimal conditions that will help achieve this are, 

therefore, a screw speed of 141 rpm, a 66.3 °C temperature and a 9.7 wt % of PEG 

4000. To help compare the results of optimization for KB better with that of chaotic 

elements, the value/level of number of screw elements (i.e., first column in Figure 5.20 

after list of responses) was changed from 2 through to 4 and the best result presented 

below in Figure 5.21. 
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Figure 5. 21 Acceptable response optimization with the use of 4 Chaotic elements per 

each screw 

As observed in the case of the use of 3 KB, the same occurs here but with a significant 

drop in composite desirability value from 0.7148 to 0.5565 (compare Figure 5.20 and 

5.21). 

The desired yield for 125 �± 1000 µm granules reduces (from 67.8 % to 53.1 %) with 

an increased error (STD) of 0.15 from 0.10, while agglomerate yield also increases to 

44.5 % though fines reduce from 24 5 % to 2.4 %. Overall, the conditions for improved 

granule size yield and strength at lowest STD is defeated with the use of four chaotic 

elements. This is so, although the use of four chaotic elements under the operating 

and formulation factors of 141 rpm, a temperature of 66.3 °C, and a 9.7 wt % of PEG 

4000 are the best possible conditions for achieving close to the set optimization 

criteria. 
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5.2.2.3 Conclusions from Optimized Response Plots; the Impact of Screw Elements 

The final conclusions to draw from the response optimization plots presented and with 

the aim of achieving improved granule yield (125 �± 1000 µm) and strength but with a 

minimal accompanying standard error (STD) are as shown in Table 5.5 below. 

Table 5. 5 Comparison of optimized granule strength and yield with different screw 

elements 

 
Screw Element 

All-conveying KB Chaotic 

Optimal Factor 

Levels 

141 rpm / 66.3 C / 

9.7 wt % PEG 

50 rpm / 70 C / 

5 wt % PEG 

141 rpm / 66.3 C / 

9.7 wt % PEG 

Optimized 

strength 

(N) 

0.33 ± 0.10 0.34 ± 0.16 0.35 ± 0.15 

< 125 µm 

(wt %) 
24.0 21.2 2.4 

125 �± 1000 µm 

(wt %) 
67.8 56.7 53.1 

> 1000 µm 

(wt %) 
8.2 22.1 44.5 

Target Strength 

(N) 
0.5 ± 0.06 

 

Table 5.5 clearly shows that a screw configuration involving the use of 3 KB or 4 

chaotic mixing elements both fall short of the target strength and error set for the 

investigation. Likewise, an all-conveying arrangement without either type of mixing 

element also falls short of this target. However, the results from the individual 

optimizations support the findings of the strong influence different types of screw 

elements have on both granule yield and properties as discussed extensively in this 

research as well as partly in Sekyi et al. (2021), particularly for only mixing elements. 

Depending on the requirements (i.e., responses of strength and granule sizes), 

process and formulation parameters (i.e., screw speed, operating temperature, and 
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binder content) can be successfully chosen with consideration to the three screw 

configurations as in Table 5.5. Should strength be the ultimate target of a process, 

then any of the three screw configurations can be used as they do not differ much from 

each other. However, if there are other considerations of the energy use and process 

safety, then one would fall on the choice of the screw configuration and conditions of 

operation that et the end goal. Also, should the interest be a case of producing more 

of a particular granule size than the other (i.e., desired size over fines) then the 

decision can be made without focusing on which granules are stronger. Hence, a 

choice of which configuration at the operating conditions that yield most of the granule 

size sort after. 

5.2.3 HSMG Mean Granule Crushing Strength 

Results from granules formed via the Freund Vector GMX labMicro (manufactured by 

Freund) jacketed high shear granulator (mixer) are presented below. For an image of 

the GMX labMicro high shear mixer, refer to Figure C2 of appendix C. The essence of 

these experiments is to determine equipment and granulation regime (i.e., high shear 

and twin screw) difference on the granule property of crushing strength (i.e., force). 

Table 5. 6 Mean crushing strengths under high shear melt granulation. 

 Factors Response 

Batch 
Binder percentage 

(wt %) 

Temperature 

(°C) 

Chopper speed 

(rpm) 

Crushing 

strength 

(N) 

1 10 70 2000 0.56 ± 0.12 

2 10 65 1500 0.49 ± 0.13 

3 10 60 1000 0.21 ± 0.06 

4 7.5 70 1500 0.55 ± 0.12 

5 7.5 65 1500 0.41 ± 0.16 

6 7.5 60 1500 0.22 ± 0.06 

7 5 60 2000 0.20 ± 0.06 

8 5 65 1500 0.22 ± 0.08 

9 5 70 1000 0.22 ± 0.09 



219 
 

The order of increasing granule strength considering a combination of binder 

percentage and temperature is depicted below by Table 5.6. 

Table 5. 7 Increasing order of granule strengths per various combinations of PEG wt 

% and temperature for all nine batches of HSMG 

Temp, °C 60 70 65 70 

Batch B7 B3 B6 B9 B8 B5 B2 B4 B1 

PEG 

wt % 

5 10 7.5 5 7.5 10 7.5 10 

  

Key to Table 5.7: 

60 °C 65 °C 70 °C 5 % PEG 7.5 % PEG 10 % PEG 
 

The observation is that, at higher temperatures and with higher percentages of binder, 

granule strength increases while, regardless of the binder percentage used and at 

lowest temperature, granule strength is the lowest. Similarly, lowest binder percentage 

at moderate and highest temperatures produce weaker granules than those granules 

with higher combinations of both temperature and binder percentages. 

These observations will be further strengthened and justified by the statistical analyses 

conducted via Minitab software. 

Following a similar approach as already applied in the analysis under TSHMG, a series 

of graphs and plots will be used in discussing the contributions of binder percentage, 

temperature, and chopper speed on granule strength. Examples of the kinds of plots 

that will be used include, normal and half-normal plots of standardized effects, factor 

interactions, and contour plots. 

Figure 5.22 is the half normal plot of granule strength and factor contributions, 

considering only linear terms without factor interactions.  
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Figure 5. 22 Half Normal Standardized effects plot for granule strength via HSMG 

The half normal plot shown here represents the hierarchy of factor significance and 

their impact on granule strength from weaker to higher strengths, beginning from the 

bottom end of the x-axis and up on the y-axis of percentage. This set of results was 

generated via the stepwise backward elimination model approach. Chopper speed is 

discredited from the analysis and plot, as it is a non-significant factor having little to no 

contribution to determine the strength of granules. In order of priority, impact, and 

influence on mean granule strength from greater to lesser, temperature is the better 

of the two significant factors with binder percentage having the value of 2.61 with 

respect to effect contribution and being less than that of temperature by about 0.44. 

Next to discuss is the interaction plot showing possible factor interactions within the 

analysis conducted (see Figure 5.23). 
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Figure 5. 23 Interaction plot for granule strength via HSMG 

Prior to the stepwise model analysis presented for the most impacting factors with 

statistical significance on the strength of granules formed, an analysis of linear and 

interaction terms (i.e., linear + interactions) was performed from which the interaction 

plot of factors and their contribution to granule strengths has been presented 

graphically. 

From the interaction plots, the following observations are made, 

I. The trend of individual temperatures across chopper speeds and vice versa 

(i.e., individual chopper speeds across temperatures) tends to show no 

significant interactions between the two factors with most of the trend lines 

being parallel to each other. The nearest to factor interactions (i.e., trend lines 

intersecting) is of chopper speeds 1500 rpm and 2000 rpm, at 60 °C and 65 °C. 

II. The trend of binder percentage over chopper speeds and vice versa (i.e., 

chopper speeds over binder percentages), particularly the plots of chopper 

speeds across binder percentages (left bottom corner of plots) shows slightly 
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better intersecting lines (interactions) than those for chopper speeds across 

temperature in point (I) above. 

Analysis involving both linear and factor interactions is shown in Figure 5.24, to predict 

significant factors. 

 

Figure 5. 24 Normal (A) and Half Normal (B) Standardized effects plot using factor 

interactions via HSMG 

From plot (A) on normal standardized effects, a set of individual terms and a 

combination of terms are displayed, each according to its level of impact on granule 

strength via the percent scale (y-axis). Terms closest to the standardized value of zero 

on the x-axis have the least impact on granule strength, while those further away from 

zero have more contributing impacts. Also, terms to the left of the zero value (i.e., in 

the negative) have a negative influence on granule strengths formed. Increasing 

values in these terms result in weaker granules. Those terms to the right of the zero 

standardized value (with positive values) on the other hand, have positive impacts on 

granule strengths. Increasing values of these terms result in corresponding increases 

in granule strengths. 
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The normal plot, therefore, shows factors and terms with negative as well as positive 

impacts on the response factor under investigation (i.e., granule strength in this case). 

It does not and cannot be used to determine the order of influence/impact by the factor 

terms involved in the study. Therefore, the half normal plot (B) has been studied since 

it can graphically present all terms in the analysis in hierarchical order, from least 

impactful to highest impactful from the bottom half of the y-axis in percent upwards. 

The order for the most contribution to granule strength from least to highest as per plot 

(B) is as depicted in Figure 5.25 (i.e., from bottom-up in order of greatest impact). 

 

Figure 5. 25 Increasing order of factor and factor interactions contribution to increasing 

granule strength in HSMG 

Where Temp is Temperature, Chppr is Chopper, and PEG wt % is binder percentage. 

Also, the value within each bar is representative of the impact level represented as a 

percentage on granule strength as by each of the factors and factor combinations 

presented. 

Also, the terms BC and AC as in the normal and half normal plots, represent 

Temperature x Chopper speed, and PEG wt % x Chopper speed respectively. The 

order of BC being the least contributing factor to granule strength followed by AC is 

supporting proof of the two identified findings made under the interaction plots. This 

better strengthens and justifies the results studied.  
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The final plots that will be discussed here are the two-dimensional contour plots of 

granule strength (see Figure 5.26) and interpretations of which conditions offer the 

best or better granule strengths with a combination of the factors under investigation. 

Notice that with temperature and binder percentage being the two most significant 

factors, the trend of granule strength over these two-factor combinations would be 

most vital in the choice of experimental conditions under high shear granulation. 

 

Figure 5. 26 2-Dimensional contour plots of granule strengths from the nine HSMG 

batches 

From the three contour plots, the observation can be made that, lower chopper speeds 

under 1250 rpm with temperatures under 62.5 °C and binder percentages below 6 wt 

% result in the lowest strength of granules can be formed via the high shear granulator 

under melt conditions of operation. 

To yield stronger granules under the factor combinations of temperature against 

chopper speed, the chopper speeds need to be increased with corresponding 

temperature increases. However, to form stronger granules of the range 0.3 �± 0.4 N, 

temperatures around 65 °C and with increasing chopper speeds from at least 1500 

rpm must be reached. This is not in isolation as the binder percentage must be of the 



225 
 

least corresponding value of 7 wt %. This observation is with consideration to the 

contours of; chopper speed*temperature and chopper speed*binder percentage. 

The most important deduction is from the contour plot of temperature and binder 

percentage. From this plot, the conclusions are that, to achieve stronger granules in 

the range of 0.3 �± 0.4 N at lower temperatures, the least operating temperature should 

be about 62.5 °C and with binder percentages at the least value of 8 wt %. The lower 

the temperature (i.e., below 62.5 °C), the more binder is required. Alternatively, at 

higher temperatures of the least value of about 65 °C, lower binder percentages are 

required to form stronger granules with a benchmark value of about 7 wt %. The 

highest yielding strength for granules is however achievable at higher temperatures 

and corresponding higher percentages of the binder. This is depicted in the top upper 

right corner of the plot of binder percentage against temperature. This is the 

observation initially made from the overall trend of granule strength across all nine 

batches at various combinations of binder percentage and temperature (i.e., Table 

5.6). 

5.2.4 Comparison of TSHMG and HSMG on same Factor Level Basis 

Though the equipment used in both granulation processes is different and the 

mechanism for granulation is more likely to differ between the two, by operating under 

the same mode of melt granulation, some comparison is made based on those 

experimental runs and batches with the same factor level combinations. With both 

screw speed and chopper speed discounted as being non-significant factors, the 

attention is with interest in the significant factors of temperature and binder 

percentage, identified in TSHMG as well as for HSMG. The experimental runs chosen 

for comparison with batch experiments of HSMG are those runs with the all-conveying 

screw arrangement. This is because, with the use of the all-conveying screw 

configuration, there is a similarity with the consistent mixing action achieved via the 

impeller blades within the high shear granulator. Upon this basis, meaningful 

correlations of consistent and uniform powder processing can be made. Below is the 

representation of a comparison of experiments under TSHMG and HSMG. 
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Table 5. 8 TSHMG vs HSMG on basis of the same conditions of binder and 

temperature 

TSHMG HSMG Factors 

Run Batch BP, wt % Temp, °C 

12 3 10 60 

9 8 5 65 

10 9 5 70 

Where BP stands �D�V���µ�E�L�Q�G�H�U���S�H�U�F�H�Q�W�D�J�H�¶�����D�Q�G���7�H�P�S���L�V���µ�W�H�P�S�H�U�D�W�X�U�H�¶�� 

All three experimental runs of the TSHMG process have higher granule strengths than 

those of the HSMG process. The two major explanations for these differences 

between granules from TSHMG and HSMG, although under the same conditions of 

binder and temperature are, 

(a) The different granulation mechanisms exist in the two equipment. 

(b) The length of granulation time in association with material retention/exit time. 

Material retention/exit time is defined as the time taken for granulated materials to first 

exit the granulating barrel of the extruder. On point two (b), though both granulation 

processes have similar operating times (i.e., process duration) of about twenty 

minutes, the difference in material retention times for the granulating materials in 

association with the equipment design differs and offers changes in granule strengths 

formed. For all TSHMG runs, the material exit times out of the granulator are similar 

and at about the same duration of one minute. This may be an indication that the 

chosen range of screw speeds may need to be widened, to achieve significant 

differences in material exit times. Also, these materials are not restricted nor confined 

for the full granulation time of about twenty minutes. This, therefore, allows for the 

initial bonding strengths formed upon materials exiting the granulator to remain intact 

and further strengthen as the liquid bridge strengthens over time while cooling down. 

This is with respect to the conditions of temperature and PEG wt % available. In the 

case of HSMG however, material exit time and granulating duration are the same with 

granulating material confined within the vessel. With the continuous mixing action by 

the impeller blades, the strength of initial granules formed within the bowl of the 
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granulator weakens over time with lengthy granulation periods (Rahmanian et al. 

2008a; Rahmanian et al. 2011a). Granule strengths weakens with further granulation 

and mixing (Mahdi et al. 2018), with the optimum time for granulation exceeded, for 

which granule strengths no longer increase but begin to breakup (Rahmanian et al. 

2011b). Under lowest binder percentages, granule strengths are weak particularly for 

HSMG via its lengthy mixing (i.e., longer processing times of about 20 minutes) which 

easily facilitates further granule breakdown. However, higher temperatures at the 

lowest value of binder percentage forms stronger granules (refer to Table 5.6) than 

those granules formed under the lowest temperature and highest binder percentage 

(i.e., batch 3 granules vs those of batches 8 and 9). Again, the impact of temperature 

over binder percentage as the better significant effect explains why higher 

temperatures under the lowest binder contents form relatively stronger granules than 

batches with the lowest temperature and higher/highest binder percentages. Though 

this trend is the same under both TSHMG and HSMG, values of granule strength are 

lower than those of TSHMG for the sole reason of lengthy granulation times, facilitating 

weaker strengths at lower binder percentages regardless of temperature, and higher 

binder percentages at lower-to-least temperatures. 

A graphical representation of the granule strengths and standard errors per the 

combinations of binder percentage and temperature are presented in Figure 5.27. 

 

Figure 5. 27 Comparison of granule strengths under the same conditions of binder and 

temperature for TSHMG runs and HSMG batches 
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Overall, regardless of the granulation mechanism (either TSHMG or HSMG), granule 

strengths are controlled predominantly by temperature (i.e., in order of increasing 

temperature) especially within TSHMG as per the trendline shown and with the 

supporting statistical evidence from the already discussed normal plots. The reason 

for this is as has been discussed throughout this chapter (subsections 5.2.1.1 and 

5.3.1.1) on the importance of binder viscosity and surface tension due to changes in 

process temperature. 

Summary 

The values of granule strength obtained with the HSMG suggest better strengths than 

for granules produced via TSHMG. This is, however, only prevalent under conditions 

of higher temperatures, with associated higher binder percentages and with granule 

strength range between 0.41 �± 0.56 N (i.e., B5, < B2, < B4, and < B1). Nonetheless, 

this cannot be an entirely fair assessment and conclusion, with the HSMG process 

confined within a bowl and lasting (both granulation time and material retention/exit 

time) well around 15 to 20 minutes whereas the TSHMG process is with materials 

continuously exiting the extruder barrel (with far less material exit time of within a 

minute), although of the same process time. Also, some of the corresponding 

combinations of temperature and binder percentage (i.e., 70 °C �± 10 wt %, 65 °C �± 10 

wt %, and 60 °C �± 5 wt %) as in HSMG, are with mixing elements in TSHMG (compare 

B1 to Run 13, B2 to Run 4, and B7 to Runs 1 and 8 �± refer to Table 5.9) 

The opposite is true in that at lower temperatures and lower binder percentages as 

well as at the lowest temperature and irrespective of binder percentage (B3, B6, & 

B7), granule strengths are weaker and weakest respectively (refer to table 5.6). The 

same factor of material exit time can both be a gain as well as a loss, depending on 

the two-factor combinations of temperature and binder percentage used and under a 

particular granulation type (i.e., TSHMG or HSMG). 

With reference to Figure 5.27 however, the more direct comparison of the absence of 

any type of mixing element shows that higher strengths are recorded for granules from 

TSHMG than HSMG. The lengthy granulating time together with longer material 

retention times within the HSMG suggests further material breakdown upon formation, 

which results in the lower granule strengths recorded. 
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Comparison of granule strengths formed via TSHMG (irrespective of screw 

configuration; mixers or not) and HSMG shows that: 

a. Higher strength granules are formed at higher temperatures and higher binder 

contents within HSMG than for TSHMG, though conditions of binder and 

temperature are the same. The resulting difference lies in the longer material 

mixing and staying time experienced via HSMG than the relatively shorter 

material retention times for TSHMG. 

b. At lowest binder percentage and across all temperatures (i.e., increasing 

temperatures), though granule strengths are lower there is a trend of increasing 

strength with associated rises in temperature. However, with the higher material 

retention times in HSMG, granules become weaker than those produced at the 

same conditions within TSHMG which are of faster or shorter material 

retention/exit times. With the longer material retention times and process times 

but with lower/lowest binder presence, initial bonds are easily and continuously 

fractured with little tendency of being reconstituted in the case of HSMG. Less 

material retention time via TSHMG under the same conditions allows for less 

breakage of already formed or forming granules and thus, better direct 

strengths when compared to its HSMG counterparts. See Table 5.9. 

Table 5. 9 HSMG and TSHMG on basis of the same temperature and binder conditions 

HSMG Strength (N) 
Binder 
(wt %) Temp (°C) TSHMG KB 

Batch 1 0.56 ± 0.12 
10 

70 Run 13 (4) 0.38 ± 0.22 
Batch 2 0.49 ± 0.13 65 Run 4 (2) 0.29 ± 0.12 
Batch 3 0.21 ± 0.06 60 Run 12 (0) 0.26 ± 0.09 

Batch 7 0.20 ± 0.06 

5 

60 
Run 8 (4) 
Run 11 (2) 

0.26 ± 0.06 
0.24 ± 0.09 

Batch 8 0.22 ± 0.08 65 Run 9 (0) 0.29 ± 0.09 

Batch 9 0.22 ± 0.09 70 
Run 3 (4) 
Run 10 (0) 

0.33 ± 0.16 
0.33 ± 0.10 

Where 0, 2, and 4 are representative of the number of mixing elements (KB elements) 

Key to Table 5.9: 

60 °C 65 °C 70 °C 5 % PEG 10 % PEG 
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5.3 Tableting, Tablet Hardness and Disintegration 

The many advantages of the granulation process including improved flowability and 

material densification (Thapa et al. 2019), are translated into the tableting of the 

granular materials produced, to form quality products which are more compact, stable, 

and durable over time (Al-Karawi et al. 2018). Tableting is the process used 

downstream after granulation, involving the application of forces on the powder bed, 

to compact materials into disc-shaped forms (i.e., tablets) (Hare et al. 2018). This is a 

vital stage within the pharmaceutical industry and could be achieved via single or 

multiple station presses (Tousey 2002b). In this section of the work, results on 

tableting and associating tablet attributes of hardness, friability, and disintegration are 

discussed. The general process flow of and leading to the formation of the tablets 

analysed in this section is shown by Figure 5.28 below. 

 

Figure 5. 28 Process methodology leading up to tableting and tablet forms 

Calcium carbonate (Durcal 65) as the excipient is premixed with the binder medium 

(PEG 4000) and with a thorough blend resulting, the blend is then fed into either 

equipment or process for granulation. Upon granulation, the resulting granules are 

sieved into separate size ranges and the 500- 600 µm range is used for tableting 

without the need for a lubricant (DFE pharma n.d.). 

via 
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This is because PEG 4000 acts both as a binder and a lubricant, belonging to the 

polymer group of lubricants (Wang et al. 2020). The rotary mini press II (Karnavati 

Limited, India) tableting equipment (see Figure 5.29) has been used with a die and 

punches, both with a diameter of 16 mm. 

 

Figure 5. 29 Rimek Mini Tablet Press II 

Using a constant compression force of 10 kN, the tablet press was operated manually 

and in single batch mode with a die, an upper punch and a lower punch appropriately 

fixed into their positions in compliance with health and safety practices. The press has 

two regulators, the weight and thickness gauges for the determination of feeding depth 

within the die and the height of the tablet respectively. Amongst the control bottoms 

for the operation of the equipment are the start and stop push buttons for the rotational 

movement of the die which controls the functioning of the motor, the start and stop 

button for the pressing action controlling the punches, a dial for regulating the speed 

of the press rotation, and an emergency stop button for all health and safety 

precautionary measures as needed. All these are located on the dashboard for ease  

of �D�F�F�H�V�V�� �D�Q�G�� �Z�L�W�K�� �D�� �P�D�[�L�P�X�P�� �F�R�P�S�U�H�V�V�L�R�Q�� �I�R�U�F�H�� �R�I�� �X�S�� �W�R�� �V�L�[�� �W�R�Q�V�� ���§�� ������ �N�1����
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(Pharmapproach 2021; KARNAVATI Engineering Ltd n.d.). As part of health and 

safety, all four sides of the tablet press have protective guards for the security of the 

operator and to prevent or minimise hazards. 

The tableting process has been depicted graphically below and with each stage being 

an important contribution to the overall success of the process. Figure 5.30 explains 

graphically the stages withing the tableting process. 

 

Figure 5. 30 Stages in tableting of granulated materials under uniform compression 

The process of tableting first begins with the loading or filling of material into the die of 

the press. This is only achievable after the lower punch, die and upper punch have 

been correctly mounted in the order mentioned. Step 1, therefore, involves feeding the 

granules of choice into the tablet die. This can be achieved through a number of ways 

including the use of hoppers or force feeders as well as manually. In this work, all 

feeding was achieved manually and by hand with the lower punch dropped down to 

create a room within the die. Step 2 the pre-compaction and metering stage sees the 

lower punch move slightly upwards upon moving over the dosage/metering cam. This 

is to allow for weight adjustment with excess granules moved out of the die from which 

Step 1    Step 2       Step 3         Step 4 

Upper 
punch 

Lower 
punch 

Die 

Tablet 
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it was loaded. This weight adjustment is the outcome of the initial tablet weight set via 

the weight regulating gauge. At this stage, granules undergo rearrangement. Step 3 

is the actual tablet compaction stage where the set compression force impacts fully on 

the loaded die. Both upper and lower punches move downwards and upwards 

respectively and impact the granules with maximum force and under high pressure. At 

this stage, granules transition into the tablet, with both punches going over 

compression rollers to translate the force needed in forming the shape form. Finally, 

the lower punch is pushed further up through the die bore, as it meets the ejection 

cam. The formed tablet is pushed out of the die and then collected for further testing 

and analysis. Simultaneously, the upper punch is lifted, up and out of the die after full 

compression has been achieved previously. This is the fourth and final step in the 

tableting process (LFA Tablet Presses 2023). 

5.3.1 TSHMG (Tablet hardness and Friability) 

The results presented here discuss tablet attributes of hardness, friability, and 

disintegration, as they relate to mean granule crushing strengths and other operating 

factors as set out in the original DOE; number of mixing elements (screw design �± 

SD), screw speed �± SS, binder percentage �± BP, and temperature - ST. These tests 

have been conducted in accordance with standards from the United States 

Pharmacopoeia (USP) (Convention 2011; Convention 2016; The United States 

Pharmacopeial Convention 2020). 

5.3.1.1 Hardness 

A full statistical analysis of all thirteen runs, comprising of; (a) no mixing elements 

(Runs 6, 7, 9, 10, and 12), (b) two mixing elements (Runs 4, 5, and 11) and (c) four 

mixing elements (Runs 1, 2, 3, 8, and 13) have been investigated and presented 

below. 

The findings are presented under both kneading (KB) and chaotic elements. There are 

other graphs for further discussion which are also presented here under each type of 

mixing element.  

Kneading Elements: 

The first to be presented here is the analysis of only linear model terms without any 

interaction terms (see Figure 5.31). Based on the results from only linear model terms, 
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a subsequent and final analysis of linear terms with interactions is studied and 

reported. Findings from the linear with interaction terms, and under stepwise backward 

elimination remains the final trusted results. This is because it eliminates less 

significant factors while presenting the impact of all factors and factor interactions that 

are significant. 

 

Figure 5. 31 Normal plot of tablet hardness using KB and conveying elements 

Results from this linear model plot suggest binder percentage as the only significant 

factor under a CI of 95 %. Having the lowest p-value of 0.026 and 2.73 as its 

standardized effect value (i.e., T-value), binder percentage has a positive effect on 

tablet hardness or crushing strength with an increase in binder content resulting in a 

corresponding increase in hardness. Though screw speed and screw design both 

have similar positive impacts on tablet hardness, they have higher p-values of 0.139 

and 0.898 respectively which make them insignificant contributing factors to hardness. 

This is because these p-values are above the alpha value of 0.05 for which erroneous 

interpretations could be made. The order of factor impact on hardness is as follows, A 

< B < C < D. The impact of temperature although not identified as significant per the 

CI level set, tends to have a negative impact on hardness with higher temperatures 

resulting in relatively lesser hard tablet forms. The temperature has the next highest 
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standardized effect on hardness with a value of minus 2.15 (i.e., - 2.1.5). However, as 

already explained, this impact is of decreasing tablet hardness with corresponding 

temperature increases. The observations from this normal plot are again with 

considerations to all screw arrangements of zero, two, and four mixing elements, 

considered as a whole. Thus, the results are more generalized and representative of 

each screw configuration under the various levels of factor conditions. There is 

therefore no bias to any of the screw arrangements, making the results valid per the 

experimental work carried out. 

The impact of temperature on tablet hardness is observed to be completely different 

and opposite to its contribution to granule strength as under subsection 5.2.1. The 

reason for this lies in the fact that temperature is not a direct impacting factor on the 

tablet as it is on granules. The analysis of temperature and its impact on tablets is an 

indirect relationship based on the already formed granules under the various 

temperature levels and their now inherent granule properties of granule porosity and 

densities (Anishchik and Medvedev 1995). Thus, tablet hardness hinges more directly 

on the individual granule properties of density and porosity (Iveson and Litster 1998a) 

as do other attributes of disintegration and dissolution ���â�W���S�i�Q�H�N���D�Q�G���$�Q�V�D�U�L������������, 

resulting from individual particle arrangement or packing within granules (Anishchik 

and Medvedev 1995). Nonetheless, these granule properties have been impacted by 

the temperatures (i.e., a direct cause of viscous and surface tension variation) used in 

their formation during the granulation process as well as other factors like binder 

content. Though temperature is referred to in this work as the main cause of granule 

and tablet attributes reported, it mainly controls other important binder properties of 

viscosity and surface tension. With reference to Figure 4.11 in subsection 4.3.1 of 

Chapter 4, measured values of binder viscosity suggests that higher temperatures 

yield lower viscosities which tend to allow for better spreading and thus wetting of the 

powder bed during granulation. With better binder spreading throughout the powder 

bed, more powder particles are likely coated, thereby enhancing particle-particle 

bonding unto material densification. Again, with the reduced viscosities at higher 

temperatures, the associated lower surface tensions also facilitate better particle-

particle bonding. The intriguing point is that with already dense granules resulting from 

higher temperatures, there is less room of granule packing during the tableting process 

for which tablets formed tend to be weaker. This is due to granules being already less 
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porous and well compact thus, further compression does not translate into major 

granule rearrangement. The less porous nature of granules formed via KE is also 

reported by Li et al. (2014). There is therefore the need to form a better understanding 

in the contribution of factors on tablet attributes. 

To find a better fitting model to Figure 5.32, the backward stepwise elimination 

approach as in Figure 5.28 below is used to identify more significant factor and factor 

interaction contributions. 

 

Figure 5. 32 Half normal plot of tablet hardness using KB and all-conveying elements 

This half normal plot has been generated using the stepwise model through the 

backward elimination approach. Non-significant terms are clearly distinguished from 

significant factors as shown in the plot, with all non-significant factors represented by 

a circular blue dot. Generally, every non-significant term is eliminated from the model 

but because screw design (i.e., number of mixing elements) in combination with 

temperature form a significant factor interaction (i.e., AC), screw design has been left 

within this model although still insignificant. This means its p-value of 0.85 renders it 

to have not enough evidence for which a conclusion of significance can be associated 

with it. The hierarchy of factor and factor interaction effects on tablet hardness as by 

the half normal plot depicts the order of importance for factors and factor interactions. 
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The order of factor and factor interactions impact on tablet hardness is as follows, A < 

B < C < AC < D with the temperature still having a negative influence on hardness as 

was the case for just the linear model presented earlier. It has a negative T-value (i.e., 

standardized effect) of 3.21 and shows that for each unit increase in temperature, 

there is a corresponding decrease of mean tablet hardness by 22.27 units. In the case 

of binder percentage, mean tablet hardness increases by 25.42 units for each unit 

increase in binder percentage. These result from holding all other factors constant 

aside from what is being investigated at each stage of the model analysis, be it for 

temperature or binder percentage. 

Evidence in justifying the stepwise model of linear and linear with interactions model 

is by a series of regression plots as will be presented. These regression plots aim to 

show that depending on the presence or absence as well as the number of mixing 

elements used, and in combination with temperature, there is a change in the trend of 

tablet hardness. It also further supports the hierarchical order of factor and factor 

interaction impact on tablet hardness as shown by the half normal plot. To better 

understand the plots as will be discussed, reference to Table 5.1 on the mean crushing 

strengths for all twenty-one test runs under subsection 5.2.1 will be very helpful. 

Figure 5.33 displays strong regression evidence on temperature negatively impacting 

on tablet hardness. 

 

Figure 5. 33 Plot of tablet hardness over temperature with no mixing element 

configuration (i.e., All-conveying screw design) 
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From the five experiments under no mixing elements configuration of the TSHMG 

process, there is a negative trend in tablet hardness with increasing order of 

temperature. With increasing temperature, there is a corresponding decrease in the 

hardness of tablets formed and rightly explained by its associated negative slope. The 

value of R-squared is also high (82.35 %) suggesting a well-fitted model of the results. 

The next plot (Figure 5.34) is for two KB elements with the change in screw element 

depicting its influence on temperature which now has a positive tablet hardness impact 

with increasing temperatures. 

 

Figure 5. 34 Plot of tablet hardness over temperature with two KB mixing elements 

(i.e., 2 KB screw design) 

With the use of two mixing elements and as opposed to without any mixing element, 

there is a positive slope translating into a positive trend of increasing tablet hardness 

with corresponding temperature increases. This is a different impact on hardness yet 

across the same range of temperature but with mixing elements. This is a justification 

of the factor interaction of screw design and temperature being a significant factor that 

influences tablet hardness. The value of R-squared is about 24.03 % and lower in 

comparison to the no mixing element configuration in plot A. Again, there is a negative 

y-intercept whereas plot A has a positive y-intercept. These suggest how the presence 

of a mixing element can and does contribute to tablet hardness in combination with 

temperature. 
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Figure 5.35 below shows the change in contribution of increasing temperature on 

tablet hardness with an increase in KB elements from two to four. 

 

Figure 5. 35 Plot of tablet hardness over temperature with four mixing elements (i.e., 

4 KB screw design) 

In using four mixing elements, the trend in tablet hardness again changes and reverts 

to what was observed without the use of any mixing elements. There is a negative 

slope with tablet hardness decreasing with increasing temperatures. Comparison to 

the use of two mixers suggests a complete change in the effect both mixers have on 

tablet hardness. While two mixers in the presence of increasing temperature facilitate 

harder tablets, the use of four mixers on the other hand results in weaker tablet forms 

with increasing temperature. Though its trend is like that of no mixing elements, the 

impact of no mixing elements on tablet hardness decreasing with increasing 

temperature is higher than that of four mixing elements as rightly represented by both 

gradients, - 11.67 and - 1.50 respectively. 

The combined effect on tablet hardness from using no mixing elements to four mixing 

elements is analysed and presented in Figure 5.36 below. 
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Figure 5. 36 Plot of tablet hardness over temperature for all screw configurations (i.e., 

All 13 experimental runs) 

An overall effect plot considering all three conditions of no mixing elements, two mixers 

and four mixers then tends to follow the trend of no mixing elements and four mixing 

elements as they tend to overshadow the opposite effect on tablet hardness by two 

mixers. The difference in this overall regression plot to the analysis performed in 

Minitab software is that the results from Minitab operate by holding all other factors 

constant at each stage of the analysis involving the study of a single factor of the factor 

interaction term. With the overshadowing effects from four KB elements and no mixing 

element configurations, this overall combination of regression irrespective of the 

number of elements used shifts more towards a negative trend for tablet hardness 

when the temperature is increased. This further confirms the findings from the Minitab 

analysis which gives the standardized effect value of temperature as minus 3.21. 

Chaotic Elements: 

A similar analysis as for KB elements is done here for chaotic elements and in the 

presence of the all-conveying screw arrangement. This time, only the results from the 

stepwise model of linear and interaction terms are presented without a background as 

to why this was done. This is because it follows the same thinking as was done for KB 

elements where a linear model is first analysed and then refined better with backward 

elimination through stepwise model analysis. 
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Figure 5.37 below represents the significant and insignificant factors on tablet 

hardness with the use of chaotic mixers. This is of the linear and interaction terms 

under stepwise model analysis. 

 

Figure 5. 37 Half normal plot of tablet hardness using chaotic and all-conveying 

elements 

From the half normal plot of tablet hardness under chaotic and all-conveying elements, 

the factor interaction of screw design (number of mixing elements) and temperature is 

identified as the only significant factor in deciding the strength of tablets formed with 

chaotic elements and as well with no mixing elements at all. However, temperature 

and screw design both have a negative influence on tablet hardness. Increasing 

values of both temperature and the number of mixing elements, results in a decrease 

in the hardness of tablets. This is when both factors are individually assessed as 

independent factors. 

Figure 5.38 is a representation of the tablet hardness achieved with two and four 

chaotic elements, as they trend across increasing temperatures from 60 °C to 70 °C. 
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Figure 5. 38 Plot of tablet hardness over temperature for two and four mixing elements 

(i.e., 2 and 4 chaotic screw designs) 

Though both two and four mixing elements result in a positive gradient of harder tablets 

forming with increasing temperature, the magnitude of their impacts is not the same 

as the impact of two chaotic elements is higher than that of four chaotic elements. 

Also, with both having low R-squared values below 50 %, the fit of the model slightly 

suits the use of two chaotic elements than four chaotic elements. Worth noting is that 

regardless of the increase in the number of mixing elements here for chaotic mixers, 

the general trend of tablet hardness remains the same except that there is a decrease 

in the magnitude of the effect unlike in the case of KB elements. With KB elements, 

there is a complete change in the trend with two mixers facilitating improved tablet 
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strength over higher temperatures while four mixers tend to contribute to decreased 

tablet strengths over increasing temperatures. Again, this is a strong indication of the 

variability that KB elements can introduce in the granulation process and beyond as 

already discussed. For chaotic elements, there tends to be some uniformity in 

materials formed, accompanying properties and their subsequent impact on further 

material properties like tablet strength in this case. A closer look at the already 

presented regression plot for all-conveying screw configuration (plot C) reveals an 

overshadowing effect from these five experimental runs. The combined effect of these 

runs minimises the impact of the two and four chaotic elements is minimal. With an R-

squared value of 82.35 %, the overall effect of temperature on tablet hardness as 

considered in the Minitab analysis reveals a negative impact by temperature just as 

was noticed for KB elements. 

5.3.1.2 Friability 

Tablet hardness and friability tend to have an inverse relationship with weaker tablets 

resulting in more weight loss than for harder tablets. 

Figure 5.39 is a representation of the individual factor impacts on tablet friability, as 

well as factor interactions as appropriate. 
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Kneading Elements: 

 

Figure 5. 39 Half normal plot of tablet friability under KB and all-conveying elements 

As has been done for tablet hardness, the same approach has been taken here with 

findings reported under the two types of mixing elements: KB and chaotic. Like the 

outcome in the degree of factor and factor interaction impact on hardness, binder 

content and the interaction between screw design and temperature are identified as 

the two leading significant factors. The order of factor impact on tablet friability from 

least to highest is C < A < AC < D. Interestingly, the temperature has a positive effect 

on friability while all other factors of binder content, number of mixing elements, and 

the interaction between screw design and temperature result in negative trends in 

friability. The most useful of the factors in determining the friability of tablets is binder 

percentage which is the most significant factor per the half normal plot distribution. 

Correspondingly, the main effect plot for friability over increasing binder percentages 

confirms binder percentage as having a negative trend on friability. The higher the 

binder percentage, the lower the friability. 

Figure 5.40 shows the coverage about tablet friability means per each studied factor, 

hinting at the contributions per factor investigated. 
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Figure 5. 40 Main effects plot on tablet friability under KB and all-conveying elements; 

red oval showing the significance of binder percentage out of all four factors 

The extent of coverage of the trend of friability across all levels of binder percentage 

shows its significance as opposed to the nearly underwhelming effect of varying 

temperatures with respect to friability. This is also why temperature by itself is a non-

significant factor under the half normal plot. The trend of the increasing number of 

mixing elements also confirms its negative impact on friability with higher numbers of 

mixing elements resulting in less friable tablets. This is identified by the blue 

rectangular dashed lines. Less friable tablets are thus best formed with higher 

percentages of binder to hold individual particles and granules together, as well as the 

use of more mixing elements to enable better reconstitution and compaction of 

individual granules. This results in tablets being denser and well compact upon the 

application of compacting forces. 
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Chaotic Elements: 

Using the same approach as for KB elements, Figure 5.41 depicts the factor of 

significance with the use of chaotic elements on tablet friability. 

 

Figure 5. 41 Half normal plot of tablet friability under chaotic and all-conveying 

elements 

Binder percentage is identified as the only significant effect for tablet friability, which 

results in decreasing weight losses of the tablet with increasing amounts of binder 

content. This means that all other factors and factor interactions had values of the p-

value for which reasonable significance could not be attached with the use of chaotic 

elements. So far, the difference in significant factors as well as the hierarchical order 

of factor and factor interactions under both KB and chaotic elements show the 

individual impact of the type of mixing element used during the granulation process. 

This will be explored further under discussions on the mechanism of granulation for 

TSHMG. 

5.3.1.3 Tablet Disintegration (KB vs Chaotic) 

Tablet disintegration is a measure of how long it takes a compacted unit of either 

powder blends or granules to breakdown when in solution with water as the medium 
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(European Pharmacopoeia 2005). To achieve this, the conditions as in the human 

stomach are simulated using a basket with room for one up to six tablets lowered in 

and out of a beaker with the medium being water at about 37 °C. with the use of 

perforated plastic disks, the tablets in the test are kept in position within the basket so 

that they remain below the water level set (Convention 2020). The time at which no 

residue of the tablet being tested remains is then recorded as the disintegration time 

for the tablet under study. 

Figure 5.42 is the tablet disintegration unit used for all purposes of disintegration 

studies in this work 

 

Figure 5. 42 Copley DTGi tablet disintegration series tester 

The disintegration apparatus as in the image above consists of several different units 

including a PT 100 temperature probe, an integrated digital heater, and a single-point 

electronic temperature calibration system. This setup is of a three-station apparatus 

and can host up to 6 tablets in each of the three stations. With the presence of a water 

bath in which water is poured and heated up to 37 °C with the help of the digital 

circulator, the simulation of stomach conditions is achieved within the individual 
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beakers housing the baskets for the disintegration studies. The beakers are also pre-

filled with water at the same temperature condition as the water bath. Following the 

loading of tablets into the basket, the baskets are mounted on the horizontal holder 

and automatically operated to be lowered in and out of the individual beakers within 

the water bath. With the help of a display screen, the parameters basket speed and 

length of the test can be set as well as the temperature. 

For comparison, the tablet disintegration for experimental run 4 has been studied here 

with both KB and chaotic elements. Experimental run 4 yielded the most desired 

granules under the conditions of 100 rpm, 10 wt % PEG, and 65 °C. The aim for the 

comparison is to provide an understanding of the difference in tablet properties 

resulting from the inherent granules' strengths as by the two different mixer elements: 

KB and chaotic. The full representation of difference is as shown in Figure 5.43. 

 

Figure 5. 43 Variation in tablet hardness, friability, and disintegration time for 2 KB and 

2 Chao elements under conditions of 100 rpm, 10 wt % PEG, and 65 °C 

In subsection 5.2.1, the granule strengths for 2 KB run 4 and 2 Chao run 4 are 0.29 

and 0.25 N respectively. From the plotted graph above, the bar chats representative 

of KB elements are the plain ones while those for the chaotic mixer are those with the 

dotted pattern. It is evident that under the same conditions of granulation, though KB 

elements facilitate harder granules, upon their compaction, the resulting tablet is 

weaker than for chaotic elements which had weaker granules. The most likely reason 

for this is the difference in granule density and porosity, resulting from the use of 

different mixing elements. Chaotic elements facilitate less dense granules which upon 
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compaction can easily breakdown and rearrange into denser compact forms as 

tablets. Corresponding weight loss in tablets however favours the use of KB elements 

with a 0.28 % difference in the amount of material lost when compared to tablets from 

chaotic elements. Nonetheless, the harder the tablet and irrespective of the mixer 

element type used, the disintegration time increases. 

5.3.2 HSMG (Tablet Hardness, Friability and Disintegration) 

The same approach as under TSHMG has been used here considering the impact of 

the factors of binder and temperature on the tablet quality attributes of hardness, 

friability, and disintegration. As well, the contribution of mean granule crushing 

strength on overall tablet hardness, friability and disintegration is considered.  

5.3.2.1 Hardness and Friability 

Under a high shear mixer, the conditions of mixing remain the same without any 

change stemming from the type of mixing elements. Thus, a wholistic analysis of all 

nine experiments can be carried out and analysed on the bases of the same mixing 

apparatus under differing experimental conditions of temperature, binder percentage 

and speed. There is therefore no need to investigate the resulting tablet hardness due 

to the type of mixing element as in the case of TSHMG. 

Figure 5.44 shows the contributions of the three factors of interest on tablet hardness. 
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Figure 5. 44 HSMG half normal plot effect of tablet hardness 

Temperature and binder percentage are identified as the two significant factors with 

p-values below the alpha value of 0.05 at 0.003 and 0.043 respectively. Thus, the 

impact of temperature is higher in determining how weak or strong tablet forms are 

when compared to the contribution from binder percentage. There are also no factor 

interactions for which a significant value could be achieved. The choice of factor 

significance under HSMG suggests a difference in the mechanism of granulation to 

that of TSHMG. The choice and number of mixing elements in association with 

temperature level impact tablet hardness under TSHMG but has no contribution under 

HSMG since there are no mixing elements in the case of the latter. The closest attempt 

to compare HSMG to TSHMG is to consider the results for the all-conveying screw 

configuration via TSHMG. This configuration is what shares some proximity of 

constant and uniform mixing action under HSMG. The results of hardness under the 

all-conveying screw configuration are analysed and discussed to gain some 

understanding of the similarity or differences in the use of the two granulation 

techniques and equipment. 
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Below is Figure 5.45 on the half-normal distribution of studied factors of screw speed, 

temperature, and binder content on tablet hardness under no mixing elements within 

TSHMG. 

 

Figure 5. 45 Half normal plot of standardized effects for the five all-conveying 

arrangement 

The difference in the half normal plots for HSMG and the all-conveying TSHMG 

configuration is that the all-conveying setup is of individual factors considered as linear 

terms while that of HSMG is of liner and interaction terms under stepwise analysis. An 

attempt to further consider the all-conveying setup under stepwise regression to 

further refine the results was not achievable with no degrees of freedom per the 

studied factors of the analysis. Nonetheless, the similarity in the impact of individual 

factors can be visibly seen by comparing the two plots. Both temperature and binder 

percentage are identified as the two most influential and determining factors for tablet 

hardness but under the same uniform mixing action and without unique mixing 

elements. The hierarchy of factor impact under both granulation mechanisms also 

remains the same. Temperature precedes binder percentage in its level of impact on 

tablet strengths formed. The higher associated p-values for temperature (0.06) and 

binder percentage (0.09) under TSHMG is a further indication of temperature and 
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binder content having more significance under HSMG. This is like the findings for 

mean granule strengths via HSMG (see subsection 5.2.2) where higher temperatures 

with associated higher contents of binder result in stronger granules than for lower 

temperatures and corresponding low binder contents. Therefore, there is an increase 

in tablet hardness with corresponding higher binder percentages and temperatures as 

seen in Figure 5.46 below, especially for HSMG. 

 

Figure 5. 46 Trend of granule strength and tablet hardness with increasing binder and 

temperature levels 

In support of the half half-normal plot for HSMG, the trend of hardness as observed in 

the plot of tablet hardness and strength shows an increase in hardness across 

increasing temperature levels and across increasing binder contents within the same 

temperature condition.  

In the case of friability, Figure 5.47 presents the operating parameter significantly 

impacting this tablet property. 
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Figure 5. 47 Half normal plot on tablet friability via HSMG 

Once again, an indication of the difference in the choice of granulation shows in the 

factor identified as being the most significant. While the temperature remains an 

important factor in determining how much weight loss a tablet formed via HSMG will 

suffer, binder percentage is what effectively controls more the weight losses 

encountered via TSHMG. With temperature increases, lower tablet weight losses are 

recorded and vice versa with a very high value of 75.18 % r-squared and r-squared 

predictability of 63.19. These make the model and analysis parameters set very fitting, 

leaving the model as trusted. The factors of binder percentage and temperature being 

the two interchangeable factors of influence via the different granulation techniques 

show that factor influence in one equipment cannot simply be generalised across all 

granulation techniques. Instead, individualised investigations ought to be performed 

so the best and unbiased responses by factor conditions of operation are better 

captured and interpreted. 
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5.3.2.2 Tablet Disintegration 

All nine batches were investigated for the length of tablet disintegration in its 

contribution to the bioavailability of API, although no API is used in these formulations. 

Figure 5.48 depicts the significance levels of the factors of binder content, 

temperature, and chopper speed on tablet disintegration time. 

 

Figure 5. 48 Disintegration half normal plot for HSMG tablets for all nine experiments 

As has been the case for HSMG, temperature and binder percentage continue to 

remain among the significant factors for each of the responses studied. In the case of 

disintegration, chopper speed emerges as a significant factor but is third in line, in the 

order of level of impact to tablet disintegration. All three factors have a positive impact 

of improved disintegration (i.e., longer disintegration times) over corresponding higher 

values of these factor terms. 
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5.4 Summary  

To sum up the findings under this chapter, the factor interaction term of the number of 

mixing elements (regardless of mixer type, KB or chaotic) in combination with 

temperature affects tablet hardness primarily under TSHMG. The factors which 

individually and regardless of granulation technique, influence both granule properties 

and tablet properties are temperature (i.e., binder viscosity and surface tension) and 

binder percentage. Worth noting is that in the case of temperature, it has a direct 

impact on binder viscosity and surface tension which are the more direct factors 

influencing granule strength (i.e., density and porosity) and as well, tablet hardness 

(i.e., granule packing and compaction). This agrees with the finding by Ai et al. (2016) 

who state that with higher viscosities of binders, the binder hardly penetrates the 

powder bed and has limited distribution which effectively affects the strength of 

granules formed as well as other characteristics as reported in this research. 

Irrespective of the type of mixing element chosen, higher granule strengths result in 

weaker tablet forms and vice versa, although tablet strengths tend to increase with the 

use of KB and under conditions of higher binder percentages at low and moderate 

temperatures. This current finding agrees with the work by Khorsheed et al. (2019), 

even with the use of different excipients of MCC, Mannitol 100 SD & 160 C, and 

anhydrous dicalcium phosphate. In their work, they concluded alike that reduced 

tabletability of granules was a result of increased granules strengths. Chaotic elements 

on the other hand tend to facilitate harder tablets with the highest temperature regimes 

and with decreasing levels of binder percentage. The results from HSMG and TSHMG 

suggest a difference in the granulation mechanisms in achieving granular materials 

and their subsequent impacts on further processed forms like tablet attributes. Good, 

targeted DOE is therefore required to achieve the best possible interpretations of the 

contribution of operating parameters under different granulating equipment, a 

discussion held in Sekyi et al. (2023). 
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Chapter 6 �± Characterization of Granule Structure and Analysis of Seeding  

6.1 Introduction 

This chapter of the research focuses on the characterisation of whole (i.e., exterior) 

and internal (i.e., sectioned) structure of granules formed via both twin screw 

granulation and high shear granulation. The focus here is solely on granules formed 

with Durcal 65 and PEG 4000 under the two techniques of TSHMG and HSMG. 

Depending on the outcome of the internal granule structures from these two 

techniques of granulation, an understanding of the mechanism of granule formation is 

deduced or investigated further. Granule internal structure is related to other granule 

attributes of density, porosity and strength as also alluded to by Ansari and Stepanek 

(2008). The attempt is to understand the impact of the internal granule structures on 

the resulting mean crushing strengths of granules tested, and the contribution of 

seeded structures on granule strengths where applicable. To understand which 

internal structures are seeded or not, the online software ImageJ.JS version 0.5.6 (by 

ImJoy) was used. Larger particles and holes within the core of resin-mounted granules 

were measured according to the scale of each SEM image to determine if these 

particles or holes were about 125 µm in size. Only holes and particles equal to and 

above 125 µm are then considered as the core seeds in accordance with earlier work 

by Rahmanian et al. (2011a) and subsequently by other authors (Hassanpour et al. 

2013; Behjani et al. 2017). This is also reported in a more recent work by Maharjan 

and Jeong (2020), who further buttress this size of core granule particles with the work 

by Mahdi et al. (2019). In the work by Mahdi et al. (2019), they referred to core particle 

sizes of greater than 120 µm as being seeds in reference to the original seeded 

granulation work by Rahmanian et al. (2011a). All SEM images in this chapter and all 

through this work are obtained under the initial setting of a working distance of 10 mm 

and with a starting resolution of 2048 x 1768. With each change in magnification, 

images were refocussed accordingly. 

Figure 6.1 illustrates the analytical procedure used for all seed classification via the 

ImageJ software in this chapter. It involves measuring and determination of particle 

sizes thus, which granules would be classed as seeded or not. 
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Figure 6. 1 Example view of ImageJ.JS software (ImJoy) and internal granule core 

measurements 

Using the measuring tool or rule within the ImageJ software, all possible large particles 

within the core of resin-mounted granules already studied under SEM were measured. 

A seed was assigned to all such particles and holes which had a length-size (i.e., seed-

�V�L�]�H���� �R�I�� �•�� �������� �—�P���� �:�L�W�K�� �J�U�D�Q�X�O�H�V���� �S�U�H-resin mounted and sectioned, the process of 

achieving these resin blocks is described as follows. 

6.1.1 Structure of Chapter 

This chapter is in two main parts. The first part is on TSHMG, and the second part is 

on HSMG. Under each of these major headings, the internal structure of granules 

using SEM were observed. External observations of granules formed via TSHMG are 

investigated under SEM of whole granule structures, in considering their shapes and 

appearance. This is with no mixing elements (i.e., all-conveying) and with the use of 

two main mixers (KB and chaotic) at two and four elements. The internal structure 

observations under SEM are of the particle-particle arrangements within the granules. 

Larger particles equal to, and/or above the size of 125 µm with surrounding smaller 

particles of sizes under 125 µm are considered as being seed particles within the core 
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of granules. The procedure in achieving granule resin mount sections for SEM analysis 

is presented next under subsection 6.1.2.  

6.1.2 Procedure for Resin Mount Granule Blocks for SEM 

Most of the work in producing sectioned granules in a resin mount as would be 

discussed further in this chapter was done in the polishing laboratory of the School of 

Earth and Environment, at the University of Leeds. The procedure used in making the 

resin mounts and preparing them for SEM image analysis are discussed next. 

A 30 mm diameter mould with a removable bottom plate is filled with Epoxy hardener 

and Epoxy resin in a ratio 1:2 by volume. Upon filling the mould, some granule samples 

are added to the mould and allowed to solidify overnight at room temperature. To 

remove the mould or cast formed by the mould, some mould release is added to the 

mould containing the now well-formed cast containing the granules within the mixture 

of the epoxy resins. With the use of silica and grinding paper, the surface of the cast 

or block formed is ground down. To achieve this, the SAPHIR 330 grinding equipment 

by ATM Germany is used. Then using the AutoMet® 250 Grinder-Polisher by 

BUEHLER, further grinding of the formed resin blocks with embedded granules is 

carried out. Using two different grades of grinding paper with sticky backs (i.e., P600 

and P1200), beginning with the coarse grade of P600 and then unto the finer grade of 

P1200, these grinding papers are mounted in succession unto the grinding revolving 

surface of the AutoMet® 250. With the resin blocks now mounted on the circular upper 

revolving head of the AutoMet® 250, dry grinding is achieved without the use of water 

as this would dissolve the material from which the granules are formed. The next stage 

is polishing of the mounted blocks, and this is achieved with the use of diamond pastes 

in the order 3 µm > 1 µm > ¼ µm. Again, the order of polishing is from coarser to finer 

with 3 µm being the coarsest grade and ¼ µm being the finest grade. With each grade 

of the diamond paste during the polishing process, as the revolving head of the 

AutoMet® 250 moves clockwise, the grinding plate is operated anti-clockwise for 

better finishing. An exception to this operation is with the use of the ¼ µm diamond 

paste where both the grinder head and plate are operated in an anticlockwise 

direction. From a control screen pane, parameters of process duration, pressure 

applied (usually 2 LBS), the direction of rotation, and speed of head and grinding plate 

(often at 20 rpm) can be easily set and controlled throughout the process. Finally, with 
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the use of a microscope, the individual surfaces of all the resin blocks are observed 

and a decision is taken on how well-polished these surfaces are or not and the need 

for further processing or not. This process of sample preparation is like what Long et 

al. (2017) used in their preparation of anodised aluminium oxide coatings for SEM 

studies. 

 

Figure 6. 2 AutoMet® 250 Grinder-Polisher by BUEHLER 

The AutoMet® 250 Grinder-Polisher in Figure 6.2 shows an upper revolving head, 

bottom polishing and grinding plate, and the control panel pane. 

 

6.2 Differential Scanning Calorimetry (DSC) and Dynamic Viscosity Measurements of 

Powdered PEG 4000 

To follow the discussions within this chapter and other discussions throughout this 

research, it is necessary that the properties of melting and viscosity of the binder 

medium used is fully investigated, understood, and presented. To do this, results from 

the DSC heat-cool-heat analysis and the viscosities of PEG 4000 under the 

investigated temperatures of 60 °C, 65 °C, and 70 °C are presented in this section. 
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Figure 6.3 is the obtained experimental heat-cool-heat DSC curve for PEG 4000, 

showing its material onset and peak melting temperatures. 

 

Figure 6. 3 PEG 4000 DSC curve for 12.26 mg PEG sample with peak melting 

temperature at 60.7 °C (to 1dp). 

In the above plot, the blue line represents the initial heating of PEG 4000, followed by 

the cooling stage by the green line and finally a reheating stage marked by the red 

line. Upon initial melting (blue line), PEG cools and recrystallizes for the third and final 

stage of reheating (red line). The recorded peak melt temperature for PEG 4000 is 

60.7 °C and its onset melting is at 56.5 °C. 

Since three different levels of temperature (i.e., 60 °C, 65 °C, and 70 °C) are 

investigated in this research as per the DOE in section 3.6 of Chapter 3, the dynamic 

viscosities of PEG 4000 at these three investigated temperatures were measured and 

presented in Figure 6.4 below. The essence of this measurement is to allow for better 

interpretation of the results and occurrences of the granulation process, leading to 

unique granule properties and further tablet attributes (see Chapters 5 and 7 in 

addition to the discussions made in this chapter). 
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Figure 6. 4 PEG 4000 viscosity plots at temperatures 60 °C, 65 °C and 70 °C 

Figure 6.4 is a representation of the dynamic viscosities recorded over 11 measured 

points of angular frequency (s-1). With the lowest temperature of 60 °C, the highest 

viscosity reading is recorded, higher than for both 65 °C and 70 °C.  The viscosity at 

65 °C is slightly higher than that at temperature of 70 °C. The average values of 

viscosity for PEG 4000 under these three temperatures are further shown below in 

Table 6.1. The results are indicative of low viscosities at higher temperatures. 

Table 6. 1 Average dynamic viscosities at temperatures 60 °C, 65 °C and 70 °C 

Temperature (°C) Viscosity (Pa s) to 1dp 

60 3.8 

65 0.5 

70 0.4 

The lowest temperature of 60 °C has the highest dynamic viscosity value while both 

65 °C and 70 °C have very low viscosities values. The difference in viscosities between 

65 °C and 70 °C although very minimal may or may not contribute to granule unique 

properties, depending on the excipient studied (i.e., Durcal 65 and �.-D Lactose 

monohydrate in Chapter 7). It can therefore be generally expected that both 

temperatures could yield similar effects on granules based on binder spreading 

potential and wetting capabilities. 
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The expectation and/or assumption is that there should not be significant differences 

in granules formed at either temperature, provided all other formulation and processing 

conditions also remain the same. 

6.3 Part 1 �± TSHMG SEM Analysis (Granule External Observations, Internal 

Structures, and Mechanism of Seeding) 

As stated under subsection 6.1.1, this part of the chapter will discuss both the external 

whole granule properties (i.e., appearance and shape) under SEM as well as the 

internal structures upon being sectioned in an investigation of seeding. The internal 

structures of all experimental conditions as described in the DOE table set out in 

Chapter 3 have been presented with and without the use of the two mixing element 

types, KB, and chaotic screw elements. 

The results are discussed under the headings of 

a) All-conveying elements 

b) Two mixing elements (KB and Chaotic) and  

c) Four mixing elements (KB and Chaotic). 

The discussion also includes observations of seeded granule cores per each of the 

three screw configurations and with the use or absence of the main mixing element 

types, KB and chaotic. 

6.3.1 All-conveying Elements 

The discussion of the experimental runs under no mixing elements is divided into two 

parts. Part 1 discusses the observations made under SEM for whole granules in terms 

of their general appearance. Part 2 of this subsection discusses the internal granule 

structures with an analysis of seeding for all five experimental runs. 

6.3.1.1 Part 1 �± External View of Granules via SEM Analysis 

This subsection presents and discusses the SEM images for all the five experimental 

runs with varying combinations of the levels of the main parameters of speed, 

temperature, and PEG wt %. Figure 6.5 presents the SEM images of all five 

experimental runs (see Table 6.2) under the magnification of 30X as below. 
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Run 6 �± 100 rpm / 60 °C / 15 wt % Run 7 �± 50 rpm / 70 °C / 15 wt % 

  
Run 9 �± 50 rpm / 65 °C / 5 wt % Run 10 �± 150 rpm / 70 °C / 5 wt % 

 
Run 12 �± 150 rpm / 60 °C / 10 wt % 

Figure 6. 5 SEM images for all five experiments under conveying element screw 

configuration (no mixing elements) at 30X. 
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Table 6. 2 Experimental runs of All-conveying elements with combinations of speed, 

temperature, and PEG 4000 

Run 
Screw Speed 

(RPM) 

Set Temperature 

(°C) 

Binder Percentage 

(wt %) 

6 100 60.0 15 

7 50 70.0 15 

9 50 65.0 5 

10 150 70.0 5 

12 150 60.0 10 

There exist similarities in appearance/structure of granules in run 6 and run 12, 

showing relatively spherical shaped granules with protrusions. Under both 

experiments however, there are somewhat elongated shapes of granules, and the 

observed similarities are presented in Table 6.3. Granules from runs 7, 9, and 10 also 

show similar structures with well-defined agglomeration of larger particles on the outer 

surface. This contrasts with granules from runs 6 and 12 which appear to have their 

outer surface covered in fines though with some evidence of larger particle 

agglomeration underneath the fines as in some of the images shown in Table 6.3. We 

can say that agglomeration of larger particles is layered with fines in run 6 and run 12. 

Run 7 and 10 are operated under same temperature of 70 °C for which viscosity of 

PEG is the lowest. As such, binder distribution is expected to be better throughout the 

powder and this is what appears to be the case with both SEM images showing 

somewhat compact granules. Though Run 10 has low binder at 5 wt % compared to 

that of run 7 at 15 wt % ���L���H������ �K�L�J�K�H�V�W�� �3�(�*�� �F�R�Q�W�H�Q�W������ �W�K�H�U�H�� �L�V�Q�¶�W�� �P�X�F�K�� �G�Lfference in 

granule formation such that run 7 even appears to have more fine particles left 

ungranulated possibly than is the case in run 10. A likely cause of this may be the 

difference in screw speeds, 50 rpm for run 7 against 150 rpm for run 10. The increased 

speed may have contributed a two-fold impact of 

a) improved material shearing and mixing 

b) improved melted PEG flow 
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Both impacts complement each other thus, though run 10 has the lowest PEG amount 

(5 wt %), the increased screw speed helps more of the PEG to interact with majority 

of the calcium carbonate powder in forming granules. 

At the lowest speed of 50 rpm and the highest temperature of 70 °C for run 7, there is 

likely no added contribution of speed to the formation of granules and PEG content at 

15 wt % instead allows for more granule formation at a good viscosity. With more PEG 

in run 7, the size of particles on the outer surface of granules are larger than those in 

run 10. This indicates the influence of more PEG facilitating more growth and 

particularly so, under low speed of 50 rpm. Thus, better particle-particle interaction 

unto growth and enlargement. Nonetheless, the influence of speed under same 

temperature condition and different binder contents is not so significant in percentage 

of granules formed against mass losses. 

As proof of no major difference existing between granules formed at 65 °C and 70 °C, 

consideration of runs 9 and 10 (i.e., with same PEG at 5 wt % but 50 rpm and 150 rpm 

respectively) shows very similar particle sizes of granules in both experiments. This is 

however different when compared to the larger agglomerates formed under 15 wt % 

PEG in runs 6 and 7. The shape of granules in both situations are also not too different 

from physical observation under SEM, with both cases showing a mix between regular 

spherical forms and irregular shaped granules. 

To differentiate between granules formed at the two temperature extremes (i.e., 60 °C 

and 70 °C), SEM images are observed. Though run 6 has the lowest temperature 

hence, the most viscous molten PEG, run 7 has the least viscous PEG. The effect of 

the different prevailing speeds (i.e., 100 rpm and 50 rpm respectively) may thus 

contribute to granule formation. Since both runs contain the highest weight of PEG at 

15 wt %, the lowest speed of 50 rpm at 70 °C seemingly contributes more to the 

increasing formation of agglomerate (> 1000 µm) as materials have more binder 

interacting with it at the lowest speed which allows for more growth. With the moderate 

speed of 100 rpm at 60 °C in run 6, though temperature is the lowest, this speed allows 

for more material to encounter the more viscous PEG through dispersion action from 

the screw rotation. With the binder having an onset melting around 60.7 °C, the 

moderate speed of 100 rpm may gradually contribute increased temperatures to the 

granulation by means of conduction and aid in granule formation although a huge 
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majority of the material upon granulation are still under 125 µm. This is testament to 

the lowest temperature of 60 °C not been suitable for effective granule production. 

Overall, the formation of granules with only conveying elements was by tumble and 

�G�U�D�J�� �D�F�W�L�R�Q�V�� �D�O�R�Q�J�� �W�K�H�� �V�F�U�H�Z�¶�V�� �O�H�Q�J�W�K�� �Z�L�W�K�� �F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �I�U�R�P�� �F�R�Q�G�X�F�W�L�R�Q�� �D�Q�G��

convection heat transfer, like the findings by Mu and Thompson (2012). Since these 

elements are forward carrying and able to self-wipe, most of the material for 

granulation is likely to be granulated under the right operation conditions (Lee 2012). 

However, due to its less mechanistic action of little-to-no shear forces, granules 

formed are likely to be more porous as found by (Djuric and Kleinebudde 2008) 

�D�O�W�K�R�X�J�K���W�K�H�\���X�V�H�G���.-lactose and water as granulating fluid.  SEM images from runs 

7, 9 and 10 also shows that, regardless of speed and binder content, there is the 

formation of more irregular shaped granules with lower values of binder viscosity at 65 

°C and 70 °C. The opposite occurs at 60 °C where viscosity is highest thus, there is 

minimal flow of binder leading throughout the powder leading to more spherical or 

regular granules upon initial binder-particle interactions. 

Table 6.3 below presents some observed similarities in granules for both runs 6 and 

12 at the same granulating lowest temperature of 60 °C and respective speeds and 

binder percentages of 100 rpm and 15 wt % to 150 rpm and 10 wt %.
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Table 6. 3 Comparison of granules formed under same temperature of 60 °C with conveying elements 

Similarity Run 6 �± 100 rpm / 60 °C / 15 wt % Run 12 �± 150 rpm / 60 °C / 10 wt % 

Spherical granule forms, 
most of which are likely to 

be original PEG 4000 
particles, coated on its 

surface by fine Durcal 65 
particles (see Figure 3.5 

in Chapter 3 on PEG 
4000 powdered forms). 

  
 90X 80X 

Breakage and plucking of 
potentially larger particle 

from the core of granules. 

  
 150X 100X 
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Distinct particle sizes with 
larger particles overlaid 
with fines. This is good 

evidence supporting 
distinct particle sizes 
during granulation. 

  
 150X 120X 

Joint granules, exhibiting 
similarities in appearance 

with particles of 
powdered PEG 4000 as 

in Figure 3.5 of Chapter 3 

  
 30X 40X 
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From Table 6.3, the structure of most granules formed under lowest temperature of 60 

°C regardless of other parameter levels of speed and binder percentage may be of the 

onset melting PEG particles, with an external layering of fine ungranulated Durcal 65 

powder particles. The evidence of this is with the as received PEG particle SEM 

images obtained prior to granulation being very similar to these structures observed 

mostly under lowest temperature of 60 °C. With more PEG at 15 wt %, there is less 

ungranulated fines under same lowest temperature of 60 °C and associated high 

viscosity of the binder. Due to PEG 4000 being viscous and not easily distributive, 

increasing speed to 150 rpm under run 12 does not allow for effective binder and 

powder interactions, thus the increased fine particles presence. Majority of the powder 

is therefore left ungranulated unlike under moderate screw speed of 100 rpm in run 6 

which facilitates more powder interaction with the binder, although binder distribution 

is still low. However, more powder encounters the same amount of viscous PEG, 

resulting in the observed less fines in SEM image of run 6 than run 12 (see Figure 

6.5). Thus, both amount of PEG and screw speed as well as temperature condition 

affect granule formation and its characteristic attributes like shape. The shape of 

granules in runs 7, 9, and 10 are a mix of spherical and mostly nonuniform and/or 

irregular shapes, with most being elongated. For run 7, granules appear more uniform 

with evidence of further agglomeration of granules in SEM images showing several 

granule clusters (see Figure 6.6). 

 

Figure 6. 6 Run 7 SEM image showing granule agglomeration (cluster of granules) 

with red and blue oval shapes 
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This can be due to highest PEG content of 15 wt % and melting temperature of 70 °C. 

With these two conditions, a large quantity of less viscous binder interacts with calcium 

carbonate powder and the reduced speed further allows for better binder distribution. 

Nonetheless, run 9 has more spherical shaped granules than elongates at 65 °C and 

50 rpm. Possible reasons for this have already been discussed earlier though it has 

lowest PEG of 5 wt % (see Figure B1). 

Finally, run 10 shows the opposite with more elongated and irregular shapes than 

spherical shapes (see Figure 6.7). The presence of less viscous binder at highest 

speed of 150 rpm offers less time for moulding into regular forms as there is least PEG 

content as well of 5 wt %. 

 

  
(a) (b) 

 
(c) 

Figure 6. 7 Run 10 SEM images of more elongated and irregular shaped granules than 

spheres: (a) at 30X (b) at 40X (c) at 50X 
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The presence of elongated granules appearing larger than the ideal 500 �± 600 µm 

sieve size in Figure 6.8 shows that, depending on the orientation of a particle or 

granule during sieving, it can pass through the minimum square opening of a sieve 

regardless of its morphology (Litster and Ennis 2004). 

6.3.1.2 Part 2 �± Internal Granule Structure and Seed Analysis via SEM 

For each experimental condition of varying factor level combinations, SEM images for 

the internal structure of granules have been presented with reference to SEM images 

of the exterior of the originally non-sectioned granules from the granulation process 

(refer to the appendix for all such images). All SEM images are of the magnification 

30X either as the cross-sectioned view or the external view for granules a s a whole. 

To determine the percentage of seeding, the number of granules with seeded 

structures were expressed as a fraction of the total number of granules observed 

under SEM, and finally expressed as a percentage. For best results and to give the 

general trend, SEM images under 15X magnification are used in the determination of 

percentage seeding. 

Observation of the polished resin-mounted granules (i.e., cross-sectioned) of run 6 

does not reveal much about single or multiple particles at the core of the granules 

(refer to Figure B2). Most of the sectioned phase of the granules appear to be masked 

by resin which indicates the likely high porous nature of the individual granules formed 

because of the lowest operating temperature used, although binder content by weight 

was the highest. Also, supporting evidence from the external view suggests that the 

structures observed under SEM may well be incomplete melted PEG granules bound 

on their outer surface by particles of CaCO3. This probably further satisfies the 

observation of no clear large particles within the core of the structures as seen in the 

cross-sectional ground and polished granule view. Should these be actual incomplete 

melts of PEG (i.e., Initial PEG) with reference to subsection 3.1.2 of Chapter 3, then 

there is some similarity in the observations under HSMG as would be discussed latter 

in subsection 6.4.1 of this chapter. Irrespective of this possibility, investigation of 

seeded structures was made via the use of the ImageJ online software tool, with the 

focus o�Q���K�R�O�H���V�L�]�H�V���•�����������—�P���I�R�X�Q�G���Z�L�W�K�L�Q���W�K�H���J�U�D�Q�X�O�H�V�����7�K�H number of granules with 

such length of holes within its core were then tallied and expressed as a function of 

the total number of granules within the SEM image. The overall percentage of likely 
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seeding was further determined by expressing the obtained fraction as a percent 

value. The percentage seeding potential for the operating conditions set under run 6 

was found to be 9.2 % as evidenced in Figure B3 of appendix B. 

With reference to Figure B4 in appendix B, run 7 unlike the case of run 6 shows clear 

internal structures without resin masking. The SEM image of cross-sectioned granules 

shows several distinct particle shapes and forms bound together as the unit granules 

under observation. The same approach in determining seeded structures is taken 

here. First, there is an identification of those granules with larger particles within their 

core and subsequently followed by a measurement of their particle lengths using the 

measuring tool available within the ImageJ software. With the highest conditions of 

both temperature and binder percentage, run 7 shows well-defined boundaries of 

particles bound together in the formation of granules. Under conditions of run 7, the 

percentage of seeding is about 12.1 %. 

Though run 9 is with the lowest binder and moderate temperature condition, the less 

viscous nature of PEG under the moderate temperature of 65 °C helps in better-bound 

particle-particle bonds which make up the larger granule forms observed (see Figure 

B7). Though these are not as well defined as those of run 7, these structures are better 

defined in comparison to those of run 6. Nonetheless, both external forms and 

sectioned views (see Figure B6) show granules of this nature to be less compact. 

T�K�H�U�H���L�V�Q�¶�W���D���K�H�D�Y�\���S�U�H�V�H�Q�F�H���R�I���O�D�U�J�H�U���S�D�U�W�L�F�O�H�V���Z�L�W�K�L�Q���W�K�H���F�R�U�H���R�I���W�K�H���J�U�D�Q�X�O�H�V���I�R�U�P�H�G����

Most of the granule structures are more dispersed and though particle-particle bonds 

are evident, the condition of larger particles surrounded by smaller particles is less 

prominent. The potential for seeding is thus about 0.6 % for run 9 with evidence of a 

single granule with a plucked-out core with length �•�����������—�P. The point of interest is 

why granules of this run when compared to those of run 6, have less seeded structures 

although there are visible particle-particle bond structures in each of the granules 

observed. 

One likely reason is the fact that under conditions of run 6, the assumption is made 

that all holes within the core of the granular forms and �•�����������—�P are or could be single 

large particles. Because these are formed under the lowest temperature of 60 °C, the 

resulting materials formed are of the lowest strength as discussed under Chapter 5 

subsection 5.2.1.1. Being weaker than those of run 9, they are more likely to lose 
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material as evidenced by the many available holes within the granule forms observed 

under SEM. This however is a weak assumption, since the bulk of the eroded or worn 

off portions of the granular forms may equally be of a collection of fine particles and 

not necessarily of a single large particle. It is therefore best not to further incorporate 

the findings of seeding under run 6 and run 12 which is yet to be discussed into further 

investigations to avoid bias and/or wrong interpretations and deductions. Another 

reason is that with run 9 having the lowest binder content, not enough quantities of the 

molten PEG can sufficiently coat the outside walls of the larger particles which would 

then be bound on their outside by finer particle forms. With the well-defined particle-

particle bonds observed with just 5 % binder, an increase to percentages of ten and 

fifteen would have resulted in similar large-cored granules as shown for run 7. 

For run 10, though it has the lowest content of PEG and the highest operating 

temperature of 70 °C, its internal structures are like those of run 7. The granule 

structures, however, appear a little dispersed unlike under run 7, with far more single 

large particles bound by smaller particles in run 10 than in run 7. At lowest binder, 

there is less PEG to melt and coat most of the particles. Thus, the tendency for the 

amount present to only coat and bind initial powder particles with which it is in contact. 

This phenomenon is the same irrespective of temperature (i.e., run 9) but not at the 

lowest temperature of 60 °C. Irrespective of moderate and high temperatures, 

therefore, loosely packed particles of granules are strongly controlled by the quantity 

of binder material present within the powder bed. 

Since temperature and binder percentage are the two significant factors influencing 

the strength of granules (see 5.2.1.1), the same two factors can be seen to be 

influencing internal granule structure and the tendency of seeded structure formation. 

This is clearly seen when comparisons are made between runs 6 and 12, and runs 7 

and 10. Under lowest temperature, the external form for both runs 6 and 12 (Figure 

B2 and Figure B10) look the same and likewise their cross-sectioned views. Using the 

same assumption of plucked-out granule cores, the inner cores of the granules under 

run 12 are analysed and conclusions of seeding are arrived at. Following on from the 

reasons for granule weakness already stated for run 6, the same is the case for run 

12 and even more with a reduction in the amount of binder present. At lowest 

temperature and with a reduced binder quantity, granules of run 12 are weaker in 

comparison to those of run 6 and are the least for granule strength of all five all-
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conveying screw configuration experiments. A confirmation of this is the presence of 

more granule forms with plucked-out cores under run 12 than for run 6 (see Figure 

B11). Seeding for run 12 is thus higher than for run 6, at about 15.6 % and with the 

relatively stronger granule forms suffering less material loss than the weaker run 12 

granules. With the measured hole lengths under run 12 being far bigger than those for 

run 6 (compare Figure B11 to Figure B3), there is further evidence supporting the fact 

that weaker granules are formed under the experimental conditions for run 12 for 

which more plucked-out core structures are observed. 

6.3.2 External (at 2 and 4 mixers) and Internal (at 2 mixers) Granule Analysis �± KB 

and Chaotic 

Here, the three main experimental conditions combining different levels of 

temperature, binder percentage by weight and screw speed will be analysed for their 

external granule forms as well as the internal granule structures. Analysis of the 

seeding granule potential for all three experimental runs under the use of both KB and 

chaotic elements is also investigated and presented. For this subsection, the SEM 

observations of whole granules with the use of KB and chaotic elements is first 

presented as part 1, then followed by the observations on granule internal structures 

with analysis on seeding as part 2.  

6.3.2.1 Part 1 �± External SEM Images under KB and Chaotic Elements 

The first to be presented here are the SEM images for KB elements, then followed by 

those under chaotic elements. Under each mixing element type, images, and 

discussions with two mixers is presented first and then followed by four mixers. 

6.3.2.1.1 KB Elements External Granule SEM Image Analysis 

Part 1  �± 2 KB SEM Granule Analysis 

The first group of experimental runs to be discussed are runs 4, 5, and 11 as per Table 

4.6 on the studied DOE. The granules as observed under SEM for each of the three 

runs are presented in Figure B12 in the appendix and discussed below. 

Granules from 2 KB run 11 shows same appearance as those of the all-conveying 

runs 6 and 12. Considering that these granules are formed with different screw 

elements as well as conditions of screw speed and binder percentage, the similarity in 
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appearance of granules can be attributed to the prevailing common condition of the 

lowest temperature of 60 °C. As already pointed out for those granules under all-

conveying screw elements, most, if not all structures observed for run 11 may be of 

onset melting PEG 4000 at 60.7 °C on its exterior which had fine particles of Durcal 

65 coating it. This melting behaviour of PEG from its outer surface inward, agrees with 

observations by Barrera-Medrano (2007) even with the use of a lower molar weight 

PEG at 1500. Also, aside the lowest temperature, run 11 of 2 KB has majority of its 

length being conveying which suggests more contribution by these set of forward 

carrying elements than the kneading and crushing action of the two KB elements. The 

shape of granules under these three experiments do not also differ significantly, as 

they all appear to be somewhat spherical and with nods/protrusions which are very 

similar to raw PEG 4000 particles under SEM (see Figure 3.5 a) covered in fine Durcal 

65 particles. 

Figure 6.8 below is a comparison of the structural similarity of granules formed under 

the lowest temperature of 60 °C, and across different screw elements be they mixers 

(KB elements) or non-mixers (conveying elements). 

  
All-conveying Run 6 at 30X All-conveying Run 12 at 40X 



276 
 

 
2 KB Run 11 at 40X 

Figure 6. 8 External granule structure similarities in appearance and shape, 

irrespective of screw element, screw speed, and binder percentage used. 

From SEM granule images of run 11 and regardless of the presence of the KB 

elements, the influence of lowest temperature of 60 °C which yields a more viscous 

molten binder with less spreading potential and the contribution from the lengthy 

conveying element section overshadows the deforming action of the KB elements. 

This therefore allows for the observed structures to be closely similar in appearance 

to those with just conveying elements. There is also the phenomenon of joint granules 

under all three experiments as shown in Figure 6.8 for the same reasons as discussed 

earlier under all-conveying configuration (see SEM images of runs 6 and 12 in Table 

6.3).  

Comparing the difference in mixing elements under Run 11 (i.e., 50 rpm / 60 °C / 5 wt 

%), the observed presence of more fine particles under SEM with the use of KB than 

chaotic elements (shown by Figure 6.9) is proof that KB elements exhibit more 

crushing mechanistic action while also shearing granules. This is in accordance with 

work by Sayin et al. (2015) on the shearing and breaking action of kneading elements. 
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(a) 2 KB (b) 2 Chaotic 

Figure 6. 9 SEM images of run 11 for (a) 2 KB and (b) 2 Chaotic elements. Blue regions 

show presence of fine or ungranulated particles, red ovals show crushed granules, 

and the red rectangle is evidence of granule breakdown 

Part 2  �± 4 KB SEM Granule Analysis 

The SEM images in this part are with additional backscattered electron images (as in 

the appendix) for better image clarity and the confirmation of granule surface material 

being CaCO3. The backscattered technique enables the differentiation between 

materials of different atomic numbers (i.e., low, and high dense materials). Denser 

materials (of higher atomic mean number) appear brighter/lighter while less dense 

materials appear darker when the SEM is operated in backscatter mode (Howell et al. 

1998).  

Run 2 and Run 8 

From Figure B13 of run 2 in the appendix, SEM images (a) and (b) both represent 

different sections of the same experimental conditions; 50 rpm / 60 °C / 15 wt %. There 

is the presence of a mix of granule shapes from few spherical ones in Figure B13 (b) 

and (d) to more oblong and irregular forms shown in (a) and (c). There is also evidence 

of granule breakage with less compaction/densification (i.e., porosity) as some 

granules show interparticle openings better observed under BSD images (c) and (d). 

The presence of more irregular and elongated shapes than the few regular ones (i.e., 

spherical) suggest the strong influence and impact of increased number in kneading 

disc mixers on the shape and formation of granules. The mixing action of kneading 
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elements is better observed here with four instead of two and agrees with findings by 

Thompson and Sun (2010) who used five kneading elements. 

Nonetheless, these granules still show the same characteristics of being overlain with 

fine Durcal 65 particles on the surface. Again, the presence of protrusions/nods as 

found in the case of all-conveying and 2 KB elements is noticed here for run 2. The 

only common factor to these granules remains the lowest temperature of 60 °C though 

other factors of speed, binder percentage and screw elements change. The 

contribution of PEG 4000 at this temperature can therefore not be overlooked and the 

same suspicion of onset melting PEG 4000 particles is drawn here, although the 

corresponding high molten binder viscosity may likely also account for the observed 

structures, because of less tendency of mixing thoroughly with the powder and thus, 

achieving sufficient binder spreading. 

Further evidence of same structures is seen with granules from run 8 (150 rpm / 60 °C 

/ 5 wt %) as shown in Figure B14 in the appendix. However, the difference in conditions 

of screw speed and binder percentage and their contribution to the observed granule 

properties is discussed next. Though run 8 is at the same lowest temperature setting 

as run 2 but with lowest PEG of 5 wt % and highest screw speed of 150 rpm. These 

contrast with the factor levels of run 2 at the lowest speed of 50 rpm and the highest 

PEG content of 15 wt % wt. Due to the same temperature conditions, run 8 also shows 

the same granule phenomenon of protrusions/nods for the same reasons of most likely 

being onset PEG particle melting with coated surfaces with fine particles of Durcal 65. 

However, the shape of granules in both experiments differ and the reason is due to 

the variation in PEG amounts and screw speeds. At the lowest speed of 50 rpm and 

PEG 15 wt % in run 2, the increased PEG content encourages more powder interaction 

and in combination with the speed, materials are well concentrated in the kneading 

section. As a result, the effect of KB elements is visible in the elongated shapes formed 

through crushing in the reconstitution of granules. 

On the other hand, in run 8, there is less PEG (5 wt %) than in run 2 which allows very 

little material interaction (i.e., binder and Durcal 65 particles) unlike for PEG at 15 wt 

% in run 2. With its accompanying high screw speed of 150 rpm, there is reduced time 

for material interaction within the barrel of the granulator, further decreasing the time 

spent by material within the mixing zone of 4 mixers. Thus, there is less kneading of 



279 
 

the granulated material leading to the more regular spherical shapes formed and 

observed for run 8 granules than for run 2. 

Finally, in both Figure B13 and Figure B14, there is the presence of fine particles 

surrounding already formed granule structures which indicates either less granulation 

achieved or the crushing action of kneading elements. There are more fine particles 

seen in Figure B14 of run 8 than in run 2 due to the differences in the levels of the two 

factors of screw speed and binder percentage. With the lowest PEG and the highest 

speed for run 8, insufficient binder for granulation leaves some material ungranulated 

as well as the fact that the screw speed is the highest and quickly allowing for less 

consolidation of materials which tend to exit the screw early. In run 2, there is already 

more PEG at 15 wt % and the slow screw rotations also further facilitate more 

adhesions of powder with the binder through increased particle contacts. This further 

explains why there are more fines in run 8 than there are in run 2. 

Run 1, Run 3, and Run 13 

The next set of SEM images to be discussed with the use of four KB elements are for 

run 1 (150 rpm / 65 °C / 15 wt %), run 3 (100 rpm / 70 °C / 5 wt %) and run 13 (50 rpm 

/ 70 °C / 10 wt %). Reference to Figures A15, A16, and A17 in the appendix are to be 

made in conjunction with the respective discussions for runs 1, 3, and 13 accordingly. 

Run 1 

Here in run 1, though the screw rotates fastest at 150 rpm, the moderate temperature 

condition of 65 °C which translates into an improved less binder viscosity for ease of 

binder spreading and wetting, together with the highest PEG content of 15 wt %, 

facilitates the formation of the observed elongated granule shapes in the presence of 

very little fines. Since binder percentage is highest for this experimental run, granules 

continue to grow upon exiting the granulator, maintaining the last shapes impacted on 

them by the mixing elements. These shapes remain intact and solidify, giving granules 

their kneading and needle-like imprint from the action of kneading discs. At 65 °C, 

binder viscosity is low (i.e., 0.5 Pa s) ensuring better flow and distribution at every 

possible speed (in this case 150 rpm). Though materials may exit early due to the 

speed, more of the already dominant melted PEG coats most CaCO3 powder and 

upon exiting the granulator. This helps maintain the shapes imparted by the kneading 



280 
 

elements to granules. Hence, the PEG helps hold these granule structures together 

even after exiting the granulator. 

Run 3 

This run has the highest temperature but as already determined from the viscosity plot, 

its viscosity of ���������3�D���V���L�V�Q�¶�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�D�W��of 65 °C at 0.5 Pa s. Thus, 

better binder dispersion like for run 1 is expected and rightly so, there is the presence 

of fine particles although less than in the case of run 8. However, the fines in run 3 are 

higher than in run 1 because of its lowest percentage of binder at 5 wt %. Though 

there appears to be some granule shapes nearing elongated forms as in run 1, these 

tend to be shorter in length or not fully formed (i.e., subjected to breaking off and 

rounding). Instead, they are short with other more rounded but larger shapes. Since 

less binder is present, the needle-like shapes formed tend to breakdown (i.e., not hold 

together well) easily after its formation in the mixing zone. Further contact with the 

conveying elements after the mixing zone towards the exit of the granulator tend to 

cause these granules to break up and assume the spherical shapes pronounced with 

the use of conveying elements. This finding is in support of the observed breakage 

observed via conveying elements by Liu et al. (2021) in their breakage segment, 

consisting of just conveying elements. Nonetheless, the lowest PEG content of 5 wt 

% still has the least viscosity, allowing for ready binder dispersion and mixing within 

the powder at a moderate speed of 100 rpm. 

Run 13 

Granules under run 13 (see Figure B17) shows less fines, like run 1 but with more 

regular shaped granules, showing some elongated structural forms. The presence of 

less fines surrounding granules is a combination of the highest temperature of 70 °C 

(i.e., least viscosity which improves binder distribution and wetting) as well as sufficient 

PEG at 10 wt %. With the least prevailing screw speed (50 rpm) and least viscous 

nature of the molten binder, there is increased and effective binder dispersion within 

most of the powder thus, promoting formation of more granules than fine ungranulated 

material. Due to PEG content being moderate and not maximum (15 wt %), though 

materials stay longer in the kneading mixing section of the granulator, facilitated by 

the lowest screw �V�S�H�H�G���� �W�K�H�U�H�� �L�V�Q�¶�W�� �H�[�F�H�V�V�� �E�L�Q�G�H�U�� �W�R�� �R�Y�H�U�O�\�� �N�H�H�S�� �H�O�R�Q�J�D�W�H�G�� �V�K�D�S�H�V��

intact like in run 1. Again, with the conveying elements beyond the mixing zone, 
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granules exiting from the granulator lose their edges, becoming more rounded (under 

visual observation) as is the case for conveying elements. There exists the possibility 

that some elongated shapes formed but upon leaving the kneading section into the 

final conveying section, they broke up due to moderate PEG content at 10 wt % which 

could not retain the granule shapes imparted by the kneading action. 

6.3.2.1.2 Chaotic Elements External Granule SEM Image Analysis 

Part 1  �± 2 Chaotic SEM Granule Analysis 

As was done for KB elements with two mixers, the observation under SEM for granules 

formed via chaotic mixing elements is presented here for the same runs of 4, 5, and 

11. 

As can been seen from Figure B18 in appendix B, regardless of the screw element 

type or number of mixing elements used, granules formed under 60 °C have bumpy 

surfaces (i.e., protrusions/nods) which have already been addressed as being likely 

particles on onset melting PEG with fine particles of Durcal 65 adhering to its surface. 

Just like under 2 KB run 11, there is evidence of granule breakage and crushing as 

previously depicted in Figure 6.9. However, this evidence of granule breakage, 

breakdown or weakness is more prevalent under chaotic than kneading. With same 

conditions for runs 4 and 5, SEM images here do not differ from those under 2 KB, 

considering the shapes and surface textures. The same reasons leading to such 

granule formations under 2 KB can be concluded for those witnessed here via chaotic 

mixers. 

Part 2  �± 4 Chaotic SEM Granule Analysis 

Once again, granules formed under the lowest temperature of 60 °C in runs 2 and 8 

appear more spherical and rounded (i.e., by visual observation) than granules formed 

under other runs of 1, 3, and 13. The granules from runs 1, 3, and 13 have non-uniform 

shapes (i.e., irregular) but do not have the same trait of being needle-like as with KB 

mixer elements. 

Run 2 and Run 8 

The spherical structures in runs 2 and 8 are also not different in appearance from 

those formed under the same lowest temperature and irrespective of the screw 
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element used (i.e., conveying, 2 KB or 2 Chaotic). However, there appears to be more 

granule breakup or breakdown in run 8 than in run 2 as evidenced in Figure 6.10 

below. 

 

Figure 6. 10 Run 8 SEM at 30X showing granule breakdown (a reflection of weaker 

granule strengths) 

This is also further strengthened with the average strength of granules from run 8 

being weaker than those of run 2, best seen in Table 5.1 of Chapter 5 and discussed 

in much detail there. There are also some granules in run 2 showing a different texture 

and shape to the more dominant spherical forms, also presented in Figure 6.11. 

 

Figure 6. 11 Run 2 granule SEM at 30X, showing few granules of different shape and 

texture to the dominant spherical forms 
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However, the general texture of granules from both runs 2 and 8 is that of fine particles, 

coating the outer surface of what are more likely, onset melting PEG 4000 particles on 

its outer surface. With the presence of what appears to be bumps or protrusions on 

the outer surface of these granule forms, being very similar to those of PEG 4000 raw 

particles under SEM, the resulting granule forms may well be as explained (i.e., of 

onset melting PEG 4000 coated by fine particles of Durcal 65). Nonetheless, the 

presence of the different shaped granule (blue-marked ovals in Figure 6.11) forms with 

different textures may be of actual granules of Durcal particles with molten PEG 4000 

(see Figure 6.11). 

Run 1, Run 3, and Run 13 

In run 3 which had the lowest PEG content and highest temperature with a moderate 

screw speed, the granule sizes formed appear widely varied within the 500 �± 600 µm 

range with some being visibly smaller and others larger as from the SEM in Figure 

6.29. This feature although more prevalent but not unique to run 3, can also be seen 

to an extent in runs 1 and 13. This feature hints more towards the nature of chaotic 

elements allowing room for more varied granule sizes even within the same range 

(i.e., 500 �± 600 µm) formed than with KB mixers. 

Nonetheless, the shapes of granules particularly under run 1 appear broadly similar, 

though non-uniform and are unlike for KB elements where clear distinctive and very 

irregular shapes of granules are seen (refer to Figure B15). This may be due to the 

compensation chaotic elements offer with increasing element sizes on one screw rod, 

and a corresponding decreasing size of elements on the other screw (refer to Table 

3.3). This is also further discussed under subsection 4.6.3 on the contribution of 

varying chaotic element sizes on granule formation. 

6.3.2.2 Part 2 �± Internal Granule SEM Image Analysis with Investigation of Seeded 

Granules 

For this second part of the SEM analysis, the results presented and discussed are 

based on the granule internal structures and the presence of seeded core granules. 

This is done with reference to the type of mixing element (KB and chaotic) used under 

each of the experimental runs (i.e., 4, 5, and 11). A comparison is then made between 

these two observations of granule structure and seeding via the two mixing element 
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types. The findings are reported below and under the headings of each of the three 

experimental test conditions. 

6.3.2.2.1 Run 4 �± 100 rpm / 65 °C / 10 wt % 

Across all three experiments, run 4 with the use of both mixing element types produced 

the second highest percentage of seeded granule structures, although the frequency 

of seeding was not as strong in comparison to run 5. 

 

(a) 2 KB 40X 

 

(b) 2 Chaotic 60X 

Figure 6. 12 Internal core structure of run 4 granules under both KB and chaotic mixers 

Though under both KB and chaotic mixers the granules appear loosely packed as 

seen in the SEM images, under the conditions of moderate temperature and binder 

weight percent, many of the granules appear well-bound albeit not as compact as 

those under run 5 conditions. More large particles at the core of granules are seen for 

chaotic than for KB elements, ideally due to the dispersive and distributive nature of 

the KB mixers over the chaotic elements (Thompson and Sun 2010). Also, though the 

size of granules observed under SEM with the use of both types of mixing elements is 

500 �± 600 µm, those granules formed via the KB mixers appear to be relatively smaller 

sized (yet within the size limit) and with granule structures showing evidence of the 

dispersive action of the mixing action with KB elements. This evidence is seen in the 

randomly assembled granules with varying proportions and sizes of different particle 

elements. This has been already reported under section 4.8 of Chapter 4 on the 

mechanism of granulation within the co-rotating granulator discussed in Chapter 4. 
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For those from the chaotic mixer, the tendency of material flow around its outside 

diameter tends to influence some uniform packing of the granules with more large 

particles being layered externally by finer and smaller particles. However, with the use 

of both mixer types, there is the presence of granules with similar particle 

arrangements of fines bound on the outside by larger particles. These structures were 

also evident with the use of an all-conveying screw configuration without any mixer 

elements and may well be the default granule structures within twin screw mechanistic 

granulation. 

6.3.2.2.2 Run 5 �± 150 rpm / 70 °C / 15 wt % 

With an increase in both the temperature and binder content of the granules observed, 

there is clear evidence of more compact granules with better particle-particle bonds. 

 

(a) 2 KB 150X 

 

(b) 2 Chaotic 100X 

Figure 6. 13 Internal core structure of run 5 granules under both KB and chaotic mixers 

This run results in the highest percentages of seeding with the use of two mixers, 

regardless of the type of mixer used and the main reason for this is the increased 

binder percentage and associated higher temperature. Unlike for run 4 where chaotic 

elements formed more seeded granule structures, the seeded granule structures 

formed with KB elements are more than for chaotic under conditions of run 5. However, 

it is unclear what might have accounted for this significant increase in seeding, with 

the use of the same number of KB elements except for a possible interplay between 

the factor levels used, and/or their individual contributions, in the presence of the 
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random mixing and bonding of particles, achieved via the accompanying kneading 

action. Nonetheless, a strong indication towards the percentage binder increments 

from 10 wt % to 15 % and with the highest temperature level may well be the cause 

for this. 

6.3.2.2.3 Run 11 �± 50 rpm / 60 °C / 5 wt % 

This last set of experiments will not be essentially focussed on although discussed. 

The reason for this is the tendency that most of the granule forms may be partially 

melted PEG forms coated on their outward surface by particles of the calcium 

carbonate excipient. 

 

(a) 2 KB 40X 

 

(b) 2 Chaotic 150X 

Figure 6. 14 SEM core structure of run 11 granules under both KB and chaotic mixers 

In these images, most granules either from KB or chaotic have been resin coated 

making their unique structural appearances difficult and to an extent impossible to see. 

With most of the reported seeded structures based on large single-sized holes within 

the core of these granule forms (i.e., the assumption), the results presented are with 

the assumption that all such granule forms with plucked-out holes in their core are of 

calcium carbonate particles bound together by molten PEG and not just PEG particles 

coated by excipient powder. The reason and evidence supporting such an assumption 

is the presence of some unmasked resin granules within the SEM for both KB and 

chaotic elements. Aside from some granules being unmasked (see largest granule in 

Figure 6.15a) and showing their structures (particularly with KB elements), there is 
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evidence from portions of the resin-masked granules (marked out in deep blue in 

Figure 6.15a) showing the internal granule structures of such granules. Figure 6.15 

shows the evidence in support of the assumption (i.e., large single-sized holes within 

the granule core) in determining the percentage of seeding under the experimental 

conditions of run 11 (particularly in Figure 6.15b). 

 

(a) 2 KB 225X 

 

(b) 2 Chaotic 150X 

Figure 6. 15 SEM granule structural evidence in (a) unmasked and (b) masked 

granules, supporting the assumption of holes being of actual plucked-out cores  

The above figure with light and deep blue markings are representative of chaotic and 

KB element conditions. The light blue marked-out internal granule core shows strong 

backing to the assumption of considering plucked-�R�X�W�� �F�R�U�H�V���R�I�� �J�U�D�Q�X�O�H�V�� ���L���H������ �•�� ��������

µm) as seeds. In Figure 6.15(a), there is the presence of both a totally unmasked large 

granule as well as portions of another granule not fully masked by resin (i.e., marked 

out in deep blue) as observed for most of the granules investigated with KB elements 

under SEM. 

Finally, there is a representation of the observed seeding within each experimental run 

and with the use of the two types of mixers studied. This is shown below with values 

given as a percentage. 
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Table 6. 4 Representation of the percentage of seeding across the three experimental 

conditions via KB and chaotic mixers 

Percentage Seeding (%) Run 4 Run 5 Run 11 

2 KB 2.68 18.87 1.01 

2 Chao 6.49 11.7 4.76 

 

6.3.3 Internal Granule Structure with Four Mixing Elements �± KB and Chaotic 

The same approach as has been applied to the use of two mixing elements has been 

applied here for the use of either four KB or four chaotic mixing elements. The results 

of percentage seeding have been presented below. 

Table 6. 5 Percentage yield on seeding for four mixing elements (KB vs Chaotic) 

Run Experimental conditions 
Seeding, % 

KB Chaotic 

1 150 rpm / 65 °C / 15 % PEG 9.47 6.74 

2 50 rpm / 60 °C / 15 % PEG 3.57 15.95 

3 100 rpm / 70 °C / 5 % PEG 5.9 8.79 

8 150 rpm / 60 °C / 5 % PEG 6.6 1.64 

13 50 rpm / 70 °C / 10 % PEG 11.11 9.17 

Irrespective of the type of mixer element used, there seems to be a relationship 

between binder percentage and temperature on the resulting yield percentage for 

seeded granule structures. With higher temperatures and corresponding higher weight 

percentages of PEG, the yield of seeding increases (see runs 1 and 13). However, for 

the highest tested temperature at lowest binder percentage (see run 3), the result of 

seeding tends to show the mechanistic difference between the two mixer elements 

studied. Though binder content is the lowest, with the action of chaotic mixers pressing 

material more unto the barrel walls during granulation, these pressed materials tend 

to slightly favour seeding than in KB elements where the dispersive action of mixing is 

more disruptive to materials staying compact with lowest binder content. Similarly, with 

increased PEG percentages, the dispersive mixing ability of KB mixers can sufficiently 
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facilitate the spread of more molten PEG in coating more larger particles and allowing 

for these to be seeded unlike for chaotic mixers. Across all five experimental conditions 

of varying combinations of factor levels, the evidence for seeding for each run is further 

presented below. However, to avoid erroneous conclusions with the lowest 

temperature setting for seeded structures, runs 2 and 8 are not considered for final 

comparisons of best yielding conditions for seeded structures. This is because the 

assumption of plucked-out cores is not strong enough an argument for seeded 

structure conclusions. 

6.3.3.1 KB Seeding across all Five Experimental Runs 

The full SEM images for all five experimental runs with the use of 4 KB is presented in 

Figure B20 in the appendix. Runs 2 and 8 having the lowest temperature condition of 

60 °C tend to have most of the granules masked by resin just as was the case under 

2 KB run 11. Though the suspicion as already stated is that these granule forms may 

be of PEG, coated on their outer surface by excipient powders, the assumption of 

greater than 125 µm sized holes in the core of these granular forms was used in 

establishing seeding. Nonetheless, there are a few instances where granules are not 

completely masked and have such singular cores to which seeding was attributed. 

Another evidence of these granular forms being PEG mostly is from knowledge of the 

existing reaction between PEG and epoxy resins, in which a composite for phase 

change materials can be formed (Sundararajan et al. 2018). The possibility of a 

reaction between PEG and epoxy resin has been studied and reported (Zacharuk et 

al. 2009; Zavareh and Samandari 2014), for which reason the observations made 

under SEM in this current study agree and remain reliable. 

Under the highest temperature, the observation of the contribution of binder content is 

made. With an increased binder content, granules seen are more compact per SEM 

appearance than those with less binder (see run 13 and run 3). This suggests better 

granule strength for granules with more binder under the highest temperature than 

those with lower PEG binder content. This is confirmed by the results from the 

associated mean granule crushing strengths for run 13 and run 3 when compared. 

Though not excessively different from each other because of the same highest 

temperature of formation and a 5 % binder difference, the difference in mean strength 

values between run 13 and run 3 granules is about 0.05 N. This contribution of 
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increased binder content on the properties of granules formed is also reported 

extensively in Walker et al. (2005). In their work, they acknowledge the importance of 

increased binder (I.e., PEG 6000) content (w/w %) in facilitating granule growth by 

increasing the availability of wetted surfaces during the granulation process and thus, 

improving granule strength. Depending on the quantity of binder present, Walker et al. 

(2005) also noted that, tablet properties are impacted. 

Finally, from run 1, the conclusion can be made that irrespective of the temperature 

used (i.e., comparing moderate and highest temperatures), binder content within the 

initial powder blend is what impacts granule structure the most. Though run 3 has the 

highest temperature of operation and run 1 has a moderate operating temperature of 

65 °C, the higher content of PEG within run 1 tends to facilitate better particle-particle 

bonding than the lowest PEG content of 5 % for run 3 (see run1 and run 3). Once 

again, this evidence of better compacted granules under run 1 than under run 3 is 

further justified by the difference in mean crushing strengths recorded for the two 

experimental runs. Run 1 is higher in granule strength by a difference of 0.03 N when 

compared to run 3. Thus, higher binder content at relatively moderate to high 

temperatures gives rise to well-compacted granules with higher strengths than those 

experimental conditions with lowest temperature and lowest PEG content, as well as 

those with even high temperatures but with lowest PEG presence. 

6.3.3.2 Chaotic Seeding across all Five Experimental Runs 

The investigation of seeded granule structures with the use of four chaotic mixer 

elements per each screw is presented in Figure B21 in the appendix. 

Without significant difference in the already discussed patterns of granule structure 

under KB elements for each of the five studied runs, very similar if not the same 

granule properties are observed under SEM with the use of chaotic mixers (refer to 

Figure B18 in appendix B). While runs 2 and 8 under the lowest operating temperature 

of 60 °C show most of their granule forms masked and with evidence of seeding based 

on plucked out cores with sizes above 125 µm, the same trends as noticed under KB 

elements for the other runs of 1, 3, and 13 remain same here. However, in comparing 

the nature of granules formed via chaotic elements to those by KB elements for runs 

1, 3, and 13, although the extent of granule intra particle-particle bonds appear closely 

similar in runs 1 and 13 regardless of the type of mixer element used, a clearer 
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difference in the influence of the type of mixer used is observed in run 3. This is better 

facilitated with the presence of the lowest content of PEG binder. While granules of 

KB run 3 are seen as more compacted, those of chaotic run 3 show less compact and 

more porous granule structures (see Figure B22 in appendix). 

Also, with chaotic mixers known for their mechanistic action of pressing material unto 

the walls of the twin screw barrel, corresponding higher mean strengths of granules 

are recorded in using these mixers over KB mixers, particularly under conditions of 

moderate to highest temperatures and with corresponding higher amounts by weight 

content of PEG binder. The evidence of this is in the values of granule strengths 

recorded for runs 1, 3, and 13. 

6.4 Part 2 �± HSMG Internal Granule Structure and Mechanism of Seeding 

With high shear granulation being the technique of choice over the years and well-

studied, the concept here is to perform the granulation process by high shear mixing 

albeit under melt conditions as within the twin screw and compare the results. Nine 

different batches have been prepared and analysed under SEM for the internal 

structure of granules and how they differ and/or compare with those under TSHMG. 

For this work, the batches have been classified according to temperatures used during 

the granulation process and into three groups as below. 

6.4.1 HSMG Batches at 60 °C 

Batches 3, 6, and 7 will be discussed here with varying operating chopper speeds and 

binder percentages by weight as in the table below. 

Table 6. 6 Percentage seeding at 60 °C with varying combinations of binder and speed 

Batch Binder percentage, % Chopper speed, rpm Seeding, % 

3 10 1000 0 

6 7.5 1500 0 

7 5 2000 0 

Irrespective of the operating conditions of binder and chopper rotation speeds used 

under this lowest temperature, granules formed under the three different combinations 
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of binder and chopper speeds showed no seeded granule structures. The 

combinations of binder and chopper speeds follow the pattern of highest binder to 

lowest speed, lowest binder to highest speed, and moderate levels of both binder and 

chopper speed as a unit. There was no strong evidence to the presence of single large 

core particles within the mass of granules formed. Supporting evidence is presented 

in SEM images as observed for granule structure under these three conditions (see 

Figure 6.16). There seems to be a general similarity with those granules formed under 

the same lowest temperature condition as with those by the twin screw granulator, of 

resin masking most of the granules observed (see (a) and (b) in Figure 6.16). 

  
(a) Batch 3 at 150X (b) Batch 6 at 200X 

 
(c) Batch 7 at 200X 

Figure 6. 16 Internal SEM granule images for (a) Batch 3 (b) Batch 6 and (c) Batch 7 

All three images particularly those of batches 6 and 7 show a heavy presence of fine 

powders (small particle sizes) together as collective units and held together by the 

binder material. In batch 7 (see Figure 6.16c), the structure and appearance of the 
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core of the granule appears to be of a large crystal of PEG 4000 (i.e., crystalline PEG 

with reference to subsection 3.1.2.2) undergoing onset melting on its outer surface 

and thus, being bound on its surface by several fine Durcal 65 particles. 

This is very similar to observations made with the use of the same PEG flakes, in the 

pharmaceutical formulation Pharma A (refer to Figure B24 in appendix B), whose 

elemental composition is shown in Figure B25 of appendix B. All three images show 

some core structure which is not representative of the known seeded cores of either 

a particle or multiple excipient particles. The nature of these structures is like those 

seen with the use of the twin screw and under the same temperature conditions of 60 

°C. These structures could be a collection of many fine particles held together as a 

single unit by onset melting binder as evidenced in the SEM images shown in Figure 

B23 in the appendix. 

Under the same lowest temperature, the same condition of binder viscosity is 

prevalent and thus, the main influence in the similarity of finer powder coalescence 

across all three batch conditions. Though generally similar in structure, there are 

notable differences in the sizes of fine particles coalescing together into the final 

granules formed via all three batch process conditions. The notable difference in the 

sizes of particles coalescing to form granules is dependent on the amount of binder 

medium present. With higher weight percentages for binder, enough PEG are present 

within the blend and thus, being able to coat relatively larger particles as seen in the 

case of batch 3 and batch 6, with 10 wt % and 7.5 wt % PEG 4000 respectively. 

The more the PEG content within the powder blend, the more the probability and 

potential of larger-sized particles bonding together due to the greater presence of 

binder material. 

6.4.2 HSMG Batches at 65 °C 

Batches 2, 5, and 8 will be discussed here under the same chopper speeds but with 

different binder percentages by weight as in the table below. 
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Table 6. 7 Percentage seeding at 65 °C with varying combinations of binder and speed 

Batch Binder percentage, % Chopper speed, rpm Seeding, % 

2 10 1500 16.67 

5 7.5 1500 8.57 

8 5 1500 8.82 

All three batches operated under moderate temperature as set out per the experiments 

have common chopper rotation speeds. This, therefore, leaves binder content as the 

single most likely contributing factor to the formation of seeded granule structures as 

was the case under subsection 5.2.2. binder content under moderate temperature 

facilitated higher granule crushing strengths with increasing content of binder from 5 

% to 10 %. 

Below is a representation of the general granule structures observed via SEM and with 

evidence of the reported seeding phenomenon according to each batch condition. 

 

(a) General structure 80X 

 

(b) Seeding 150X 

Figure 6. 17 General (a) and Seeding (b) structures of batch 2 granules 

The SEM image evidencing seeding under batch 2 conditions is of multiple large 

particles present within the core of the granule as following the novel seeding 

proposed by Rahmanian et al. (2011a). Irrespective of these structures being more 



295 
 

prevalent in comparison to batches 5 and 8, there are other non-seeded granules 

which have been referred to as general granule structures (Figure 6.17 (a)). 

Within these structural forms, there appears to be a random mix of varying sizes of 

particles without the presence of a significantly larger particle. These are the more 

common structures within the batch and their constituent particle sizes can be 

effectively traced to the initial ratio of fine to coarse particles measured for the excipient 

Durcal 65 powder (see subsection 4.2.1). 

The next set of SEM images is of batch 5 experimental conditions. 

 

(a) General structure 100X 

 

(b) Seeding 250X 

Figure 6. 18 General (a) and seeding (b) structures of batch 5 granules 

Just as observed for the general internal structures of granules under batch 2 

conditions, the same is seen for batch 5 where varying particle sizes are randomly 

mixed up and bound together (see Figure 6.18 (a)). These particles are however all 

�Z�L�W�K�L�Q�� �W�K�H���I�L�Q�H�� �S�D�U�W�L�F�O�H�� �V�L�]�H�� �U�D�Q�J�H�� �R�I�� �X�Q�G�H�U�� �������� �—�P�� ���L���H������ �”�� �������� �—�P������ �)�L�J�X�U�H������18 (b) 

shows strong evidence of seeded structure presence regardless and like those seen 

for batch 2. The significant difference that can be seen under SEM when the seeded 

structures of batches 2 and 5 are compared is the well-compacted (i.e., dense nature) 

particle-particle arrangement for batch 2 over batch 5. This can be attributed to the 

less content of PEG 4000 in coating many larger-sized particles for the formation of 

cored granules. 
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The last under moderate temperature to be presented is batch 8 which has the lowest 

binder weight percent by distribution as below. 

 

(a) General structure 80X 

 

(b) Seeding 200X 

Figure 6. 19 General (a) and seeding (b) structures of batch 8 granules 

Both SEM images on general granule structure (a) and seeding (b) reveals the 

influence of the lowest binder presence. In comparing these to those for batches 2 and 

5, it is seen that densely packed particle-particle interaction is seen with conditions of 

higher binder content than it is for batch 8 which has the lowest presence of a binder. 

The similarity of randomly mixed particles of varying sizes within the fine range (�”����������

µm) is still evident here for general granule structures as in batches 2 and 5 which 

have already been discussed. The somewhat loosely packed granule phenomenon is 

also evidenced in the seeded structure in Figure 6.19 (b). though not significantly 

different from that of batch 5, the difference in particle packing is better observed when 

it is compared with the structure of the seeded granules for batch 2 (see Figure 6.17). 

Another proof of these granules being weaker than those of batch 2 is the eroded walls 

of the granules upon grinding. While the outer wall of granules under batch 2 remains 

intact after grinding, those of batch 8 tend to wear off. Further justification for this 

discussion is with evidence of granule crushing strengths as presented in Figure 5.41 

under subsection 5.3.2. 
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6.4.3 HSMG Batches at 70 °C 

Batches 1, 4, and 9 will be discussed here with varying operating chopper speeds and 

binder percentages by weight as in the table below. 

Table 6. 8 Percentage seeding at 70 °C for operating conditions of binder and speed 

Batch Binder percentage, % Chopper speed, rpm Seeding, % 

1 10 2000 3.13 

4 7.5 1500 8.11 

9 5 1000 5.77 

The intriguing thing about this set of three batches is that with each level of binder and 

chopper speed investigated, the lowest levels of both factors are combined to give one 

experimental condition, likewise moderate and high factor levels of the same (i.e., 

lowest-to-lowest, moderate-to-moderate, and high-to-high). This is completely 

different from the combinations of lowest-to-high and high-to-lowest under 

temperature conditions of 60 °C for batches 3 and 7. The moderate conditions of both 

binder and chopper speeds under the highest operating temperature are seen to have 

more presence of seeds than the other two combinations of lowest-to-high and vice 

versa. 

However, the lowest speed of the rotating chopper and with just 5 % weight presence 

of PEG 4000 tends to promote more seeded granule structures when compared to the 

conditions of batch 1 with the highest rotating speed and binder presence. The point 

to note here is that though there is a significantly high presence of binding material to 

coat more large particles in forming seeded cores, the impact of the fast-rotating speed 

of the chopper introduces continuous disruption and breakage of the coalescing 

material. Thus, the impact of chopper speed cannot be overlooked in reporting the 

contributing factors to granule structure formation due to its introduction of high shears. 

These shearing forces, impact the nature and structure of the materials formed. This 

agrees with high shear mixer granulators having the shear mixing mechanism (a 

combination of diffusive and convective mixing) in which the motion of particles is with 
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respect to displacement of nearby particles as well as high velocity gradients which 

help overcome planes of particle layer stability (Poux et al. 1991).  

 

 

Below is a representation of the seeded granule structures (i.e., Figure 6.20) as 

observed under SEM. 

  
(a) Batch 1 at 160X (b) Batch 4 at 150X 

 
(c) Batch 9 at 30X 

Figure 6. 20 Evidence of seeded granule structures under 70 °C for batches 1, 4, and 

9 

As already discussed with the general trend in granule structural forms without seeded 

particles within the core of granules, there continues to be a strong presence of these 

structures here under the temperature condition of 70 °C and regardless of the 
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combination of speed and binder weight percent. Within all the SEM images in Figure 

6.44 showing seeded granule structures, the evidence and presence of the more 

general granule structural forms are also present. This gives further evidence to the 

dominant mixing mechanism within high-speed granulators and the initial PSD of 

excipient material used for the granulation process (i.e., a powder ratio of 2:1 as in 

subsection 4.2.1). 

6.5 Comparison of TSHMG to HSMG and HSWG 

The main difference between the three granulation techniques as will be introduced 

and further discussed is their mechanism of operation (i.e., mechanistic action). 

Though there are some cross-cutting similarities between the two techniques at every 

point when certain conditions or parameters are considered, these techniques have 

their unique signatures on materials as well as differences in their operation. Below is 

a representation of the areas of similarity between granulation techniques which to an 

extent may or may not contribute to its impact on their operation and subsequent 

formation of granules and their unique properties upon characterization. 

 

Figure 6. 21 Representation of areas of similarity between granulation techniques 

Twin screw hot melt 
granulation 

TSHMG 

High shear melt 
granulation 

HSMG 

High shear wet 
granulation 

HSWG 

Granulation Techniques 

Similarity 

Based on operation & binder state 

MELT GRANULATION  

Similarity 

Based on granulation mechanism 

HIGH SHEAR GRANULATION  
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It should be noted that though melt granulation and wet granulation both operate under 

high shear conditions via impeller blades and/or choppers, they individually differ from 

each other based on the binder introduction state before and during the granulation 

process. While melt granulation introduces its binder in the solid phase to be 

subsequently melted into the bulk of the powder bed mixture, wet granulation 

introduces the binder in an already dissolved liquid form via water as the medium. 

To achieve a fair comparison between all three techniques and with reference to a 

uniform mixing mechanism across all three, the all-conveying screw configuration 

without any changes in mixing profile along the screws due to the absence of special 

mixer elements (KB or chaotic) has been selected for discussion. To make it even 

more reasonable, the comparisons consider the same temperature and binder weight 

percent conditions, particularly for TSHMG and HSMG. Thus, run 9 under TSHMG 

and batch 8 for HSMG have been selected for comparison studies at 65 °C and 5 wt 

% of PEG 4000. Below is a table summarising the differences and similarities among 

the three granulation techniques. 

Table 6. 9 Summary of differences and similarities for TSHMG, HSMG, and HSWG 

Granulation 
Technique  

SEM Description and 
Discussion  

TSHMG 

 

Run 9 at 150X 

1. Despite the intense 
mixing action of 
shearing not being 
present for HSMG and 
HSWG, granule 
structures still consist 
of randomly packed 
particles in a similar 
fashion as those under 
HSMG and HSWG. 

2. This is heavily due to 
the powder ratio of 
excipient powder used 
but also, the 
consistent rolling and 
bumping action or 
particle mixing from 
the conveying 
elements used. 

3. Evidence from the 
SEM in comparison to 
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those of HSMG and 
HSWG suggests that 
these structures are 
less dense. 

4. Nonetheless, the 
absence of intense 
shearing and mixing 
tends to allow stronger 
granules on average 
than for HSMG.  

HSMG 

 

Batch 8 at 200X 

1. Of all three 
techniques, evidence 
from HSMG SEM 
suggests it has the 
most stable 
agglomeration of 
particles. 

2. The majority, if not all 
of the individual 
particle components of 
the granules, are kept 
intact upon grinding, 
as the outer wall 
circumference of the 
granule is well-defined 
as seen in the image. 

3. These granules are 
densely packed with 
�S�D�U�W�L�F�O�H�� �V�L�]�H�V�� �”�� ��������
µm. This is a result of 
the long contact time 
granules have within 
the granulator vessel. 

HSWG 

 

�������������P���S�L�[�H�O (resolution) 

1. As evidenced here in 
previous literature, the 
granule structure of 
randomly packed 
�S�D�U�W�L�F�O�H���V�L�]�H�V���”�����������—�P��
remains a feature in 
wet granulation also. 

2. Particles within 
granules appear 
closely packed and do 
not easily get 
dislodged even upon 
grinding and polishing. 

3. This is a testament to 
the presence of 
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(Rahmanian et al. 2011a) 
sufficient liquid binder 
(65 wt %) and the 
effective densification 
action of the high 
shear operation from 
lengthy contact times 
of granules within the 
vessel walls.  

 

6.6 Summary  

Under high shear granulation, there is a lot of circular, confirmed motion of materials 

within the walls of the mixer, and the longer processing time tends to further breakup 

already formed and now forming granules through the continuous mixing achieved via 

the revolving blades of the vertical shaft and the choppers. This clearly impacts the 

final granule structures formed. This mixing pattern is similarly achieved in TSHMG 

with the use of KB mixers, although at a relatively lower shear force. However, 

irrespective of the conditions of temperature and binder content by weight (wt %), there 

is a characteristic feature of granules formed under high shear stresses. This unique 

feature is the formation of granules with many different particle sizes, all within the fine 

�U�D�Q�J�H�����L���H�������”�����������—�P���� 

These granule features are also evident under TSHMG and suggest the significant 

impact of the initial 2:1 powder ratio of excipient material investigated. There is a 

difference in granule densification between using the twin screw and high shear 

processing techniques. Denser granules result from the use of high shear than for twin 

screws because of the longer retention time of material within the HSMG than for 

TSHMG. The longer processing times enable more particles to coalesce into a granule 

under HSMG than under TSHMG. 

Seeding at the lowest temperature of 60 °C is predominantly based on plucked-out 

granule cores with rare occasions of an actual large particle within the granule core, 

although there is evidence to the fact that these granules may well be PEG coated on 

its surface by excipient particles through incomplete/onset melting at this lowest 

temperature. 

The best run regardless of the type of mixing element, for the most seeded granule 

structures is run 5 (150 rpm / 70 °C / 15 wt %) with the use of two elements. Both 

chaotic and KB elements under run 5 correspondingly have the highest granule 
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strengths of 0.36 N and 0.29 N respectively (refer to Table 5.1). With this, there is 

confirmation of seeded granules being of higher strength than non-seeded granules 

reported by Rahmanian et al. (2009). 

Neglecting the less significant factor of speed, the significant factors of (a) temperature 

(influencing viscosity and surface tension) and (b) binder percentage as identified in 

statistical analysis (see subsection 5.2.1 in Chapter 5) is seen to influence seeding 

with increasing values in both parameters. 

However, the overall order particularly of other experimental runs (i.e., at two and four 

mixers) with better percentages of seeding aside run 5 is presented in the summary 

table below. 

Table 6. 10 Order of seeding % with two and four mixing elements aside from the most 

yielding settings of run 5 

Order of seeding  
Mixing element type  

KB Chaotic 

1st Run 13 

2nd Run 1 Run 3 

3rd Run 3 Run 1 

4th Run 4 
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Chapter 7 �± Pharmaceutical Application  

7.1 Introduction 

In this chapter, the focus is on the use of a pharmaceutical formulation comprising of 

ibuprofen, �.-D Lactose monohydrate, and PEG 4000. PEG 4000 remains the same 

binding material, again introduced in its solid state and melted into the powder under 

hot melt granulation processing. The Active Pharmaceutical Ingredient (API) chosen 

is ibuprofen (by Sigma-Aldrich, UK) and as described earlier in Chapter 3. 

The same approach in percentage weights for powder blend formulation as explained 

under subsection 3.7.1 for PEG and Durcal 65 is used here and fully explained under 

formulation. From the original DOE table for kneading elements as in Table 4.6, Run 

4 with the factor combinations of 2 KB + 100 rpm + 65 °C + 10 wt % PEG is used for 

all experimental work conducted here in this chapter. This is based on it being the 

most yielding experimental run for desired granule sizes under the investigation of the 

model products of Durcal 65 + PEG 4000. The PEG used here is the powdered form 

with peak melting at 60.7 °C (see subsection 3.2.2). 

7.2 Methodology and Formulation (i.e., choice of fine and coarse range) 

�7�K�H���L�Q�L�W�L�D�O���S�D�U�W�L�F�O�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q�V���I�R�U���W�K�H���H�[�F�L�S�L�H�Q�W�����.-D Lactose monohydrate) were 

characterised by sieve analysis. This is the same methodology as presented in 

Chapter 6 for the identification of seeded structures in this research with Durcal 65 as 

feed powder and solid-state PEG 4000 as the binder.  All the analyses conducted are 

presented subsequently in this section. 

Aside being able to investigate seeding (i.e., granules with large particle(s) within its 

core) with the use of this formulation, the investigation of PSD of the main excipient 

���.-D Lactose monohydrate) will also help in understanding the contribution of PSD to 

other granule and tablet attributes as will also be presented.  

To begin with, Table 7.1 below is a representation of the individual sieve sizes and 

arrangements used for the PSD studies. 
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Table 7. 1 Order of ten sieve sizes used for �.-D Lactose PSD 

Number of 

sieves 
Sieve Size, µm 

1 �”������ 

2 53 �± 63 

3 63 �± 75 

4 75 �± 90 

5 90 �± 106 

6 106 �± 125 

7 125 �± 150 

8 150 �± 180 

9 180 �± 212 

10 �•�������� 

The order of sieve stacking for sieve analysis is from bottom-�X�S�����L���H������ �•���������� �W�R���”�� ������

µm) from the order represented in Table 7.1. 

�������������3�D�U�W�L�F�O�H���6�L�]�H���'�L�V�W�U�L�E�X�W�L�R�Q�����3�6�'�����I�R�U���.-D Lactose Monohydrate Powder 

Figure 7.1 is the size distribution of �.-D Lactose monohydrate powder as received and 

with a measured mean particle size of 99.9 µm. 
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Figure 7. 1 PSD of �.-D Lactose monohydrate showing its mean particle size as well 

as D20 and D90 

With over 90 % of the particles being under 151.9 µm, and the particle size of 151.9 

µm being considerably far off (by about 6.51 µm) from the D90 observed for Durcal 

65, this is an indication of how the majority of the as-received powder particles of �.-D 

Lactose monohydrate are finer (in comparison to Durcal 65) and may affect its 

tendency for seeding. 

To substantiate this, Figure 7.2 presents the individual percentages of particle sizes 

obtained from the sieve analysis of �.-D Lactose monohydrate as received powder. 
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Figure 7. 2 Percentage weights per particle sizes of �.-D Lactose monohydrate powder 

from 53 �± 212 µm 

From Figure 7.2, the evidence supports that a large percentage of the powder (about 

64.6 %) falls under the seed limit size set of 125 µm. Nonetheless, with the remainder 

of 35.4 % being the likely coarse particles, some potential seeding could be achieved 

if the formulation is thoughtfully planned out as will be presented under formulation. 

Another observation that is more clearly presented in Figure 7.3 is the bimodal particle 

�V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���L�Q�Y�H�V�W�L�J�D�W�H�G���.-D Lactose monohydrate powder. 

0

5

10

15

20

25

30

< 53 53 - 63 63 - 75 75 - 90 90 - 106 106 - 125 125 - 150 150 - 180 180 - 212 > 212

P
er

ce
nt

ag
e 

w
ei

gh
t, 

%

Particle size, µm

< 53 53 - 63 63 - 75 75 - 90 90 - 106 106 - 125 125 - 150 150 - 180 180 - 212 > 212



308 
 

 

Figure 7. 3 �%�L�P�R�G�D�O���S�D�U�W�L�F�O�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���.-D Lactose monohydrate powder 

�7�K�L�V���E�L�P�R�G�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���.-D Lactose monohydrate powder clearly shows the two 

peaks in particle size at (a) 90 �± 106 µm and (b) 125 �± 150 µm. Nonetheless, the 

percentage of particles at 90 �± 106 µm is about 5.5 % less than that of 125 �± 150 µm. 

Hence, most of the particles are in the size range of 125 �± 150 µm. 

7.2.2 Formulation and Experimental Conditions 

The formulation of the powder blend used is that of a 10 wt % binder to 90 wt % 

�H�[�F�L�S�L�H�Q�W�����6�L�Q�F�H���L�Q���W�K�L�V���I�R�U�P�X�O�D�W�L�R�Q�����W�K�H�U�H���L�V���D�Q���$�3�,�����W�K�H���������Z�W�������L�V���V�S�O�L�W���L�Q�W�R�������������.-D 

Lactose monohydrate and 5 wt % ibuprofen. Again, to be consistent in investigating 

for seeding, the 85 wt % is further split into the powder ratio 25:75 (Fines to Coarse). 

This is represented below in Table 7.2. 

Table 7. 2 Granulation blend formulation 

Materials �.-D Lactose monohydrate Ibuprofen PEG 4000 

Percentage weights, wt % 
85 
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Though original conditions of run 4 (100 rpm + 65 °C + 10 wt %) are the baseline for 

the experiments carried out using the pharmaceutical blend of ibuprofen, �.-D Lactose 

monohydrate, and PEG 4000. An increase in temperature (i.e., up to 68 °C), as well 

as a change in the fine and coarse particle sizes of �.-D Lactose monohydrate were 

investigated. 

The two investigated particle size ranges of fine and coarse powders used are shown 

in Table 7.3. 

Table 7. 3 Investigated ranges of fine particles and coarse particles 

 Fine particles Coarse particles 

A �”������ �•������ 

B 75 �± 90 �•�������� 

These two fine-to-coarse powder ranges were investigated for the contribution of PSD 

on GSD. Finally, each investigated experimental run had a blend of a total mass of 

200 g. The three main experiments for later discussion are presented in Table 7.4 

below. 

Table 7.4 Pharma formulations and their respective fine-to-coarse sizes and 

associated operating temperatures. 

Formulation 

(ID) 

Fine Particle Range 

(µm) 

Coarse Particle Range 

(µm) 

Temperature 

(°C) 

B �”������ �•������ 68 

E �”������ �•������ 65 

G 75 �± 90 �•�������� 68 

Formulation E, therefore, has the same temperature condition as the original run 4 

DOE and has the same fine-to-coarse range as formulation B. However, formulation 

B has a higher temperature of 68 °C purposely to study the contribution of increasing 

temperature since from the studies of Durcal 65 + PEG 4000, a temperature range of 

65 �± 70 °C facilitated more desired granule sizes with adequate strengths. The change 
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in fine-to-coarse particle sizes for formulation G while maintaining the higher 

temperature was to investigate the contribution of PSD as well as temperature in the 

granulation process. 

7.3 Granules Size Distribution (GSD) 

The granule size distributions from the three investigated formulations (B, E, and G in 

Table 7.4) with initial differences in the combination of particle sizes (fine and coarse) 

is presented here. Upon successful granulation with the use of just two KB elements, 

the resulting granules were collected, allowed to dry, and then sieved with the following 

BS sieve ranges just as in the earlier investigation for Durcal 65 + PEG 4000. The 

order of sieve ranges in microns (�—�P�����X�V�H�G���D�U�H���”���������������������± 500, 500 �± 600, 600 �± 

�������������D�Q�G���•�������������D�V���V�K�R�Z�Q���E�H�O�R�Z���L�Q���)�L�J�X�U�H���������� 

 

Figure 7. 4 Cumulative weight % curves of pharmaceutical formulations B, E, and G 

The highest percentage of fines from the graph is recorded with formulation E which 

had in�L�W�L�D�O���I�L�Q�H���S�D�U�W�L�F�O�H�V���V�H�W���W�R���”���������—�P���D�Q�G���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V���V�H�W���W�R���•���������—�P�����)�U�R�P���W�K�L�V����

�L�W���L�V���H�Y�L�G�H�Q�W���W�K�D�W���W�K�H���X�V�H���R�I���D���Z�L�G�H�U���U�D�Q�J�H���I�U�R�P���•�����������± 212) µm as the coarse powder 

significantly contributed to the presence of more fine sized granules under 125 µm as 
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from the plot. The effect of a change in temperature from 65 °C to 68 °C although with 

the same fine and coarse particle ranges as for formulation E, sees formulation B to 

have an improved reduction in the percentage of under 125 µm sized granules. This 

is an indication of the contribution of temperature or better, its direct impact on binder 

viscosity (being less) and as well surface tension. These two factors of improved less 

viscosity and surface tension of the binder, enable it to have better spread and hence 

more interaction with the majority of the powder blend in forming larger granules. Mills 

et al. (2000) in their investigation of binder viscosity on granule growth in a low shear 

drum granulator (i.e., batch) concluded that, granule growth and its mechanism are 

influenced by binder viscosity as discussed in this present research. Their findings of 

lower viscosities resulting in the presence of crumbs however conflicts with the results 

in this research due to the reasons of the difference in granulating mechanism (i.e., 

drum mixing) and the difference in binder material (i.e., silicone oil) hinting at different 

material properties than for PEG 4000 in this work. Nonetheless, the argument holds 

that binder viscosity influences granule characteristics which has been attested to by 

Monteyne et al. (2016) who concluded that binder viscosity particularly of amorphous 

binders, are significantly affected by temperature, hence, better binder distribution at 

higher temperatures of corresponding lower binder viscosities. Finally, the trend in 

formulation G is very similar to that of B for the obvious reason of the same increased 

temperature of 68 °C. 

Also presented below in Figure 7.5 is the weight percentage distributions of granules 

formed with the three formulation blends under the broad studied categories of Fines 

���”�����������—�P�������'�H�V�L�U�H�G���������� �± �����������—�P�������D�Q�G���$�J�J�O�R�P�H�U�D�W�H�V�����•�������������—�P���� 
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Figure 7. 5 GSD percentage weights for formulations B, E, and G 

The individual bar charts for each of the three formulations studied offer clear and 

detailed trends in the formation of each of the three granule-sized categories of fines, 

desired, and agglomerates. Though formulation E has the lowest percentage of 

agglomerates when compared to that of formulations B and G, it is only because it has 

a lower operating temperature and with the already short material retention time within 

the barrel of the twin screw granulator, not enough melting occurs for the PEG binder 

used. Hence, viscosity is higher in formulation E reducing its spread and coating 

potential with powders of the �.-D Lactose monohydrate + ibuprofen blend. 

Consequently, formulation E tends to have nearly the same percentage of fine-sized 

granules as its desired granules for the same reason explained above. In the case of 

both formulations B and G, both tend to produce relatively higher percentages of 

agglomerates than formulation E. This is due to the much-improved binder spreading 

throughout the blend due to the less viscous nature of the binder at the higher 

temperature of 68 °C. They both show a considerable advantage in the formation of 

the desired granule sizes when compared to that of formulation E. Also, due to the 

improved viscous nature and surface tension of the melted binder under formulations 

B and G, larger granules are accounted for in both the desired granules and 
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agglomerates which translates into the reduction of fine-sized granules when 

compared to the recorded percentage of fines for formulation E. Overall, there is a 

monomodal distribution in the GSDs recorded with all three formulations regardless of 

the choice of initial particle fine-to-coarse sizes. However, that of formulation E nearly 

�V�K�L�I�W�V�� �W�R�� �D�� �E�L�P�R�G�D�O�� �D�W�� �J�U�D�Q�X�O�H�� �V�L�]�H�V�� �”�� �������� �—�P�� �D�Q�G�� ���������± 1000 µm. The fact that 

formulation G has a better yield of desired granules, and with fewer fines than 

formulation B proves the impact PSD has in granule formation. A shift towards the use 

of 75 �± �������—�P���D�V���I�L�Q�H�V���L�Q�V�W�H�D�G���R�I���”���������—�P���V�L�J�Q�L�I�L�F�D�Q�W�O�\���I�D�F�L�O�L�W�D�W�H�V���O�D�U�J�H�U-sized granules, 

particularly 125 �± 1000 µm and with fewer under 125 µm sized granules. 

7.4 Mean Granule Crushing Strength Analysis 

The granule size of 500 �± 600 µm from the desired granule size range was selected 

for further characterisation of strength via the AML tensometer as described under 

subsection 5.2.1. The results obtained are presented in Table 7.5. 

Table 7. 5 Mean Granule Crushing Strengths of formulations B, E, and G  

 TSHMG Operating Factors 
Strength, N 

(500 �± 600) µm 

Formulation 

ID 
Number of KB 

Speed 

(rpm) 

Temperature 

(°C) 

PEG 

(%) 

Crushing 

Force 
STD 

B 

2 100 

68 

10 

0.13 0.09 

E 65 0.10 0.10 

G 68 0.11 0.08 

Before discussing the results as shown in Table 7.5, additional information on the 

Coefficient of Variation (CoV) for all three formulations is as follows, 

�x Formulation B (CoV �± 0.66) 

�x Formulation E (CoV �± 0.92) 

�x Formulation G (CoV �± 0.67) 

The CoV is an index to measure uniformity of the crushing strength of granules. It is a 

measure of variability as well as dispersion about the mean value measured and can 

show the measure of repeatability and/or precision in the test conducted. Though 

formulation B had a greater percentage of initial smaller-sized particles than 
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formulation G although at the same temperature of 68 °C, crushing mean granule 

strengths recorded for formulation B is slightly higher than for formulation G. This is 

strong evidence that the coalescence and consolidation of smaller particles into a 

granule under same conditions of binder viscosity, spread and surface tension, forms 

stronger granules than with larger initial particle sizes. This agrees with findings by 

German (2010) who identifies smaller particles have higher surface energies which 

allow them to sinter faster thus forming stronger bonds. Observations under SEM of 

granules formed from formulations B and G (refer to subsections 7.5.1 and 7.5.3) also 

agree with findings by Mahdi et al. (2019) that bonds between larger and smaller 

particles are stronger than those of particles of same or similar sizes as in the case of 

formulation G. Additional evidence in two-dimensional image analysis of porosity (see 

Figure 7.6) seconds the fact that bonding between smaller particles tend to be less 

porous and thus, stronger as shown in the mean crushing strengths in Table 7.5. 

However, this porosity measurement is limited based on the threshold limit used for 

the analysis and is only used for additional argument and not as a definite measure of 

porosity of the granules formed by Pharma B and G. Formulations B and G do not 

differ much in their values of CoV because of the same conditions/properties of the 

binder due to the same operating temperature. However, with the less binder spread 

and high viscosity under formulation E, there is a corresponding higher CoV with 

bonding variations. 

80X 60X 

(A) Pharma B �± 1.1 % porosity (B) Pharma G �± 1.4 % porosity 

Figure 7. 6 ImageJ porosity analysis of Pharma formulations B and G 
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With a lower percentage value of porosity for formulation B than for formulation G, 

there is further evidence supporting granules of formulation B which had smaller fine 

particles being stronger than granules from formulation G with fewer fine particles. 

7.5 Analysis of Seeding 

In order to detect cored granules with one or more particles with sizes above the 

threshold of 125 µm set for the determination of seeded granules as initially by 

Rahmanian et al. (2011a), the scanning electron microscope (by FEI, UK) was used 

with the backscattered electron and corresponding images presented for analysis and 

discussion (see Figure 7.7). However, the potential of seeding was generally low 

regardless of the formulation designs used according to Table 7.4. This could be due 

to the low strength of the excipient material which makes it less stable than Durcal 65 

�G�X�U�L�Q�J�� �W�K�H�� �J�U�D�Q�X�O�D�W�L�R�Q�� �S�U�R�F�H�V�V���� �7�K�H�� �O�D�U�J�H�U�� �S�D�U�W�L�F�O�H�V�� �R�I�� �.-D Lactose monohydrate 

probably tend to break easily and further reduce the particle sizes. Thus, the low 

chances of the granulation process ending with many 125 µm sized granules within 

the core of granules. This is discussed further below as the further reduced sizes of 

the larger particles tend to increase the overall smaller particle sizes within the 

granulating blend within the twin screw barrel. To correctly make deductions from the 

BSD SEM images, lighter shaded particles represent the dense material, �.-D Lactose 

monohydrate. Hence, the less dense resin appears darker in the background. 

 

(A) Pharma B - 30X 

 

(B) Pharma E - 40X 
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(C) Pharma G - 40X 

Figure 7. 7 Backscattered SEM images of granules from formulations, (A) Pharma B, 

(B) Pharma E, and (C) Pharma G under lower magnifications 

Figure 7.7 shows backscattered images of granules formed from the three investigated 

formulations, B, E, and G. With formulations B and G, the sectioned SEM images of 

granules show well compacted particles with low porosity while that of formulation E 

shows more porous granules with less compacted particles within the granules. This 

is due to again, the effect of temperature on binder viscosity thus, spread. Since molten 

PEG 4000 at 65 °C is more viscous than at 68 °C, there is less binder spreading and 

coating of particles. Though the same amount of binder is present in all three 

formulations, the difference in binder viscosity and surface energies significantly affect 

the granulation process. This is what accounts for the weaker mean crushing strengths 

recorded for formulation E granules when compared to those of formulations B and G. 

Though there are some seeded structures across all three formulations, Figure 7.7 

does not easily show these under the lower magnifications used and higher 

magnifications of the seeded granules are presented below under each of the 

formulations used. 

7.5.1 Formulation B �± ���”���������—�P���D�V���I�L�Q�H���S�D�U�W�L�F�O�H�V���D�Q�G���•���������—�P���D�V���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V�� 

As earlier stated, the tendency of seeding is not as high as was with Durcal 65 due to 

a difference in the primary powder strengths with Durcal being stronger and more 
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stable than �.-D Lactose monohydrate. Figure 7.8 below shows evidence of seeding 

with the use of formulation B. 

 

Figure 7. 8 Evidence of seeded granule from pharmaceutical formulation B at 68 °C. 

The granule shown has a length of 167 µm as measured diagonally in Figure 7.8. With 

this particle size being greater than the threshold size for seeding at 125 µm, this can 

confidently be classified as a strong indication of seeding. However, many of the 

granules as can be seen in Figure 7.7 have very randomly packed particle sizes within 

the granules formed and does not indicate a unique operational mechanism as being 

responsible for the formation of seeded granules. Instead, it follows the argument that 

depending on the particle sizes present at a section along the length of the granulator 

barrel, these particle sizes begin to interact by bonding in the presence of molten 

binder and gradually continue to grow as the granulation process proceeds (refer to 

the discussion on TSHMG mechanism in Chapter 4, section 4.8). The average 

percentage of seeding with this formulation is about 4 %. 

7.5.2 Formulation E �± ���”���������—�P���D�V���I�L�Q�H���S�D�U�W�L�F�O�H�V���D�Q�G���•���������—�P���D�V���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V�� 

Evidence of seeding is observed for this formulation also though it is not a predominant 

feature within most granules observed under SEM. Figure 7.9 shows the seeded 

granule structure observed in a granule from formulation E. 
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Figure 7. 9 Seeded structure from pharmaceutical formulation E at 65 °C 

Though granules formed here are at the lower of the two investigated temperatures 

and clearly shows loosely bound particles from the SEM image, there is still the 

presence of structures with larger particles within its core. Though with the same fine 

particle and coarse particle formulation and with the use of two KB discs within the 

TSHMG process, the observed particle core is larger here than for formulation B. This 

is testament to the point raised for particles being randomly bound within sections 

along the granulator barrel where sufficient molten presence of PEG 4000 is available. 

The general randomness of granule particle packing is not at all different from that of 

granules by formulation B. This is because of the same fine and coarse particle size 

ranges used in both formulations. On average, the percentage of seeding recording 

with the use of formulation E is about 7 %. This is however not an indication of 

improved conditions of seeding but rather, it is because there is less sample space 

(i.e., number of counted granules within a single SEM image) than there was for 

formulation B. 

7.5.3 Formulation G �± (75 �± �������—�P���D�V���I�L�Q�H�V���D�Q�G���•�����������—�P���D�V���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V�� 

The percentage of seeded granule structures with the use of formulation G and at the 

higher temperature of 68 °C as used in formulation B is about 15 %. The evidence of 

seeding is presented in Figure 7.10 below. 
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(A) 40X 

 

(B) 40X 

 

(C) 250X 

 

(D) 300X 

Figure 7. 10 Multiple evidence of seeding with the use of formulation G with 75 �± 90 

µm 

From Figure 7.10 with multiple SEM images of seeded granule structures, it is evident 

�W�K�D�W�� �W�K�H�� �X�V�H�� �R�I�� �•�� �������� �—�P�� �S�D�U�W�L�F�O�H�V�� �D�V�� �F�R�D�U�V�H�� �S�D�U�W�L�F�O�H�V�� �D�Q�G�� �O�L�P�L�W�L�Qg the fine particle 

range to just 75 �± 90 µm significantly increased the probability of seeded granules. 

Nonetheless, there is still no evidence supporting a unique mechanism for the 

formation of these structures. Instead, the more randomly packed particles within 

granules are still a huge presence even within these granules from formulation G. 

Hence, the choice of formulation proves to contribute to the likelihood of forming 

seeded structures. But depending on the unique material properties (i.e., strength and 

stability of excipients), seeding would either more or less likely be evident regardless 
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of the formulation used. The varying shapes (i.e., predominantly needle-like) of 

particles within the core of granules observed under SEM is a strong indication of 

�W�K�H�V�H���E�H�L�Q�J���.-D Lactose monohydrate particles as shown in Figure 3.8 under section 

3.2 on Materials. 

7.6 Tableting and its Characterisation 

To mimic the general practice in the pharmaceutical industry, all granules less than 1 

mm (1000 µm) were used collectively in forming tablets (Summers and Aulton 2002) 

of these three formulations and deductions made on the tablet hardness, friability, and  

dissolution. The next subsection of this research presents and analyses all these. A 

target weight of 2.0 g was set in the production of tablets from all three formulations. 

The rotary mini press II (by Karnavati Limited, India) was therefore calibrated 

accordingly, using the two function gauges of thickness and weight per each 

formulation granules used. 

7.6.1 Effect of GSD on Tablet Qualities of Strength, Friability, Dissolution and Drug 

release (Impact of Initial Material PSDs) 

The next sets of results and discussions are under the three main subheadings of 

tablet hardness (breaking force), friability, and dissolution with drug release. An effort 

has been made to relate the contribution of the various particle size distributions of the 

initial material blends (i.e., Formulations B, E, and G) to these tablet attributes. The 

contribution of binder properties under the two temperature conditions of 65 °C and 68 

°C has also been discussed. 

7.6.1.1 Hardness (Tablet Breaking Force) 

As a general standard for oral non-coated tablets as has been produced in this 

research, the value of tablet hardness is standardized between 4 to 10 kg 

(PharmaEducation 2020-2023) equivalent to 39.2 �± 98.1 N using the conversion, 1 kg 

to 9.81 N. However, Brambilla et al. (2021) quote 10 �± 15 kg (i.e., 100 �± 150 N) as 

from the British Pharmacopoeia in their systematic review work conducted. Again, the 

procedures as set out in testing tablet breaking force under section 5.3 of Chapter 5 

were followed duly (Convention 2011). 
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For each tablet tested for its breaking force, the tablet is placed in between two metallic 

�S�O�D�W�H�V���I�R�U���G�L�D�P�H�W�U�D�O���F�R�P�S�U�H�V�V�L�R�Q���D�O�R�Q�J���W�K�H���W�D�E�O�H�W�¶�V���G�L�D�P�H�W�H�U���D�Q�G���W�K�H���I�R�U�F�H���L�V���U�H�F�R�U�G�H�G��

after the tablet has broken up. Images of these tablets are shown in appendix D. Tablet 

crushing was done using the Schleuniger �± 4M Pharmatron tablet hardness tester 

(Copley, UK) as shown in Figure 7.11. 

 

Figure 7. 11 Schleuniger Pharmatron 4M tablet hardness tester (Copley, UK) 

In the above image, the tablet tested has a reading of 8.1 kilopond (KP) which is a 

non-standard gravitational metric unit of force and equivalent to kilogram-force (kgf). 

For easy conversion throughout this research, each recorded unit of kilopond is 

�H�T�X�L�Y�D�O�H�Q�W���W�R�������������1�����L���H�����������.�3���§�������������1������ 

Figure 7.12 is a representation of the mean granule crushing strengths and 

corresponding tablet hardness for each of the three pharmaceutical formulations 

studied. 
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Figure 7. 12 Mean granule strengths with corresponding tablet hardness from 

pharmaceutical formulations B, E, and G. 

Considering the outcome of the results on both granule strength and tablet crushing 

force as well as comparing these two, the discussion is split into two parts namely 

i. Part 1 �± Formulations B vs E (comparison of granule strength to tablet breaking 

force) 

ii. Part 2 �± Formulations B vs G (comparison of granule strength to tablet breaking 

force) 

7.6.1.1.1 Part 1 �± Formulations B vs E (Comparison of Granule Strength to Tablet 

Breaking Force) 

These two formulations although granulated at different temperatures of 68 °C and 65 

°C (i.e., Pharma B and E respectively), they have the same formulation of choice for 

�I�L�Q�H���S�D�U�W�L�F�O�H���V�L�]�H�V�����”���������—�P�����D�Q�G���F�R�D�U�V�H���S�D�U�W�L�F�O�H���V�L�]�H�V�����•���������—�P������From Figure 7.12, 

pharma formulation B at a slightly lower temperature resulted in less strong granules 

when compared to those from formulation E. This is due to a few likely reasons as 

listed below. 

a) Possible higher viscosity at 65 °C than at 68 °C, leading to less spreading 

b) The lower surface tension of PEG 4000 at 68 °C than 65 °C for improved binder 

coating and wetting (i.e., from the reduction in contact angle ��) 
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The two main reasons listed above are further discussed next. With the same material 

and particle sizes (fines and coarse) for both formulations B and E, the natural surface 

energy of the �.-D Lactose monohydrate remains the same for either formulation B or 

E. Therefore, the most likely cause of variation in GSD and mean granule strength 

from these two formulations is of the binding medium, because of the temperature 

difference. At a higher temperature for formulation B than E, there is strong evidence 

supporting a reduced viscosity of molten PEG 4000 since viscosity decreased from 65 

°C to 70 °C. Thus, molten binder can easily spread, wet and coat most of the �.-D 

Lactose monohydrate particles to facilitate subsequently improved coalescence for 

more compact granules (compare Figure 7.8 to Figure 7.9) with the observed higher 

crushing strengths. With the low viscosity of PEG 4000 at higher temperature 

promoting better binder distribution, the other possibility is an accompanying low 

surface tension which will enable the coating and spreading action over particles. 

Thus, with slightly higher surface tension at the lower temperature of 65 °C for 

formulation E, though the same amount of binder (wt %) is present in formulation B, 

there is reduced particle coating resulting in the formation of more porous and less 

dense granules with weaker strengths. Nonetheless, the higher values of both 

standard deviation (0.10) and CoV (0.92 / 92 %) for granules of formulation E suggest 

and complement the argument that less spreading of binder because of high surface 

tension occurs in molten PEG 4000 at the lower temperature of 65 °C. 

For the relationship between granule strength and tablet crushing force (hardness), it 

is evident also from Figure 7.12 that the less porous but dense granules of formulation 

B produced weaker tablets than the more porous and less dense granules of 

formulation E. This agrees with other works in literature (Wikberg and Alderborn 1990; 

Zuurman et al. 1994) which identified that more porous granules improved 

compressibility and thus, formed stronger tablets. Though formulation E has an 

expected higher bulk density due to its high porosity, same as findings by Zuurman et 

al. (1994) who suggested that less porous �.-Lactose monohydrate granules had 

higher bulk density and resulted in low tablet compactibility, granules of formulation E 

in this current research still formed tablets of considerable strength even higher than 

those of the less porous granules from formulation B. This is in contrast to the 

conclusion by Zuurman et al. (1994) of less porous granules yielding less compacting 

tablets. From Figure 7.9 the most suitable reason for the higher strengths of tablets 
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from formulation E than formulation B is attributed to the higher intragranular porosity 

within �.-D Lactose monohydrate granules from formulation E as seen under SEM. 

This agrees with the findings of Zuurman et al. (1994) when intragranular porosity was 

�R�E�V�H�U�Y�H�G�� �W�R�� �L�Q�F�U�H�D�V�H�� �W�D�E�O�H�W���E�U�H�D�N�L�Q�J�� �I�R�U�F�H�� ���K�D�U�G�Q�H�V�V���� �Z�K�H�Q���G�U�L�H�G�� �U�R�O�O�H�U�� �I�O�D�N�H�V���R�I�� ��-

lactose were used. Other work by Riepma et al. (1993) on crystalline lactose also 

suggests that the total recorded porosity is of both intergranular and intragranular 

porosities. This is also one which this work agrees with particularly in the tableting, 

compressibility and compactibility of granules as evidence and discussed although this 

research. 

7.6.1.1.2 Part 2 �± Formulations B vs G (Comparison of Granule Strength to Tablet 

Breaking Force) 

In comparing granules and tablets formed from formulations B and G, the case of 

particle size and its possible contribution to the strength of granules as well as the 

hardness of the resulting tablets formed is discussed here. The discussions here are 

compared to the work by Zuurman et al. (1994) who concluded that a relationship 

exists between granule bulk density and compactibility, with increasing compactibility 

associated with a decrease in granule/material bulk density. Furthermore, this 

relationship is said to relate to the size and shape of particles of the starting granulating 

materials and especially for bulk density. 

The results from Figure 7.12 shows that weaker granules (of formulation G) yield 

stronger tablets while the opposite is true for stronger and dense granules of 

formulation B. This is the general relationship existing between low density granules 

(bulk density) and high strength tablets as by van den Ban and Goodwin (2017). 

Though both formulations are at the same higher temperature of 68 °C, formulation G 

has fewer less-sized particles (75 �± �������—�P�����W�K�D�Q���I�R�U�P�X�O�D�W�L�R�Q���%�����I�U�R�P���”���������—�P�������7�K�H��

observed granule crushing strength difference and tablet hardness difference is 

therefore more likely a contribution of the initial PSD of both formulations (refer to 

Table 7.4) aside the uniform contribution from the attributes of molten PEG 4000 

binder (i.e., lower viscosity and surface tension). With the smaller-�V�L�]�H�G���S�D�U�W�L�F�O�H�V���R�I���.-

D Lactose monohydrate in formulation B easily having stronger affinity and bonding 

with larger particles due to the well spread and good wet out distribution of the binder, 

stronger bonds thus, stronger granules are formed with formulation B. This has been 
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extensively covered in mechanisms of nucleation under wet granulation in Chapter 2. 

To explain why formulation B with more presence of smaller (finer) particles yields 

denser and stronger granules than formulation G with larger-sized particles, the 

concept of spreading coefficient (��) is key. Since the binder at the higher temperature 

of 68 °C can move less restrictively due to its reduced viscosity, the liquid spreading 

coefficient �I�Å�Ì of liquid-over-solid phase occurs more readily in formulation B and binds 

more fine-sized particles unto the surface of larger particles in forming granules with 

higher values of crushing strength. However, within formulation G, because most of 

the larger-sized granules above 125 µm are likely to be reduced into smaller fractions 

(by KB discs), more similar particles of the same sizes tend to bond more resulting in 

the weaker granule strengths recorded. These deductions are very much in agreement 

with works in literature (Rowe 1989; Zajic and Buckton 1990; Lian et al. 1993; Iveson 

et al. 2001) all of which studied spreading coefficients concerning particle bonding and 

mechanisms of granule growth. Further evidence of this is as depicted in the SEM 

images for both formulations in Figure 7.8 (Formulation B) and Figure 7.10 

(Formulation G) respectively. 

With these weaker granules from formulation G resulting from the presence of weaker 

particle-particle bonding (i.e., weaker bridges), under the same pressure of 

compacting force (10 kN) in the formation of tablets, these granules tend to compress 

more readily undergoing further breakages and reconstitution of particles in the 

formation of denser thus, stronger granules. The opposite of this is what happens with 

the already stronger granules from formulation B. There is little room for 

rearrangement of the particles which have strongly bound unto each other in a mixed 

pattern of smaller particles unto larger ones. The SEM images for granules from both 

formulations, B and G presented in Figure 7.8 and Figure 7.10 respectively buttress 

this deduction on stronger denser granules being formed from formulation B than 

formulation G on the account of particle size bonding. 

The final observation made here which agrees with the discussions under part 1 

(subsection 7.6.1.1.1) is that regardless of the initial powder particle sizes chosen for 

the granulation process, temperature has a significant impact on the granule attributes 

formed as well as the tableting properties. This effect of temperature as already 

discussed hinges on the impact it has on PEG 4000 in its molten state. Thus, 
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temperature regulates the binder properties of surface tension and viscosity for which 

other key parameters of spreading, wetting, and coating are also affected. These later 

parameters are what directly impact how dense, strong, or porous the initial granules 

will be and subsequently determine their contribution to tableting with compressibility 

and compactibility as the descriptors of either a harder or weaker tablet. 

7.6.1.2 Friability 

Friability is a measure of weight loss from tablets expressed as a percentage (%). This 

is an important test used in the pharmaceutical (Seitz and Flessland 1965), food 

(Suzihaque et al. 2017) and other industries, particularly in the assessment of tablets 

and their ability to withstand force impacts during transportation and storage (i.e., 

�U�H�V�S�R�Q�V�H���W�R���P�H�F�K�D�Q�L�F�D�O���D�F�W�L�R�Q�������,�W���L�V���D�O�V�R���U�H�I�H�U�U�H�G���W�R���D�V���D���W�D�E�O�H�W�¶�V���U�H�V�L�V�W�D�Q�F�H���W�R���V�X�U�I�D�F�H��

�D�E�U�D�V�L�R�Q���D�Q�G���L�W���L�V���D�O�V�R���D���J�U�H�D�W���P�H�D�V�X�U�H���R�I���D���W�D�E�O�H�W�¶�V���W�H�Q�G�H�Q�F�\���Wo chip. Hence its need 

for regular batch monitoring (Marshall 2020). 

Equation 7.1 is the representation of friability as a percentage weight loss value 

 �(�N�E�=�>�E�H�E�P�U���:�¨ �; 
L
�+�J�E�P�E�=�H���S�A�E�C�D�P���:�C�; 
F �(�E�J�=�H���S�A�E�C�D�P���:�C�;

�+�J�E�P�E�=�H���S�A�E�C�D�P���:�C�;
��
H�s�r�r 7.1 

For this research, three tablets were used for the friability test. This number of tablets 

was set as the default for all friability tests carried out for both pharmaceutical and the 

earlier Durcal 65 tablet formulations. All friability tests were conducted in accordance 

with the United States Pharmacopoeia (USP) procedure on friability (Convention 

2016) via the ERWEKA Tar 10 tester (by ERWEKA GmbH, Germany) in Figure C1.  

To facilitate the discussion on friability, Figure 7.13 is presented below of a comparison 

of tablet harness and friability per each of the three studied formulations of B, E, and 

G. 
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Figure 7. 13 Relationship between tablet hardness and friability for formulations B, E, 

and G. 

For the pharmaceutical formulations of B and G under the same operating higher 

temperature of 68 °C, the trend observed is that the harder tablets of formulation G 

result in less material loss during the three-minute friability test than was the case for 

tablets of formulation B. Because the granules have undergone some rearrangement 

and even breakage to form the tablets, reference to the granule properties and 

compositions is not discussed here. The focus is now on the resulting tablets and their 

properties which facilitate a better resistance to chipping or not. The main reason for 

the less material loss for tablets from formulation G is due to the now more compacted 

nature of the tablet which allowed room for even already present binder within the 

granules to be squeezed out unto the granule surface to facilitate additional bonding 

and reconstitution of those granules which underwent breakage in the compression 

stage. It is the general school of thought that continuous breakage and reconstitution 

are what facilitates stronger products even as investigated during the growth kinetics 

of granules (Ennis 2006). 

For a better representation of the contribution of temperature as well as differences in 

�S�K�D�U�P�D�F�H�X�W�L�F�D�O���S�R�Z�G�H�U���I�R�U�P�X�O�D�W�L�R�Q�V���S�D�U�W�L�F�X�O�D�U�O�\���R�I���.-D-Lactose monohydrate, Figure 

7.14 is discussed next. 
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Figure 7. 14 Overview of tablet hardness and friability with different particle size 

formulations 

With a rise in temperature from 65 °C to 68 °C, there is an improvement in the 

percentage of material loss (i.e., less friability) as observed particularly for formulations 

B and E with the same fine and coarse particle size formulation but at 68 °C and 65 

°C respectively. This percentage shift in friability is represented on the graph by the 

hatched arrow ( ). The evidence, therefore, holds that with an increase in 

temperature and the same original PSD, less friability with considerable tablet 

breaking force within the allowed breaking force range of 4 to 10 kg is achieved. To 

further amplify and consolidate this evidence of improved friability with a shift in 

temperature towards higher values, the comparison between tablets of formulation E 

to those of formulation G shows a reduction in friability by about 0.65 % from the 

recorded 1.23 % friability for tablets of formulation E (N.B This is a considerably 

significant reduction in comparing reduced friabilities from formulation E to B, to that 

of from E to G). It is therefore not in doubt that a change in temperature (i.e., from low 

to high) either between formulations of the same initial PSD (i.e., B and E) or different 

PSD (i.e., E and G) results in significant changes to the tablet attribute of friability as 

well as hardness. Though formulations B and G are at the same higher temperature 

of 68 °C, their tablet attributes of friability and hardness give strong evidence of the 

impact of different initial PSD of the blend materials used. With the use of apparently 

larger particles as fines (i.e., 75 �± �������—�P�����D�Q�G���N�H�H�S�L�Q�J���F�R�D�U�V�H���S�D�U�W�L�F�O�H�V���D�W���•�����������—�P��
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for tablets from formulation G, far better values in tablet weight loss are recorded. 

Nonetheless, there is a corresponding significant rise in the breaking force of such 

tablets from formulation G (about 30 N more) which would make it less suitable as an 

uncoated tablet per general internal standard (PharmaEducation 2020-2023) but 

acceptable per the work by Brambilla et al. (2021) on 3D printed tablets. The lateral 

change in improved friability is represented by the unbroken two-headed arrow as 

depicted in Figure 7.14. 

Finally, Figure 7.15 below is a representation of the tablets formed from the three 

investigated formulations (B, E, G) according to the choice of fine and coarse particles, 

and how they compare with the acceptable international tolerance for uncoated doses. 

 

Figure 7. 15 Tablets of formulations B, E, and G and their strengths/hardness 

compared to internationally accepted tolerance 

From the graph shown, tablets of both formulations B and E fall within the 

internationally accepted tablet hardness range for uncoated oral dosage forms 

(represented by the green rectangular area). This is irrespective of both tablets from 

these formulations having friability values under 1.5 % and being higher when 

compared with tablets of formulation G. Tablets of formulation E resulted from 

 

Desired 4 - 10 kg 

Tablet Breaking Force Range 
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granules formed at a slightly lower temperature of 65 °C than those of formulation B. 

With both tablets falling within the acceptable range for the hardness of uncoated 

tablets, it can be concluded that this is due to the same fine and coarse particle sizes 

used in the original PSD of formulation blends. Though an increased temperature from 

formulation E to B results in slightly weaker tablets of formulation B, operating 

granulation under hot melt with solid PEG 4000 binder at both 65 °C and 68 °C will 

consistently form tablets of the internationally accepted strength. Thus, regardless of 

temperature change between 65 °C and 68 °C and under the same formulation of fine 

and coarse parti�F�O�H�V�� ���L���H������ �”�� ������ �—�P�� �D�Q�G�� �•�� ������ �—�P������ �W�K�H�� �F�R�Q�G�L�W�L�R�Q�� �R�I�� �X�Q�F�R�D�W�H�G�� �W�D�E�O�H�W��

hardness will always be satisfied per the experimental considerations made within this 

research. The use of 75 �± �������—�P���D�V���W�K�H���I�L�Q�H���S�D�U�W�L�F�O�H�V���U�D�Q�J�H���D�Q�G���•�����������—�P���D�V���F�R�D�U�V�H��

particles in formulation G resulted in tablets of higher hardness outside of the desired 

uncoated tablet strength range as evidenced in Figure 7.15. Since it is at the same 

temperature as formulation B, the obvious indicator of change in both tablet hardness 

and friability is with the unique formulation of particle sizes used. To achieve similar 

hardness using the same formulation of 75 �± �������—�P���D�V���I�L�Q�H���S�D�U�W�L�F�O�H�V���D�Q�G���•�����������—�P���D�V��

coarse particles, a reduction in the percentage weight of PEG 4000 from 10 wt % to 5 

% is more likely to satisfy the tablet strength of 4 �± 10 kg. Again, this is testament to 

the formulation of initial PSD contributing to granule formation and characteristics, as 

well as other tablet attributes as evidenced in this research, confirming works in 

literature like Badawy et al. (2000) who accept that both granule growth and granule 

properties of strength and compressibility can be significantly impacted by initial 

material particle sizes. Though their work was in a high shear granulator unlike this 

current work on a twin screw, the fundamental granulation mechanisms do not differ. 

Nonetheless, the effect of initial particle size on the formation of granules is thought to 

depend on several factors (Badawy et al. 2000) including the strength of granules as 

by Kristensen et al. (1985) in the study of dicalcium phosphate. These conclusions 

from literature although with different materials and granulation types are also 

confirmed in this current work with binder spread and wetting potential contributing to 

how much a contribution particle size has on both granule properties and subsequent 

tablet attributes. The effect of initial powder/excipient particle sizes on the granule 

properties as has been discussed, and will subsequently be discussed further in this 

research holds true as it agrees and conforms with several works of literature for which 

that of Walker et al. (2005) is very similar in the granulation technique used (i.e., solid 
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binder particles), although their work was with a fluidised bed but under hot melt 

conditions. With smaller-sized particles of the initial powder for granulation, denser, 

spherical and less porous granules are formed (Walker et al. 2000). This finding 

supports the conclusions drawn in this current research which further accepts the 

influence of initial particle sizes as contributing to the strength of granules as well as 

tablet compressibility. The work in literature by Walker et al. (2003) also confirms these 

observations and conclusions by stating that the observed granule breakage and 

strength behaviours, hinge strongly on the properties of size, shape and orientation of 

material particles. 

7.6.1.3 Dissolution and Drug Release 

In this subsection of the chapter, the dissolution of tablets formed from the three 

formulations of B, E, and G are reported as well as the accompanying drug release. 

For each formulation granulated, three tablets each from the resulting tableting of 

granules of each formulation are chosen for dissolution testing and the subsequent 

drug release (i.e., of Ibuprofen) reported. 

The dissolution tests were carried out via the DS 8000 dissolution test apparatus (by 

LABINDIA) shown in Figure 7.16 in accordance with the United States pharmacopoeia 

for ibuprofen tablet testing (Pharmacopeia 2007). 
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Figure 7. 16 Dissolution Test Apparatus, DS 8000 (by LABINDIA) 

The dissolution tester unit (DS 8000 by LABINDIA) as shown in Figure 7.16 is of the 

USP apparatus 2, consisting of paddles and with the water in the water bath as well 

as the phosphate buffer solution (pH 7.2) at a temperature of 37 °C ± 0.5 °C. For each 

unit consisting of a vessel with a sampling point and a paddle, the vessels are filled up 

to their 900 mL mark with buffer solution and lowered into the water bath. Syringes 

labelled with the tablet information for dissolution are connected to the sampling points 

after the tablets have been dropped into their respective vessels for dissolution 

(Pharmacopeia n.d.). 

7.6.1.3.1 Calibration Curve 

Using an average tablet weight of 1.59 g and corresponding 80 mg content of 

ibuprofen per tablet at 5 wt %, an initial calibration curve (see Figure 7.17) is obtained 

from which subsequent readings of absorbance from the investigated dissolution of 

tablets of formulations B, E, and G can be matched to the corresponding 

concentrations of ibuprofen per the dissolution tests. 
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Figure 7. 17 Ibuprofen calibration curve for dissolution tests 

To have achieved the calibration curve in Figure 7.17 with five different concentrations 

of ibuprofen (µg/mL), a stock solution and a phosphate buffer solution (pH 7.2) needed 

to be prepared. The phosphate buffer was prepared from both sodium hydroxide 

(NaOH) and potassium phosphate monobasic solid forms, dissolved in distilled water 

in accordance with the standard on ibuprofen tablets (Pharmacopeia 2007). For the 

stock solution, pure ibuprofen powder at 80 mg was weighed out on a measuring 

cylinder and dissolved in 1000 mL of the pH 7.2 phosphate buffer prepared. 

For each of the five ibuprofen concentrations (i.e., 2, 4, 6, 8, 12 µg/mL) on the 

calibration curve, absorbance readings were determined using Ultraviolet-Visible (UV-

Vis) Spectrophotometry via the Lambda 35 series (PerkinElmer, UK) operated at the 

wavelength range of 200 to 300 nm. Each of the five concentrations was then 

individually measured for their values of absorbance, A which were then together with 

their corresponding values plotted in the calibration curve shown. 

7.6.1.3.2 Dissolution 

Three tablets each from formulations B, E, and G were tested, using the USP 

apparatus 2 (Paddle). This was conducted so an averaged response could be 

discussed, and deductions made accordingly. The sampling time intervals set for 

these tests were 5, 10, 15, 30, and 60 minutes as well as an infinity time lasting about 

15 minutes. The essence of the infinity time was to account for the possible total drug 
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present within the tablets after the initial 60 minutes of dissolution testing 

(Pharmacopeia n.d.). 

The times for individual tablet dissolution (i.e., complete tablet dissolution) from 

pharma formulations B, E, and G are presented and discussed further using Table 7.6. 

Table 7. 6 Average tablet dissolution times and states from formulations B, E, and G 

Pharmaceutical tablet 
formulation 

Recorded average dissolution 
time (mins) 

Tablet dissolution 
status 

B 51 ± 1 Completely dissolved 

E 
+ 60 

(During infinity time of 15 mins) 

Very little left to 
dissolve 

G 
+ 60 

(During infinity time of 15 mins) 

About 1/3 left to 
dissolve 

�7�D�E�O�H�W�V���I�R�U�P�H�G���I�U�R�P���W�K�H���I�R�U�P�X�O�D�W�L�R�Q���%���Z�L�W�K���”���������—�P���S�D�U�W�L�F�O�H�V���D�V���I�L�Q�H�V���D�Q�G���•���������—�P���D�V��

coarse particles had the fastest dissolution time of the three tablet formulations tested. 

The next in line for faster dissolution was tablets of formulation E which also had the 

same fine and coarse particle sizes, although its initial granules were formed at a lower 

temperature of 65 °C. The tablet formulation with the lengthiest dissolution time was 

that of formulation G also with initial granules formed at a higher temperature of 68 °C. 

This means that the operating parameter of temperature cannot be directly responsible 

for the observed pattern in dissolution time for the tablet formulations studied. 

Having said that, the trend in tablet dissolution time seemed to follow the same trend 

of tablet hardness in that, the harder the tablet (i.e., breaking force) the longer its 

dissolution time. This trend is irrespective of the initial temperatures of granule 

formation of the tablets but is more likely to correlate with initial particle sizes used for 

the granulation. With the same particle size range for fine and coarse particles (i.e., 

�)�L�Q�H�V���D�W���”���������—�P���D�Q�G���&�R�D�U�V�H���D�W���•���������—�P�����Z�L�W�K�L�Q���W�K�H���L�Q�L�W�L�D�O���E�O�H�Q�G���I�R�U�P�X�O�D�W�L�R�Q�V���R�I���%���D�Q�G��

E, the observation in dissolution times follows that this choice in particle sizes result in 

tablets with faster dissolution times than those of formulation G which had 75 �± 90 µm 

as fine particles and 125 µm as coarse particles. This points back to the impact of 
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particle size on both granulation and further processing attributes identified earlier. 

Since the smaller part�L�F�O�H���V�L�]�H���U�D�Q�J�H���R�I���I�L�Q�H�V���D�W���”���������—�P���I�R�U�P���V�W�U�R�Q�J�H�U���G�H�Q�V�H���J�U�D�Q�X�O�H�V��

which upon tableting and compaction, are unable to rearrange further into denser, 

compact but weaker tablets. This resulting higher tablet porosity, thus, leads to faster 

dissolution times as observed from the experimental analysis. The two formulations of 

Brivanib alaninate (Br - BMS-582664) and Pexacerfont (Pexa - BMS-562086) studied 

by Badawy et al. (2012) proposed that the dissolution mechanism was granule porosity 

controlled. They concluded especially in the case of Brivanib alaninate that despite the 

compression of these into tablets, the granule structure remained and subsequently 

affected the dissolution. Thus, instead of tablet disintegration as the major control of 

dissolution, Badawy et al. (2012) attributed dissolution to the disintegration potential 

of original granules. This finding however contrasts that of this current work with 

tablets' porosity and density being the controlling force for the dissolution of tablets 

formed from the formulations investigated (i.e., B, E, and G). Though the controlling 

mechanism for Pexacerfont was identified as being by granule erosion due to its size, 

again this is not exactly the case here in this work as identified. Though the discussion 

is on initial particle sizes forming the granules which are further compacted into tablets 

in this work, the conclusions drawn differ. 

Larger particle sizes in the initial powder formulation blend form weaker granules 

which then form harder tablets irrespective of the granulation temperatures used and 

thus, prolong dissolution times. The opposite is true with the use of finer particles in 

the initial formulation forming stronger granules which also tend to form weaker tablets 

which finally facilitate faster dissolution of the tablet forms. This is the conclusion from 

the observations made in this work and can be inferred from the findings of Badawy 

et al. (2000) and Kristensen et al. (1985) in their support of initial particle sizes 

impacting granule growth and properties. This is also in agreement with work by Ohno 

et al. (2007) on granule particle sizes and porosity, controlling the dissolution rate of 

immediate release formulations via high shear granulation. From the perspective of 

surface area, since the smaller particles of formulations B and E, have a higher surface 

area, upon formation into granules and then finally tablets, there remains higher 

surface area for which the dissolving medium (phosphate buffer) interacts and 

promotes better and faster dissolution times than for the larger particles of formulation 

G with less surface area for buffer medium interaction. This agrees with a thorough 
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study on particle morphology and surface area impacting and contributing to 

dissolution of granules (Albertini et al. 2004). 

7.6.1.3.3 Drug release (%) 

Being an important property down to the particulate medium, the rate of drug release 

(i.e., solute dissolution) is key and of particular importance to the pharmaceutical 

industry and its testing practitioners (Zaborenko et al. 2019). It is expressed in the 

dissolution governing equation best referred to as the Noyes-Whitney equation (see 

equations 7.2 and 7.3) and has a strong correlation and significance to the dissolution 

of a medium (i.e., tablet, granules, particle). 

 
�@�/
�@�P
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�5�&�Þ���:�%�æ
F �%�Õ�;

�D
 7.2 

 
�@�9
�@�P


L��
F�G�5���:�5�æ�Ô�ç
F �%�; 7.3 

From the above equations, 

M and W both represent the mass and weight of the drug dissolved (kg), t is time, Dk 

and k represent diffusion coefficient and dissolution constant (m/s), S is surface area 

(m2), while Cs and Csat both represent drug solubility/saturation concentration (kg/m3), 

and Cb and C represent bulk concentration in liquid phase at the interface (kg/m3). 

Finally, h in equation 7.2 represents the thickness of the diffusion/boundary layer 

investigated. 

These equations have been present as used in the respective works of literature by 

Augsburger and Hoag (2008) and Jia and Williams (2006), though the work of the 

latter involved simulation studies via a finite difference method and thus, the omission 

of the diffusion layer (h) in equation 3. Thus, �@�/���@�P is directly proportional to the total 

surface area present, allowing the model equation as in equation 3 to be applied 

successfully to individual particles and granules alike as well as whole tablets as was 

the work by Jia and Williams (2006). 

Below are the results with corresponding discussion on the observed drug release 

rates per the dissolution analysis undertaken with tablets formed from the 
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pharmaceutical formulations of B, E, and G. These results are based on average 

values from a sample of three tablets per each formulation (B, E, and G) studied. 

Table 7.7 shows the results of the amount of drug (ibuprofen) dissolved, the percent 

drug release and the time frequency for complete tablet dissolution. The frequency of 

tablet complete dissolution is per the investigated time intervals of 5, 10, 15, 30, 60 

and 75 minutes (mins). The extra 15 minutes in addition to the time interval of 60 mins 

is the infinity time used in determining the total amount of drug and percentage of drug 

released upon complete dissolution of any remaining tablets after the time interval of 

60 minutes.  

Table 7. 7 Account of tablet dissolution; the amount of drug, percent drug release, 

frequency of tablet dissolution 

Tablet ID Drug Amount (mg)  Drug Release (%) Dissolution Frequency (mins) 

B 85.3 104.1 60 

E 81.5 98.7 60 

G 82.6 95.7 75 (60 + 15) 

The values of the amount of drug dissolved and the corresponding percentage of drug 

release for the tablets formed with formulations B, E, and G are with the maximum cap 

time of 60 minutes (i.e., 1 hr) without consideration of infinity time step. The purpose 

is to determine which of the tablets under formulations B, E, and G would satisfy the 

conditions of dissolution for immediate release tablets (Pharmacopeia n.d.). Hence, 

the omission of the infinity time step in the values of amount of drug and percentage 

drug release presented in Table 7.7. Nonetheless, the frequency of the tablet 

dissolution column is of the most occurring time for tablet dissolution, across all three 

tablet samples of the individual formulations tested. 

On average, tablet formulation B had the most amount of drug content release at 104.1 

%, followed by that of tablet formulation G and finally tablet formulation E. The 

observed percent drug release for all tablets from the three formulations studied fell 

within the standard of 90 �± 110 % (Pharmacopeia 2007) of the labelled ibuprofen per 

each tablet tested. However, this order of average percent drug release is not the 
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same as for the average drug amount (see column two of Table 7.7) though both 

parameters are measured at time 60 minutes. Considering that both formulations of 

pharma B and E are with the same sized initial particles of the blend for granulation, 

particle size may not directly be the cause of the trend of drug amount decreasing with 

formulation E from formulation B. The change may be a more probably cause of the 

impact of the different temperatures under which initial granules formed during the 

granulation process (i.e., formulation B at 68 °C and formulation E at 65 °C). At 65 °C 

and with the binder property of higher viscosity thus less spreading and coating of 

excipient particles, there is the likelihood of less API (ibuprofen) containment within 

some granules for which subsequent tableting of these could result in the minimal drug 

release. This was particularly the case with the third tablet sample of formulation E 

which had a 77.4 mg drug release at 60 minutes when compared to the other two 

tablets of the same formulation E with 84.4 and 82.6 mg drug contents respectively. 

Thus, under lower temperatures which translates into higher viscosities of the PEG 

4000 binder, less distribution of the binder (i.e., low �I�Å�Ì) is achieved which is unable 

�W�R���K�H�O�S���E�L�Q�G���P�R�U�H���R�I���W�K�H���H�[�F�L�S�L�H�Q�W���D�Q�G���G�U�X�J���S�D�U�W�L�F�O�H�V�����L���H�������.-D Lactose monohydrate 

and ibuprofen) together in the formation of initial granules.  

The average drug release profile for all nine tablets (three for each formulation) is 

presented below in Figure 7.18. The range of dissolution time intervals studied are 5, 

10, 15, 30, and 60 minutes. For further discussion on the occurrence of tablet 

dissolution, the extra 15-minute infinity time step has also been added to the average 

drug release profiles. 
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Figure 7. 18 Ibuprofen average drug release (%) for Pharma tablets B, E, and G from 

the respective formulation blends of B, E, and G 

The range of drug release for ibuprofen tablets specified in the USP (Pharmacopeia 

2007) has been covered in the above drug release profile with a cap drug release of 

110 %. The trend of drug release in all three tablet formulations, regardless of the 

initial particle sizes considered for the granulation process appears to be similar, 

following the same trend. This trend is of a steady rise in drug release over a 

considerable length of time, even from 5 to 30 minutes. There is neither a sharp nor 

fast rise in drug release during the first few minutes under 20 minutes unlike the 

observation made by Rivera-Leyva et al. (2012) whose ibuprofen drug release profile 

of commercial ibuprofen tablets saw a high drug release under the first 20 minutes of 

the dissolution tests (see Figure 7.19). 
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Figure 7. 19 Ibuprofen drug release in commercial ibuprofen tablets as by Rivera-

Leyva et al. (2012) 

The legend ( ) represents the commercial ibuprofen tablet which has a high and 

fast release drug rate, different from what this current research shows in Figure 7.18. 

These commercial tablets were under the same pH of 7.2 as that studied in this current 

work, making the basis of comparison founded. Such a release profile is not unique to  

Rivera-Leyva et al. (2012) but also to other literature on the drug release of powdered 

ibuprofen (Passerini et al. 2010; Emara et al. 2014). Nonetheless, this shows the 

uniqueness of the tablets studied in this current research, which although do not follow 

the sharp and high drug release under the first 20 minutes of dissolution like in most 

literature, still satisfies the dissolution time range of 30 to 45 minutes with a release of 

about 85 �± 100 % for (Pharmacopeia n.d.). 

There is an observation in the trends of both drug release and dissolution times with 

original tablet hardness values reported in Figure 7.12. Reference to this figure 

together with the values of dissolution time (Table 7.6) and drug release in Table 7.7 

is recommended for ease of understanding the next plot (Figure 7.20) and its 

discussion below. 
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Figure 7. 20 Trends and relationships between tablet hardness, dissolution time and 

drug release; A �± Hardness vs Drug Release and B �± Hardness vs Dissolution Time 

The harder the tablet, the longer the dissolution time and the slower release rate. 

Harder tablets (i.e., Formulation G especially) resulted in less drug release under an 

hour of dissolution testing. The trend follows that the weaker the tablet crushing 

strength (hardness), the shorter its dissolution time and accompanying higher and 

better drug release within the hour duration set for dissolution studies. Though tablets 

of formulation G are those that completely dissolve with the additional time of 15 

minutes under conditions of infinity testing, they still release a 95.7 % ibuprofen at the 

end of the first 60 minutes which still allows it to satisfy the standard conditions of 

release as stipulated in the USP (Pharmacopeia 2007). 
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7.7 Summary  

In summary, this chapter has investigated three different pharmaceutical blend 

formulations; B, E, and G. Formulations B and E have the same choice of fine and 

coarse particle sizes but at different granulating temperatures of 68 °C and 65 °C 

respectively. Although formulations B and G are both granulated under the same 

temperature, the choice of fine and coarse particles for formulation G is different from 

that of B. The lower temperature of 65 °C for formulation E resulted in the lowest 

granule strengths because of higher PEG 4000 viscosity in molten form and thus, 

subsequent reduced spreading and coating within the powder bed of �.-D Lactose 

monohydrate and ibuprofen. The opposite occurs in the case of formulation B which 

was granulated at a slightly higher temperature and formed the strongest granules out 

of the three formulations investigated. Due to the small nature of the chosen initial 

particles in formulation B than in formulation G, stronger granules formed with 

formulation B due to the increased surface area for binder wetting thus, better granule 

consolidation and densification of particles than with the larger particles in formulation 

G (Jones 2008). Overall, weaker granules upon compaction and tableting resulted in 

harder tablets which then had lengthy dissolution times with considerably low drug 

release upon dissolution testing (as is the case for formulation G). Stronger granules 

formed weaker tablet forms (case of formulations B and E) which had more drug 

release at shorter dissolution times. These two formulations best satisfied the 

conditions of immediate release doses under the USP standard (Pharmacopeia 2007). 

Though formulation G had the lowest tablet friability and would be ideal for tablets, it 

had very high hardness above the standard for uncoated tablets (PharmaEducation 

2020-2023) and would need to have its binder content reduced from 10 % to 5 % (or 

within the range 5 �± 10 wt %) under the same particle size distribution of fine to coarse 

sizes to meet the standard. 
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Chapter 8 Conclusion and Recommendations for Future Research  

8.1 Conclusion 

This research has successfully established the formation of seeded granule structures 

with the use of a twin screw granulator via the hot melt technique in model materials 

of Durcal 65 with PEG 4000, as well as a pharmaceutical formulation comprising 

�L�E�X�S�U�R�I�H�Q�����.-D Lactose monohydrate, and PEG 4000. The key contributors to seeded 

granule formation have been established as being (a) the initial material/powder ratio 

of fine powder t�R�� �F�R�D�U�V�H�� �S�R�Z�G�H�U�� ���L���H������ �������� �I�R�U�� �'�X�U�F�D�O�� ������ �D�Q�G�� �������� �I�R�U�� �.-D Lactose 

monohydrate); which should have sufficient presence of coarse particles acting as 

seeds and (b) the material retention time within the granulating equipment (i.e., longer 

is better) in association with the mechanistic action within the granulator in facilitating 

random particle motions and collisions (i.e., both particle-particle and particle-wall). 

The two main significant operating factors influencing both outcomes of (a) improved 

yield of desired granule size (125 �± 1000 µm) and (b) granule strength irrespective of 

the screw element type used are temperature and binder weight percent, although 

binder weight percent favours better strength with chaotic elements while temperature 

favours better strength with the use of KB. Under the same conditions of operating 

temperature and binder weight percent, increasing number of both kneading discs and 

chaotic elements (i.e., above two elements) is not advantageous nor economical, as 

the percentage yield in desired granule sizes decreases with high accompanied fines 

���”�����������—�P��. However, the percentage yield in desired granule sizes is better facilitated 

with an increase in the binder weight percent under chaotic mixers. Further 

experimental results hold true that while GSD is influenced by the size and 

arrangement (i.e., combinations) of chaotic elements within the granulator, in the case 

of kneading elements, GSD is more of a case of the offset angle for which a 30° offset 

is better yielding in desired granules for its less conveying but improved mixing action 

than with the 60° offset. Though temperature is identified as a significant factor, it is 

its direct impact on binder dynamic viscosity and surface tension/energy that more 

readily and directly influences GSD and granule characteristics. 
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The optimized conditions for both granule strength and desired granule sizes across 

the four factors of screw speed, temperature, PEG wt % and number of mixing 

elements used under KB and chaotic elements are as follows. 

a) KB: 50 rpm, 70.0 °C, and 5.0 wt % PEG with the use of about 3 KB elements 

(i.e., between 2 and 3 elements per screw rod). 

b) Chaotic: 141 rpm, 66.3 °C, and 9.7 wt % PEG without any chaotic elements. 

Both results from the optimization investigation further strengthens the findings of 

temperature significantly influencing strength and desired granule formation with the 

use of KB elements, while binder weight percent facilitates that in the case of chaotic 

elements. 

The work on the pharmaceutical formulation studied in this research reveals better, 

the impact of initial material PSD on granule properties, as well as tablet 

characteristics of hardness, friability, dissolution time, and drug release. The presence 

of more fines and at a higher temperature of 68 °C, improves granule strength thus 

hindering compactibility and resulting in weaker tablets with better drug release rates 

and faster dissolution times (i.e., Pharma B over Pharma G). Therefore, PSD + 

Temperature + PEG wt % are the most influential formulation and process parameters 

determining granule and tablet properties. Being able to successfully manipulate these 

parameters through the knowledge of this work will enable process engineers and 

formulation scientists to achieve desired product properties. 

There is strong evidence of the presence of all three granulation rate processes 

occurring within TSHMG. This is however only achievable with the use of mixing 

elements (KB or Chaotic) in combination with conveying elements. Thus, the screw 

configuration used and the position of mixing zones, has a strong contribution to 

nucleation mechanism depending on the process temperature (i.e., either high or low) 

and type of mixer element present. 

Seeded granules are formed despite the dominant nucleation mechanism being by 

immersion in this work, despite seeding appearing to be suggestive of nucleation by 

distribution (i.e., binder coating particles) as rightly alluded to by Rahmanian et al. 

(2011a) in likening seeding to layering. Thus, both nucleation types can form seeded 

structures, requiring increased percentage presence of coarse particles in TSHMG. 
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8.2 Recommendation for future research 

It will be useful to simulate via discrete element method (DEM) the process of twin 

screw granulation and seeded granule formation, to add to the mechanistic 

understanding of the process as identified in this current research. A better 

representation would be to incorporate computational fluid dynamics into the model 

via the CFD-DEM couple, to account for the fluid-particle interactions. To make a 

better model close to the complexity of the granulating process, the suggestion is to 

simulate at least, three individual particle sizes of the initial feed powder (i.e., excipient) 

and not the simplistic approach of only two sizes; of fine and coarse particles used in 

past works of literature (Hassanpour et al. 2013; Behjani et al. 2017). This will better 

represent the findings from the experimental work and results presented in this current 

research. With the known challenges of computational cost due to the little time steps 

and huge number of particles involved in the simulation, the coarse grained particle 

(CGP) approach of lumping several particles could be an alternative. Considerations 

should also be given to the choice of graphics processing unit (GPU) as this also 

impacts on the results obtained and gives rise to variations in results. 

Further investigation of the combinations of chaotic and kneading mixers along the 

length of the co-rotating screws could be investigated in attempts of optimizing the 

yield of desired granule sizes. The positioning of mixer elements along the length of 

the extruder barrel could be investigated in establishing its contribution to the 

possibility of increasing seeded structures through increased presence of shearing 

forces, as well as its now known contribution to nucleation aside breakage. 

Develop a regime map on the process and formation of seeded granules, considering 

strength, initial PSD of excipient powders, and the identified significant parameters of 

binder content and temperature. 
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Appendi ces 

Appendix A : Literature on Granule  Formation via TSG/TSE  

Table A1: Comparison table of key works of literature on granule formation via TSG/TSE 

Literature 

+ 

Focus Area  

Materials 

+ 

Binder 

Screw Configuration and Parameters Findings 

Djuric and 

Kleinebudde (2008) 

 

 

Impact of screw 

elements in TSE  

�.-Lactose 

monohydrate (ar) 

 

 

 

Granulating liquid - 

Water 

 

 

 

�x Forward offset angles 30°, 60°, & 90° 

Most friable and porous 

granules via conveying 

elements. 

 

KE formed least friable 

and densest granules, 

particularly the 

combination of 90° 

forward and 30° 

reverse elements. 

 

Tablets of higher 

strengths from more 
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�x Additional 30° reverse kneading offset 

�x 100 rpm constant screw speed 

�x 33 g/min feed rate with liquid injection rate of 3 

g/min 

�x Without a die plate at end of extruder 

�x 25 °C operating temperature 

�x 125 �± 1250 µm granules compressed into tablets 

at 10, 20, & 30 kN 

porous granules and 

vice versa 

 

Highest yield of 125 �± 

1250 µm granules via 

the 90° forward offset 

with 60 mm length. 

 

With the same pitch as 

conveying elements, 

combining elements 

have the most porous 

granules. They have 

better yield of 125 �± 

1250 µm granules than 

conveying elements. 

Thompson and Sun 

(2010) 

 

 

 

�.-Lactose 

monohydrate 

(97 µm ± 10%) 

 

 

 

Particle shape and size 

is controlled via 

kneading and 

combining elements. 
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Influence of screw 

design (combing, 

conveying and KE) 

in a TSE 

 

aqueous 

Polyvinylpyrrolidone 

(PVP) as binder 

 

 

�x Lactose premixed with PVP in a tumbler blender 

prior to granulation 

�x Without a die 

�x Constant feed rate of 2 kg/h 

�x Operating temperature of 30 °C in all 6 zones 

�x Investigated screw speeds of 30 rpm & 80 rpm 

�x A set of 4-8 kneading disks used as a kneading 

block 

�x 30°, 60°, & 90° forward offset kneading discs 

Granule sizes enlarge 

over long lengths of 

conveying elements. 

Larger granules (> 850 

µm) form with a 70 % 

channel fill, while 30 % 

channel fill shifts to > 

500 µm with conveying 

elements. 

 

With low channel fill, 

effect of offset angle on 

GSD is negligible. 

However, the opposite 

was achieved with 

higher channel fill at 70 

% particularly with 90° 

offset. 

 

There remains little 

difference in GSD at 70 
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% channel fill between 

30° & 60° offset angles. 

More fine-sized 

granules with the use of 

combing elements, 

which promote material 

surges. 

 

High binder content 

promotes larger 

granules (> 1180 µm) 

especially in KE over 

combing elements 

which tend to break and 

erode granules upon its 

formation. 

 

Screw elements impact 

granule shapes; oblong 

with conveying, strong 

plate-like or ribbon 
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shapes with kneading, 

and helical tube-like 

ones with combining 

elements. 

Similarities in results to 

those by Djuric and 

Kleinebudde (2008). 

Dhenge et al. 

(2012a) 

 

 

 

 

 

 

 

Granule properties 

with changing L/S 

ratio, different 

viscosities of 

granulating liquid, 

�.-Lactose 

monohydrate, 

microcrystalline 

cellulose, and 

croscarmellose 

sodium 

 

 

 

Granulating liquids �± 

Water and 6 % (w/v) 

hydroxypropyl 

cellulose (HPC) 

 

 

* Viscosity refers to amount of binder 

 

�x Without a die 

�x 8 kneading discs per each screw rod 

�x Two mixing zones of KE 

�x Water viscosity at 0.001 Pa s 

�x Viscosity of HPC solution at 0.076 Pa s 

Granule strength and 

sphericity increased 

along the length of the 

screws. 

 

Breakage and 

consolidation were 

facilitated by KE. 

 

Conveying elements at 

the beginning of the 

screw configuration 

facilitated nucleation. 
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and different feed 

rates of  powder  

�x Effect of 2 kg/h and 5 kg/h powder feed rates at a 

constant L/S of 0.3 and screw speed of 400 rpm. 

�x Effect of L/S at 0.25, 0.3, and 0.4 at a screw speed 

of 400 rpm, and the constant powder feed rate of 2 

kg/h. 

�x Effect of binder viscosity at L/S of 0.3, a constant 

powder feed rate of 2 kg/h, and a screw speed of 

400 rpm. 

 

The first zone of KE 

promoted breakage and 

consolidation. 

The subsequent 

conveying section after 

the first KE resulted in 

some coalescence with 

breakage. 

 

Further coalescence 

with consolidation at 

the second KE zone. 

 

Size reduction of larger 

agglomerates at the 

exiting section of the 

screws with conveying 

elements. 
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Vercruysse et al. 

(2012) 

 

 

 

Influence of 

process variables 

on tablet qua lity  

1. Theophylline 

anhydrate 

2. �.-Lactose 

monohydrate 

200 M (as filler) 

 

PVP as binder 

distilled water as 

granulating liquid 

 

a. Is the liquid addition point 

b. and c. are the work regions 

�x Two kneading zones 

�x Screw speed (600�±950 rpm) 

�x Screw configuration of 2, 4, 6 and 12 KE 

�x Throughput of 10�±25 kg/h 

�x Offset angles of 30°, 60° and 90° 

�x Barrel temperature at 25�±40 °C 

�x Dry vs Wet binder additions 

Optimization of granule 

and tablet quality 

through adjusting 

process variables of (a) 

number of KE, (b) 

binder addition method, 

and (c) barrel 

temperature. 

 

Final end section of 

conveying elements 

reduces oversized 

agglomerates, same as 

reported in Van 

Melkebeke et al. (2008) 

 

Intensive mixing of both 

liquid and solid material 

in KE, with resulting 

rise in friction with 
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increasing number of 

KE 

 

Increase in throughput 

resulted in higher 

torque, with the need 

for more energy in 

rotating screws. 

KE offset angle and 

screw speed had no 

significant impact on 

size distribution. 

 

Higher temperature and 

increased number of 

KE reduce formation of 

fines with higher yield 

of oversized 

agglomerates. 
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Less friable tablets at 

higher operating 

temperature and dense 

granules with increased 

number of KE. 

El Hagrasy and 

Litster (2013) 

 

 

 

 

 

 

 

 

Granulation rate 

processes within 

the kneading 

section of a TSG  

�.-Lactose 

monohydrate + 

hydroxy 

propylmethylcellulose 

+ microcrystalline 

cellulose + 

croscarmellose 

sodium 

 

 

 

Granulating liquid - 

0.1% (w/w) nigrosin 

dye in water 

 

 

�x Constant powder feed rate of 4 kg/h 

�x KE at rear of granulator 

�x Conditions of operating temperature and screw 

speed not provided by authors 

Increasing L/S ratio 

results in granule 

fraction increases in 

both bimodal regions of 

63 �± 90 µm and > 2.8 

mm. 

 

Identification of two 

main rate processes; 

(a) Breakage & 

Layering with 90° 

forward offset (b) Shear 

Elongation & Layering 

with 30° reverse offset 
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With very poor liquid 

distribution in 

conveying section, no 

number of increased 

kneading discs could 

rectify this distribution. 

 

60° forward offset 

angle, regardless of 

increased number of 

discs from 3 to 7, 

showed ineffective 

mixing which was 

identical to an 

equivalent length of 

conveying elements. 

 

KE of lower offset 

forward angle (30°) has 

better conveying 

property than larger 
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angles in both forward 

and reverse offsets. 

 

Liquid distribution & 

granule shape, affected 

by KE. 

Kumar et al. (2014) 

 

Impact of changes 

in screw speed, 

KE stagger/offset 

angles, 

throughput, and 

number of KE on 

residence time 

distri bution (RTD) 

and axial mixing in 

a TSG 

�.-Lactose 

monohydrate 

 

Granulating liquid �± 

distilled water 

 

 

�x Two kneading zones with number of KE at 2, 6, 

and 12 

�x Temperature of 25 °C 

�x Screw speeds 500, 700, and 900 rpm 

�x Throughputs of 10, 17.5, and 25 kg/h 

�x Offset angles 30°, 60°, and 90° 

Screw speed 

significantly impacts 

RTD and axial mixing in 

TSG. 

 

The more the restrictive 

forces (i.e., increased 

KE and offset), the 

more the RTD and vice 

versa. 

 

Poor axial mixing with 

high throughputs 

beyond conveying 

capacity of screws, but 
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better mixing is 

achieved with low 

throughput in general. 

 

Higher KE offset at 90° 

and with increased 

number of KE above 6, 

hindered the operation 

due to material 

jamming. 

Significant effect of 

offset angles was made 

only in combination with 

increased number of 

KE. Increasing both 

parameters resulted in 

less axial mixing due to 

reduced material 

flow/bypass. 
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The interaction of screw 

speed and throughput, 

yielded the strongest 

impact on RTD. 

Li et al. (2014) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three formulations of: 

1. spray-�G�U�L�H�G���.-

lactose 

monohydrate 

2. 42 wt% 

microcrystalline 

cellulose (MCC) + 15 

wt% 

Ibuprofen + 0.5 wt% 

fumed amorphous 

silica mixed with �.-

lactose monohydrate 

3. 20 wt% 

�0�(�7�+�2�&�(�Œ��

E3PLV 

hydroxypropyl 

methylcellulose mixed 

 

�x Zones 1 to 9 at 35 °C, with feed zone at 10 °C 

�x 10 KE at offset angle 60° 

�x Constant screw speed of 220 rpm 

 

Method of analysis (i.e., GSD, porosity, fracture strength) 

was by screw draw-outs 

KE provide compaction 

and breakage, 

increasing granule 

strength and 

consistency. 

 

 

The effect of KE is 

however material state 

dependent as it had no 

impact on MCC but on 

all other powders 

studied. 

 

Low compressive 

forces within KE 

facilitates less 
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Contribution of KE 

in TSWG with 

consideration to 

impact of 

formulation and 

feed rate on 

operation  

with �.-lactose 

monohydrate 

 

 

 

 

 

 

 

 

Binder solution - 4 

�Z�W�����0�(�7�+�2�&�(�Œ��

E3PLV in distilled 

water 

 

agglomeration 

(downsizing of 

agglomerates) further 

down the conveying 

section. 

 

Better binder liquid 

distribution with KE 

than powder 

compaction for all 

powder types studied. 

 

Increasing feed rates 

reduce pressure 

gradient within KE 

 

The state (i.e., level of 

consolidation) of 

powder within the KE 

section of the screws is 

dependent on initial 
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formulations. Easily 

granulating powders in 

the conveying section 

resist further 

consolidation in KE. 

 

Reduced porosity 

values for granules 

exiting the KE section 

than for those yet to 

enter the section. 

 

 

There is the need to 

consider individual 

powder fracture 

strengths with only 

conveying elements in 

assessing the need for 

KE. 



373 
 

Thompson (2015) 

 

 

 

 

 

 

 

TSG review  �± 

screw design, 

operating 

parameters, and 

formulation 

parameters  

A recount of all 

materials and binders, 

as well as granulating 

liquids used by 

previous authors 

30°, 45°, 60°, and 90° KE offset angles with smaller 

angles promoting more drag flow. Hence, with similar 

conveying action as for conveying elements. 

 

 

For each TSG setup, 

the mechanism of 

granulation is 

dependent on the 

choice of screw 

elements and 

configuration. 

 

No clear understanding 

of how different screw 

element combinations 

impact granulation. 

 

Wetting behaviour can 

strongly influence the 

process of TSG as by 

Li et al. (2014) 

 

The importance of 

conveying elements in 

granulation is 
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underrepresented in 

literature and believed 

to be formulation 

specific. 

 

Larger granules at 

higher temperatures 

due to increased 

excipient solubility. 

 

Two separate kneading 

zones behave like one 

long equivalent section 

of KE with respect to 

GSD (Tu et al. 2013). 

Khorsheed et al. 

(2019) 

 

 

 

 

MCC / Spray-dried 

mannitol (100 SD) / 

Mannitol 160 C (non-

sprayed) / Dibasic 

anhydrous calcium 

phosphate  

Tabletability is affected 

via TSG upon wet 

granulation. 

Plastic & elastic work of 

powder, together with 

yield pressure, both 
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The effect of 

continuous wet 

granulation via a 

TSG on 

tabletability, 

investigating the 

mechanisms 

facilitating change 

to granule 

tabletability  

 

 

 

Deionized water as 

binder 

�x Two zones of KE, each of 16 individual kneading 

discs 

�x 1 kg/h constant feed rate 

�x Constant temperature of 25 °C 

�x Offset angle of 60° 

 

Table of granulation parameter combinations  

 

 

have a correlation with 

tabletability. 

 

Primary powder 

properties affect 

tabletability upon 

granulation: reduced 

tabletability of plastic 

deformable MCC by 67 

% while brittle 

crystalline mannitol and 

anhydrous calcium 

phosphate retain their 

primary tabletability 

after granulation). 

 

Depending on primary 

material studied, 

resulting granules sizes 

of the powder may (i.e., 

anhydrous calcium 
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SEM images of resulting granules from the parameter 

combinations table above  

 

phosphate and 

mannitol C160) or may 

not (i.e., MCC and 

mannitol 100 SD) affect 

tabletability. 

 

Decreasing porosity 

with intense mixing and 

thus, higher granule 

recorded crushing 

forces (N). 
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Portier et al. (2020) 

 

 

 

 

 

 

 

Impact of barrel 

temperature, 

binder type & 

concentration, L/S, 

screw speed, 

throughput, 

inclusion of size 

control elements, 

on granule 

properties with 

regards to 

difference in 

formulation  

�.-lactose 

monohydrate and 

MCC 

 

Distilled water as 

granulating liquid 

 

 

PVP and 

hydroxypropyl 

methylcellulose 

(HPMC) as binders 

 

 

Four different formulations based on works in previous 

literature (Keleb et al. 2004; Djuric and Kleinebudde 2008; 

Thompson and Sun 2010; El Hagrasy et al. 2013; Li et al. 

2014): 

(a) Lactose + HPMC 

(b) Lactose + PVP + MCC 

(c) Lactose + PVP 

(d) Lactose + HPMC + MCC 

 

�x Varying amounts of binder per each formulation, 

either as partial dispersions in the granulating liquid 

or as solids 

�x Two kneading sections/zones of six 60° forward 

offset KE 

 

Primary powder 

properties influence 

properties of granulated 

material; Lactose only 

formulations were of 

higher bulk density than 

those of lactose and 

MCC as a blend. 

 

L/S significantly 

affected granule 

formation and 

properties in all 

formulations, as the 

most influential factor; 

Higher L/S resulted in 

better granule 

flowability. 

 

Changes in results is 

more dependent on the 
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powders (fillers) used 

than binder properties. 

Second most influential 

factor was binder 

concentration across all 

formulations. 

 

Screw speed and 

throughput control 

barrel fill level as well 

as barrel temperature, 

with the effect of barrel 

fill and temperature 

being the least of the 

factors considered. 
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Köster and 

Kleinebudde (2023) 

 

 

 

 

 

 

 

 

 

 

 

Impact of 

localization on 

lactose granules 

and tablets 

properties using 

different 

superdisintegrants  

Disintegrants: 

�x Sodium starch 

glycolate 

�x Crospovidone 

�x Croscarmellose 

sodium 

 

Filler: Lactose 

 

Demineralized water 

as granulating liquid 

 

 

Hyprolose as binder 

 

The QbCon® 1 by L.B. Bohle Maschinen und Verfahren 

(Ennigerloh, Germany) 

 

Screw configuration: 

4D LPC �(  3.75D SPC �(  �������'���.�(���������.�(�������•�����(  5D SPC 

�(  1.2D KE (6 KE 60) �(  3D XSPC �(  2D DCE 

 

LPC �± long pitch conveying elements 

SPC �± short pitch conveying elements 

XSPC �± extra short pitch conveying elements 

DCE �± distributive conveying elements 

Though all three 

disintegrants decreased 

particle size upon 

granulation, sodium 

starch glycolate had the 

least impact. 

 

Disintegrant type or 

localization did not 

impact tablet tensile 

strength much. 

 

Both localization and 

type of disintegrant 

affect disintegration but 

that of sodium starch 

glycolate was the least 

desired. 

 

L/S promotes size 

enlargement 
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�x Constant feed rate of 1 kg/h 

�x Screw speed of 125 rpm 

�x 7 �± 18 % L/S 

particularly in 

combination with lower 

intragranular amounts 

of disintegrants. 

 

Absence of a clear 

relationship between 

disintegrant localization 

and disintegration time. 

 

Tendency of 

disintegrants absorbing 

more of the granulating 

liquid, resulting in less 

binder dissolution in the 

granulating liquid and 

thus, the reduced 

particle sizes upon 

granulation (i.e., a 

cause of varying binder 

amounts in solution). 
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Appendix B: Structure Characterization  

  
(a) various granule shapes but with 

dominant sphere or regular shapes 

(b) a group of the more spherical shaped 

granules 

Figure B1: SEM images of dominant granule spherical shapes than elongates: Run 9 

(a) at 40X (b) at 90X 

 

Run 6 (Exp 1) �± 100 rpm / 60 °C / 15 % 

 

(a) External view 

 

(b) Cross-sectioned view 

Figure B2: (a) Whole granules and (b) Sectioned SEM views of all-conveying Run 6 
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Figure B3: Granule hole measurements via ImageJ.JS software with hole marked in 

yellow (Run 6) 

 

Run 7 (Exp 2) �± 50 rpm / 70 °C / 15 % 

 

(a) External view 

 

(b) Cross-sectioned view 

Figure B4: (a) Whole granules and (b) Sectioned SEM views of all-conveying Run 7  
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Figure B5: Evidence of a large particle surrounded by smaller particle sizes for Run 7 

 

Run 9 (Exp 3) �± 50 rpm / 65 °C / 5 % 

 

(a) External view 

 

(b) Cross-sectioned view 

Figure B6: (a) Whole granules and (b) Sectioned SEM views of all-conveying Run 9 
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Figure B7: Less presence of seeded structures via a plucked-out core for Run 9 

 

Run 10 (Exp 4) �± 150 rpm / 70 °C / 5 % 

 

(a) External view 

 

(b) Cross-sectioned view 

Figure B8: (a) Whole granules and (b) Sectioned SEM views of all-conveying Run 10 
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Figure B9: Visible large particle cored granule for run 10 
 

Run 12 (Exp 5) �± 150 rpm / 60 °C / 10 % 

 

(a) External view 

 

(b) Cross-sectioned view 

Figure B10: (a) Whole granules, (b) Sectioned SEM views of all-conveying Run 12 
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Figure B11: Plucked out granule cores under run 12 

  
Run 4 �± 100 rpm / 65 °C / 10 wt % Run 5 �± 150 rpm / 70 °C / 15 wt % 

 
Run 11 �± 50 rpm / 60 °C / 5 wt % 

Figure B12: Magnification 40X of granules produced with 2 KB elements under SEM 
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(a) SEM (c) BSD 

  
(b) SEM (d) BSD 

Figure B13: SEM images of Run 2 using 4 KB elements at 30X; (a) and (b) shows 

regular SEM images while (c) and (d) shows the corresponding Backscatter (BSD) 

images 
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Run 8 BSD image from SEM at 30X 

Figure B14: SEM images of Run 8 at 30X with more rounded or spherical granule 

structures using 4 KB 

  
(a) SEM (c) BSD 

  
(b) SEM (d) BSD 

Figure B15: SEM images of Run 1 at 30X using 4 KB: (a) and (b) being regular SEM 

images, (c) and (d) being Backscatter (BSD) images 
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(a) SEM (b) BSD 

Figure B16: SEM images of 4 KB run 3 at 30X; (a) regular SEM image and (b) 

backscatter (BSD) image  

 

 
SEM at 40X 

Figure B17: SEM images with 4 KB elements of Run 13 

 

 



392 
 

  
Run 11 �± 50 rpm / 60 °C / 5 wt % Run 4 �± 100 rpm / 65 °C / 10 wt % 

 
Run 5 �± 150 rpm / 70 °C / 15 wt % 

Figure B18: SEM images of granules produced with two chaotic elements under 

magnification 40X 
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Run 2 �± 50 rpm / 60 °C / 15 wt % Run 8 �± 150 rpm / 60 °C / 5 wt % 

  
Run 1 �± 150 rpm / 65 °C / 15 wt % Run 3 �± 100 rpm / 70 °C / 5 wt % 

 
Run 13 �± 50 rpm / 70 °C / 10 wt % 

Figure B19: SEM images of granules produced with two chaotic elements under 

magnification 30X 
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Run 2 (Exp 1) �± 50 rpm / 60 °C / 15 % Run 8 (Exp 2) �± 150 rpm / 60 °C / 5 % 

  
Run 1 (Exp 3) �± 150 rpm / 65 °C / 15 % Run 3 (Exp 4) �± 100 rpm / 70 °C / 5 % 

 
Run 13 (Exp 5) �± 50 rpm / 70 °C / 10 % 

Figure B20: SEM images of all five KB runs of 1, 2, 3, 8, and 13 revealing granule 

internal structures 
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Run 2 (Exp 1) �± 50 rpm / 60 °C / 15 % Run 8 (Exp 2) �± 150 rpm / 60 °C / 5 % 

  
Run 1 (Exp 3) �± 150 rpm / 65 °C / 15 % Run 3 (Exp 4) �± 100 rpm / 70 °C / 5 % 

 
Run 13 (Exp 5) �± 50 rpm / 70 °C / 10 % 

Figure B21: SEM images of all five Chaotic runs of 1, 2, 3, 8, and 13 revealing granule 

internal structures 
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(a) 4 KB 150X 

 

(b) 4 Chaotic 150X 

Figure B22: Comparison of granule structure (i.e., porosity and particle-particle 

bonding) between KB and Chaotic mixers under the same operating conditions of Run 

3  
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(a) Batch 3 at 200X (b) Batch 6 at 150X 

 
(c) Batch 7 at 300X 

Figure B23: Evidence of granule structures being a collective of fines, masked by resin 

in HSMG 
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Figure B24: SEM images of (A) crystal PEG 4000 flakes (i.e., crystalline PEG) and (B) 

granules of Pharma A formed with crystalline PEG, showing PEG flakes in granule 

cores 

 

Figure B25: EDS analysis of Pharma A with cored crystalline PEG flake with 72.71 wt 

% oxygen (O) and 27.29 wt % carbon (C). This strongly hints at the elemental 

composition of PEG 4000 
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Appendix C: Granulating and Friability Equipment  

 

Figure C1: ERWEKA TA 100 Friability Tester 

  

Figure C2: Freund Vector GMX LabMicro high shear granulator (FREUND-VECTOR 

Corporation 2013)  
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Appendix D: Tablets from Pharmaceutical Formulations B, E, and G  

 

Figure D1: Tablets of Pharma B after crushing force test 

 

 

Figure D2: Tablets of Pharma E upon crushing force test 
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Figure D3: Tablets of Pharma G after crushing force test 

 

Appendix E: Granul e Strength Analysis  

 

Figure E1: Sample strength analysis plot of fifty granules of pharmaceutical 

formulation G, using powdered PEG at 68 °C and 75 �± ������ �—�P�� �I�L�Q�H�� �S�D�U�W�L�F�O�H�V�� �R�I�� �.-D 

Lactose monohydrate 
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