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Abstract 

A key difference in detergent granulation, compared to most granulation processes con-

ducted in the pharmaceutical and food industries is the high viscosity of the surfactant 

binder. These surfactants are approximately ×10
4
 more viscous than water and this 

makes handling the substance a challenge. Previous studies have primarily focused on 

systems using liquid binders that are of a lower viscosity. This research aims to under-

stand the initial dispersion of a highly viscous, semi or soft-solid binder (surfactant) in a 

high shear wet agglomeration process. Experiments were conducted with a view to out-

lining a mechanism for binder dispersion, which involves the breakup of lumps of 

binder, as a result of the mechanical action of the impeller and the powder bed. The 

mechanistic understanding was subsequently used to create and validate a model that 

describes binder breakage. Another key deliverable of this research was to develop a 

technique for monitoring the dispersion of a binder in situ. 

The influence of the method of binder delivery on granule attributes such as size, binder 

content and granule strength were investigated in a vertical shaft 10 L high shear granu-

lator. A typical powdered detergent formulation was used for this study, and consists of 

a mixture of surfactant (binder), zeolite (powder) and soda ash (powder). The binder 

was either injected (as a continuous stream) or preloaded into the mixer (as one large 

blob). Varying the method of binder delivery changes both the rate of binder addition 

and initial size of the semi-solid binder. At low to moderate agitation intensities, the re-

sults suggest that injection improves initial dispersion and subsequent distribution of 

binder in a moving bed of powder. 

In order to develop a mechanistic understanding of the binder dispersion process, small 

scale experiments were conducted in a 100 ml high shear mixer (this equipment is a 

scaled down replica of the 10 L high shear mixer). This is the first study to introduce the 

concept of “breakage” of lumps of binder, during its initial dispersion. In other words, 

binder dispersion occurs when lumps of binder get coated with powder and are subse-

quently broken up within the mixer. The coated lumps of binder are referred to as pow-

der coated binder particles (PCBPs). Scaling down the operation enables binder break-

age to be monitored in more detail. These PCBPs undergo a size reduction process. Ex-

periments were conducted using zeolite and soda ash (of two different sizes), and the 
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mixer was operated at different speeds. Results reveal that larger and rougher primary 

particles disperse the binder more effectively in a moving bed of powder, and also a 

high impeller speed is required for better initial dispersion of the binder into powder 

formulations that consist of a large proportion of fine material. 

A population balance model that describes the breakage of the semi-solid binder was 

also developed. The model predicts the change in the length of the binder particles, as a 

function of time. Other features of the model include a selection function for the binder 

particles based on their initial length (larger binder particles are more likely to undergo 

breakage than smaller ones). There are two parameters which could be changed in the 

model: the initial length of the parent binder particle and the selection constant. The 

analytical solution to the population balance equation indicates that the variation in the 

size distribution is self-similar with time. It was also found that the mean length of the 

PCBPs predicted using the model is in good agreement with the experimentally deter-

mined mean length. A population balance model, coupled with a kinetics approach has, 

therefore, been used to successfully describe the binder dispersion (breakage) process. 

This is the first study to also introduce a non-invasive technique (thermal imaging) for 

online monitoring of binder dispersion in a moving bed of powder. Experiments were 

conducted in a 10 L high shear mixer and a pilot scale 32 L paddle mixer. Thermal im-

aging was used to study the influence of the method of binder delivery on its subsequent 

dispersion for a non-reactive system. Results suggest injecting the binder leads to a 

more rapid and even distribution throughout the powder bed. The thermal imaging tech-

nique was also used to understand binder dispersion in a reactive granulation process. 

The exothermic reaction between the acidic binder and basic powder produces a heat 

signature that could be traced. The effect of particle size and impeller speed on the dis-

persion of the reactive binder was monitored and the results suggest that larger particles 

disperse the binder more evenly, and higher impeller speeds promote improved disper-

sion too. 
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Chapter 1  Introduction 
 

Over the last 40 years, the manufacture of laundry detergents has changed significantly 

with many different product forms being introduced into the market, including liquids, 

gels, compacts and capsules (Bayly et al., 2009). Despite an increase in the popularity 

of newer product forms, the powdered form still remains the most popular option. 

The powder form offers many advantages over other forms of detergent in that they 

contain large amounts of inorganic material, which are a lot cheaper than alternatives 

made using petroleum derivatives. Furthermore, due to the inherently low water (mois-

ture) content within the formulation, it is easier to incorporate other compounds that 

serve different functions like bleaches and enzymes and to keep such compounds stable 

for longer (Bayly et al., 2009). Segregation is also easier to prevent in powder formula-

tions providing it is well managed (for example by granulation) in comparison to liquid 

formulations that are more prone to phase separation. 

Detergent is produced either by spray drying or by granulation in a high shear mixer. 

The granulation process is preferred due to its lower energy consumption, and also the 

product from the granulation process is denser and stronger. Detergent is granulated us-

ing a binder that also functions as the surfactant in the formulation. These binders could 

either be active i.e. they react with the powder they are mixed into (e.g. linear alkyl ben-

zene sulphonic acid) or inactive (e.g. semi-solid sodium alkyl ether sulphate paste). 

What follows is a brief section summarising the motives for this research work. A gen-

eral background to the field of granulation has also been included here, along with an 

outline of the structure of this thesis. 

1.1 The research problem 

This research focuses on understanding one key aspect of high shear granulation that is 

binder dispersion in a moving bed of powder. In recent years, significant research has 

been undertaken in order to understand the mechanisms involved in these processes and 

to develop mathematical models that describe the process of granulation. The majority 
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have focussed on studying systems using low viscous liquid binders. This research aims 

to extend this work to soft solid (semi-solid) and reactive surfactant binders used mainly 

in detergent manufacture, which are highly viscous and paste-like. One of the chal-

lenges associated with the use of a highly viscous binder is ensuring its dispersion in a 

moving bed of powder during the high shear wet granulation process. It is known that 

binder dispersion influences other aspects such as granule growth, strength and porosity. 

The study will focus on understanding the dispersion of the binder by mechanical action 

of both the impeller and powder particles. This is fundamental to understanding the de-

tergent agglomeration process and is a key limiting factor in being able to run equip-

ment at higher process throughputs. The study also aims to predict the behaviour of 

such binders. Ultimately, this will help in developing methods for improving binder 

dispersion in a high shear environment. 

1.2 What is granulation? 

Granulation is used to convert fine powders into more free flowing, easy-to-process 

granules. There are two different types of granulation processes: wet and dry. The wet 

granulation process usually involves mixing the powder with a liquid, known as a 

binder, in specialised process equipment, which encourages the aggregation of the fine 

powders and binder into larger granules. 

The granulation process has the advantage of being able to alter the handling character-

istics of a solid formulation without altering its chemical properties. Granulation is often 

done to avoid powder segregation and help maintain the uniformity of a mixture. It im-

proves the flowability of the powder, as larger aggregates are less cohesive and also 

helps to minimise dust formation. Furthermore, in tableting applications, for example, 

using granules instead of the primary powder in its original form helps to improve the 

compaction characteristics of the mixture, i.e. produce stronger tablets with a better dis-

solution profile. Besides the detergent manufacturing industry, the process is widely 

employed in a range of other industries including the food, pharmaceuticals, and agri-

cultural chemicals (fertilizers). 
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Granulation refers to any unit operation that processes and changes all or some of the 

properties of the powdery material that is introduced into it. There are a number of dif-

ferent unit operations which could be used for agglomerating powders, including: 

 Fluidised bed granulators – these are employed for wet granulation applications. 

They can be operated in either a continuous or a batch mode. These units are of-

ten equipped with spray nozzles that are used to spray the binder. The binder can 

be sprayed from either the top or bottom. Mixing occurs as a result of the air that 

is used to fluidise the powder and binder droplets within the bed. Key process 

parameters include air temperature and fluidising air velocity (air pressure). 

 Twin screw granulators –a relatively new unit operation employed for continu-

ous wet granulation. They are increasingly common in pharmaceutical applica-

tions. The mixer consists of a barrel and two intermeshing screws. The screw 

configuration is made up of two different types of elements: kneading and con-

veying. Kneading elements promote mixing between the binder and powder, 

whilst the conveying elements serve to carry the wet material. Different mecha-

nisms will dominate various sections along the length of the screw. Key process 

variables include screw speed, powder feed rate, length of the screw and screw 

configuration. 

 Roller compactors – a popular method adopted for continuous dry granulation. 

The equipment contains two counter rotating rollers. These rollers serve to apply 

a high stress to an incoming flow of powder in order to produce dense compacts 

called ribbons (Omar et al., 2016). These ribbons can then be milled in order to 

produce granules. One key advantage of this method is that it eliminates the 

need for a drying unit operation, as there is no liquid binder involved, thus re-

ducing energy costs. Key process parameters include roller speed, powder feed 

rate and roller pressure. 

 Low shear mixers - refer to rotating drums and pan granulators. Such mixers are 

low shear as they do not have an impeller. Therefore, the stress achieved within 

such mixers is a lot lower compared to high shear systems. Generally, the rotat-

ing action of the mixing vessel brings about agglomeration of the material. The 
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binder can be preloaded, poured, sprayed or melted-in (only for solid binders). 

Granules tend to be spherical, as attrition at the boundaries smoothens any rough 

edges and the high centrifugal forces produce granules with high strength and 

low porosity. 

 High shear mixers – these are the most commonly used unit operations for ag-

glomeration. Key features of a high shear mixer include a mixing bowl and im-

peller that is connected to a drive shaft. A chopper may be present to enhance 

mixing. The rotating action of the impeller imparts shear and impact (stresses) 

onto the mixture, to bring about intimate mixing between the constituent ele-

ments resulting in the formation of granules. Again, as with low shear mixers, 

the binder can be preloaded, poured, sprayed or melted-in (solid binders). Key 

process parameters include impeller speed, chopper speed, binder addition 

method/rate, and mixing time. 

Granulation is a unit operation that has been investigated over many decades. Despite 

the maturity of the industry as a whole, there are many aspects of granulation that still 

remain poorly understood. Unlike systems which involve liquids and gases (like distilla-

tion and gas absorption for example) which are not only very well understood, but are 

easily predicted using advanced models, at any scale, or with any variation in the proc-

essing condition, most granulation processes are not very well understood. Any models 

that predict them are empirical at best. Therefore, it is fair to say that our understanding 

of granulation still remains more of an art form than a precise science. Process under-

standing and product development comes from experience or trial and error, rather than 

a fundamental understanding of the underlying physics and chemistry. If a new granular 

product has to be developed, a number of experiments will have to be performed to de-

termine which formulation properties and or process variable will give the desired 

granular properties. 
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1.3 Thesis structure 
 

The thesis is structured in the following order: 

 Chapter 2 provides a comprehensive review of the relevant literature and identi-

fies current knowledge gaps in this area of research that this thesis aims to ad-

dress. 

 Chapter 3 discusses the experimental methods, measurement techniques and 

analytical tools that were used. 

 Chapters 4-8 discuss the experimental outcomes. Chapter 4 begins by discussing 

the effect of the method of binder addition on binder dispersion, as well as the 

kinetics of the granule growth. Chapter 5 discusses how binder dispersion within 

the mixer was isolated and attempts to quantify binder dispersion with time. 

Chapter 6 discusses the development of an asymptotic self-similar model de-

scribing binder breakage. Chapter 7 uses the experimental data from Chapter 5 

to validate the model that was developed in Chapter 6 to describe binder break-

age. And finally Chapter 8 looks at the dispersion of a reactive binder in a pad-

dle mixer. 

 Chapter 9 discusses the overall conclusions of this research work and suggests 

the scope for avenues of further work stemming from this research. 

 The appendix provides some supplementary information. 

Each chapter begins with a brief introduction and ends with a conclusion that summa-

rises the key findings where appropriate. 
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Chapter 2 Literature Review 
 

2.1 Introduction 

This research concerns the dispersion of highly viscous binders in a moving bed of 

powder during detergent agglomeration. Prior to discussing specific aspects of detergent 

agglomeration, this chapter begins by giving a general overview of the agglomeration 

process and more specifically the high shear wet agglomeration process. Some back-

ground will also be given into the various mechanisms that have been proposed for 

binder dispersion, along with regime maps that have been suggested over the years to 

predict the granulation process. The latter half of this chapter focuses on the literature 

concerning the manufacture of dry laundry powder, followed by the identification of 

knowledge gaps in the research along with the motivation for this research work.  

 

This chapter also gives some background information on particle size and a brief intro-

duction to population balance modelling. These sub-sections will be referred to later on 

when discussing the model that has been developed to predict the dispersion of a highly 

viscous binder in a moving bed of powder (Chapter 6 & Chapter 7). 

2.2 Granulation and high shear mixers 
 

It is well known that in order to get particles to adhere, bonds have to be created be-

tween them and these bonds have to be strong enough to prevent them from breaking 

down as a result of subsequent processing operations. There are several different bond-

ing mechanisms that aid this, including (Summers and Aulton, 2002): 

 

 Adhesive and cohesive forces in immobile liquid films between individual pri-

mary particles. 

 Interfacial forces in mobile liquid films within granules. 

 Solid bridges that are formed after the solvent has evaporated. 
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 Forces of attraction between solid particles (van der Waals forces, hydrogen 

bonds and electrostatic forces). 

 Mechanical interlocking between particles. 

The general wet granulation process can be divided into three main sub mechanisms 

namely wetting and nucleation, consolidation and coalescence and finally breakage 

and attrition (Figure 2.1) (Iveson et al., 2001a). 

 

Figure 2.1. Granulation mechanism for low viscous binders (Iveson et al., 2001a). 

 

Nucleation refers to the process of contacting the dry powder with the liquid binder. 

This step of the granulation process involves distributing the binder throughout the 

powder bed. This distribution results in the formation of primary agglomerates. Wetting 

of the particles takes place during the nucleation stage. The degree of particle wetting 

determines the number of nuclei that are formed. When two wet particles collide they 

may adhere as a result of the formation of a liquid bridge. The better the spread of the 

binder over the particles that make up the powder bed, the greater will be the bonding 

i. Wetting & Nucleation 

ii. Consolidation & Coalescence 

iii. Attrition & Breakage 
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and adhesion between them upon collision. During early nucleation, there is limited 

compaction which aids in strengthening the resultant nuclei too. 

Different types of spatial structures are formed depending on the degree of binder/liquid 

saturation (Iveson et al., 2001a), namely pendular, funicular, capillary and droplet 

(Figure 2.2). In the pendular state, particles are held together by liquid bridges at their 

contact points. This requires the liquid saturation within the system to be low enough to 

let discrete bridges exist between the individual particles and their solid surfaces. The 

capillary structure is only found when the levels of liquid saturation in the system are 

higher and the resulting granular structure is saturated with liquid binder. All voids be-

tween the particles have been filled and any liquid present at the surface of the agglom-

erate is drawn back from the surface into its interior structure. The funicular state is an 

intermediate between the pendular and the capillary state, where all voids between the 

particles are not fully saturated. Finally, the droplet state only occurs when the particles 

are held within or at the surface of the structure of a droplet. All four of these states 

could exist during the high shear agglomeration process. 

 

Figure 2.2. Spatial agglomeration structures - adapted from literature (Iveson et al., 

2001a). 

 

Granule growth occurs when these primary agglomerates collide and stick to each other. 

This process is referred to as coalescence. When fine particles in the powder bed stick 

to the surface of an existing agglomerate, this process is referred to as layering. As the 

granules start to collide against one another, as well as the surface of the equipment they 

gradually begin the process of consolidation. This refers to a reduction in the size and 

the porosity of the granule, as a result of the stresses that act at its surface. Generally, a 

reduction in the porosity of the granule makes it stronger (Iveson et al., 2001a). 

 

Pendular Funicular Capillary Droplet 
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Ennis et al. (1991) suggest that the kinetic energy of any two colliding particles can be 

dissipated by the viscous forces caused by the layer of binder on their surface. When 

this condition is satisfied coalescence is said to occur. The ratio of the kinetic energy to 

the energy of viscous dissipation is given by the dimensionless Stokes Deformation 

number (Equation 2.1). 

 

    
     

  
 

Equation 2.1 

where: 

   is the density of the granule 

u is the tangential velocity of the particle 

d is the granule diameter 

μ is the viscosity of the binder 

 

They also define a critical value for the Stokes Deformation number (St*) (Equation 

2.2). If St* > St, then coalescence is said to occur. The coefficient of restitution (e) is a 

measure of the restitution between two objects as a result of a collision. It gives an indi-

cation of the amount of kinetic energy that is available for the objects to rebound, 

against the amount of energy that is lost through viscous dissipation. If a thicker layer of 

binder (h) is present on the surface of the particle then the value of e is lowered. 

 

       
 

 
    

 

    
  

 

Equation 2.2 

where: 

e is the coefficient of restitution of the colliding granules 

h is the thickness of the layer of binder on the particle surface 

hasp is the characteristic height of surface asperities 

 

However, a limitation of this model is that the granules are considered to be rigid bod-

ies, therefore the effects of granule deformation are not accounted for. At higher impel-

ler speeds, it is expected that e will reduce (due to a decrease in the porosity) and h 
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would increase (as more liquid gets squeezed to the surface through consolidation). 

Therefore, coalescence would be more prevalent as St* increases. 

 

A higher binder viscosity would reduce h, as less liquid is available at the surface and 

this in turn will increase e, therefore St* decreases, and the rate of coalescence falls. The 

mixing time (to attain the required level of granule growth) can be shortened if a larger 

amount of binder reaches the surface of the particle as a result of compaction i.e. if the 

time required to attain adequate binder saturation can be shortened, then mixing time to 

achieve the required level of granule growth can be reduced too. 

 

Breakage and attrition refers to the process whereby wet or even dry granules are bro-

ken as a result of the shear, impact, wear or compaction within the mixer. This could 

also occur post-granulation in other unit operations (for example during drying). 

 

It is well known that the agglomeration process is a multi-scale problem. The macro-

scale kinetics (granule growth), which is influenced by method of binder addition, 

binder dispersion and rate of mixing, all have a direct influence on micro-scale phenom-

ena which occur during granulation including nucleation, growth, consolidation and 

breakage (Poon et al., 2009).  

High shear mixers are commonly encountered unit operations for wet granulation appli-

cations. They are known to produce compacts that are high in strength and bulk density. 

Key features of a high shear mixer include a mixing bowl, impeller and a chopper 

(Figure 2.3). The action of the impeller fluidises material, whilst binder is added into the 

mixer. The binder can be preloaded, poured, sprayed or melted-in (solid binders). Criti-

cal parameters that could be varied when considering the scale-up of a high shear ag-

glomeration process include the impeller tip speed and Froude number (Chitu et al., 

2011). Froude Number is a dimensionless parameter measuring the ratio of the inertial 

force on an element of fluid to the weight of that element of fluid i.e. the inertial force 

divided by the gravitational force. 
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Figure 2.3. Schematic of the high shear mixer. 

 

The initial size of the droplet of binder that is introduced into a high shear mixer and its 

effects on the granulation process in a high shear mixer have been investigated by 

Schæfer and Mathiesen (1996a) and Hapgood et al. (2002). Schæfer and Mathiesen 

(1996a) report that the size of the binder particles affects the mechanism of binder dis-

persion during melt granulation. They granulated lactose monohydrate with meltable 

polyethylene glycol (PEG) particles. The binder was used as flakes, coarse or fine pow-

der. Their study revealed the existence of two distinct mechanisms of binder dispersion, 

which have a strong dependence on the binder size: (i) distribution mechanism or (ii) 

immersion mechanism (Figure 2.4). 

 

 

 

 

 

chopper 

impeller 

binder addition: 

preloaded, poured, sprayed or melted-in 

powder bed 

drive shaft 



Chapter 2  Literature review 

 

12 

 

 

 

 
 

Figure 2.4. Mechanisms of binder dispersion (i) distribution (ii) immersion (Schæfer 

and Mathiesen, 1996a). 

 

Hapgood et al. (2003) developed a nucleation regime map introducing two new con-

cepts: (i) the droplet controlled regime and (ii) the mechanical dispersion regime (Figure 

2.5). In the droplet controlled regime, each drop that touches the surface of the powder 

bed results in the formation of a nucleus. It is assumed that droplets do not land on the 

same area (i.e. the spray flux, ΨA, is low) and that the drop penetrates the powder bed 

really quickly (i.e. penetration time, tp, is short). Conversely, if tp is long, for example 

when considering binders that are very viscous or when the binder addition flux is high, 

then the mechanical dispersion regime will dominate. Seo et al. (2002) provides further 

evidence for the relationship between the relative size of the primary particle to the 

binder droplet and the mechanism by which subsequent agglomerate growth takes place. 

However, one study conducted by Osborne et al. (2011) has shown that pouring, pump-

ing and spraying binder into a high shear mixer, all result in the same granule size dis-

tribution eventually. 

(ii) Immersion mechanism 

(i) Distribution mechanism 

solid binder distribution coalescence 

heating 

melting 

heating 

melting 

solid binder immesrion 



Chapter 2  Literature review 

 

13 

 

 

Figure 2.5. The nucleation map proposed by Hapgood et al. (2003). 

 

A regime map has been developed by Iveson et al. (2001b) to enable granule growth to 

be predicted in equipment such as rotating drums and high shear mixers (Figure 2.6). 

These regime maps show Stokes Deformation Number varies as a function of the 

maximum granule saturation. Such maps are useful in predicting the final consistency of 

the material given a set of initial conditions. 

  

Figure 2.6. Granule growth regime map proposed by Iveson et al. (2001b). 

ρg - granule density 

ρl -  liquid density  

Uc - collision velocity 

Yg - dynamic yield stress 

w - mass ratio of liquid-to-solid 

ɛmin - minimum porosity 
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2.3 Detergents and surfactants 

The detergent industry has shifted its focus towards the manufacture of compact laundry 

powders in order to minimise the amount of product packaging, as well as any associ-

ated transportation costs in moving large volumes of product (Bayly et al., 2009). The 

manufacturing route, which involves granulation in a high shear environment is there-

fore, more favourable to the spray drying process, as it produces denser granules that are 

stronger. The detergent granulation process often employs a highly viscous surfactant as 

the binding substance. Many of the mechanisms outlined in Section 2.2 are not applica-

ble when considering the dispersion of such binders in a high shear environment. Physi-

cal phenomena such as capillary action and interfacial forces have little or no influence 

on the dispersion process too. The dispersion of a highly viscous binder occurs entirely 

as a consequence of mechanical action. 

From this point onwards, literature that specifically deals with detergent agglomeration 

will be discussed in more detail. This section begins with some general background on 

surfactants and the detergent manufacturing process as a whole. 

Detergents are water soluble cleansing agents which interact with dirt/impurities to 

make them more soluble. They contain an ingredient called a surfactant. The word sur-

factant is short for surface-active-ingredient (Myers, 2006). These substances wet the 

surface of the fabric to emulsify oil and other particulates. They also serve to keep the 

emulsified matter in suspension to prevent them from settling onto the surface of the 

fabric (Yu et al., 2008). This is achieved by lowering the surface tension of water even 

at low to moderate concentrations. The surfactant molecule is made up of two different 

segments – a lipophilic (oil loving) component and a hydrophilic (water loving) compo-

nent, thus making them amphiphilic (Figure 2.7).  The lipophilic part is composed of a 

long hydrocarbon chain, whilst the hydrophilic part consists of a charged head. It is the 

existence of these opposing forces within the same molecule that help to suspend the 

dirt in water (Myers, 2006). Figure 2.7 also exhibits the bi-layer arrangement in a water-

air-oil interface, with the hydrophilic tail in the air/oil phase and the hydrophilic head in 

water. 
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Figure 2.7. a) structure of a surfactant molecule and b) interaction between the surfac-

tant and water – adapted from Myers (2006). 

 

Detergents are commercially available in a wide variety of forms such as powder, liq-

uids, gels and capsules. The most widely used product still remains detergent in its 

powder form. This is largely due to its lower retail cost and longer shelf-life (Bayly et 

al., 2009). For example, liquids can undergo phase separation post production, whereas 

the powder form retains its formulation consistency, provided the segregation of its con-

stituent components is managed (through granulation for example). 

A typical detergent formulation consists of four main components (Yu et al., 2008): 

 Surfactant. 

 “Builders” – primarily aid in softening water. 

 Alkalinity sources – mainly carbonates. 

 Bleaches. 
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The term “builder” comes from the role that these compounds play in the detergent 

manufacturing process. In spray dried formulations, compounds like zeolites make a 

key contribution towards the structure of the resultant granule – hence the name builder 

(CEFIC, 2000). Builders also help in preventing greying of fabrics and assist in dirt re-

moval. 

The surfactant can either be inert or active (reactive). An active binder has a lower vis-

cosity than an inert binder. Inert binders are often soft-solids. The soft-solid binder is 

preferred to the thinner active binder, as it results in the production of stronger granules. 

It is more difficult to push out a more viscous liquid from within the internal structure of 

a granule than a less viscous one, therefore resulting in the formation of stronger bonds 

between the constituent particles. Another advantage of a soft solid binder is its ability 

to enable better control of the agglomeration process as a whole (Mort et al., 2001). For 

example, uncontrollable ball growth and deformation is prevented as the fine powders 

that are often present in detergent formulations need a large amount of binder. The fine 

particles pack closely with the soft solid, and this results in binder becoming saturated 

with powder. Furthermore, the high viscosity of the binder will impact its flow through 

the interparticle spaces, thereby, reducing the effect of growth post-consolidation. This 

means that there is less binder available on the surface of the granules for further parti-

cle interaction, therefore preventing uncontrolled granule growth (also known as ball-

ing). However, it is easier to disperse a low viscous binder in a moving bed of powder; 

thus ensuring a more even surfactant concentration in the finished laundry product. 

2.4 Classes of surfactants 

Surfactants are generally classified based on the electrical charge of their head group 

(Figure 2.7). There are several different types of surfactants (Levinson, 2009), these in-

clude: 

 Anionics  - negatively charged. 

 Cationics – positively charged. 

 Amphoterics or Zwitterionics – both positive and negative groups exist on 

the same head. 
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 Nonionics – zero (no) charge. 

Of these four classes, the most commonly employed categories are anionics and non-

ionic surfactants, accounting for a combined 86% of all surfactants sold globally 

(Levinson, 2009) (Figure 2.8). Many commonly used fabrics are negatively charged 

therefore anionics are ideal, as they will not be prone to adhere onto the fabric that is 

being cleaned. This in turn, prevents oil and other undesirable particulates from settling 

on to the surface of the fabric (Bayly et al., 2009). 

 

Figure 2.8. Commonly used types of surfactants and their availability – adapted from 

Levinson (2009). 

 

Alkyl aryl sulfonates are the most commonly used anionic surfactants, in particular, lin-

ear alkylbenzene sulphonate (LAS acid) (Yu et al., 2008). The linear chains are pre-

ferred over the branched chains, as they are more biodegradable and therefore more en-

vironmentally friendly. Other advantages of LAS include its ease of dispersion in aque-

ous mediums (a gel is not formed) and its excellent thermal & chemical stability (Bayly 

et al., 2009). It is often neutralised using carbonates (Equation 2.3) that make up part of 

the detergent formulation to form a sodium salt (LAS-Na) (Germaná et al., 2009). This 

study involves the use of both reactive and non-reactive anionic surfactants. The non-

reactive semi-solid surfactant (alkyl ethyl ethoxy sulphate or AE3S) is also anionic. It 

has the following chemical formula: CH3(CH2)10CH2(OCH2CH2)nOSO3
-
Na

+
. 

[CH3(CH2)10CH2] is the hydrophobic tail, and [-(OC2H4)nOSO3
-
] is the hydrophilic 

head. It is a pale yellow opaque semi-solid paste at room temperature. More details 

about the surfactants used in this study are given in Section 3.3. 
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2HLAS (l) + Na2CO3 (s) → 2LAS-Na (s) + H20 (l) + CO2 (g)↑ Equation 2.3 

2.5 What is a semi-solid? 

One of the surfactants used in this study (sodium alkyl ether sulphate) is a semi-solid 

paste at room temperature. A semi-solid refers to a substance that behaves as both a 

solid and a liquid. For example, semi-solids like solids are able to hold their shape and 

can support their own weight, however, like liquids when a stress is applied to them 

they start to flow. 

2.6 Inorganic solid components in detergent formulations 

The surfactant is often combined with several other inorganic solid components that 

make up a typical detergent formulation. Each powder has a specific function to play in 

maximising the detergency of the formulation (Bayly et al., 2009): 

2.6.1 Sodium carbonate 

Sodium carbonate also known as soda ash, has the chemical formula Na2CO3. It is a 

brilliant white powder, with a true density of 2.54 g/cm
3
. The compound is basic in na-

ture. It helps to soften water by competing with calcium and magnesium ions that are 

present in the aqueous medium, thus preventing them from binding with the surfactant 

molecule. 

2.6.2 Zeolite 

They refer to a diverse range of insoluble crystalline compounds and are widely used for 

adsorption, ion exchange and other separation processes. They have porous structures 

and serve as molecular sieves for other cations like Na
+
, Ca

2+
, Mg

2+
 and K

+
. There are 

many different grades of the compound, the most widely used form in detergents is so-

dium aluminosilicate, Na12O6Al12O18·12SiO2·27H2O. It is a fine white powder, with a 

true density of 2.24 g/cm
3
. 
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2.6.3 Sodium silicate 

Sodium silicate is also known as water glass and has the chemical formula Na2SiO3. It is 

available as a white solid or as an aqueous solution. The powder can be dissolved in wa-

ter to produce a basic solution. It has a true density of 2.40 g/cm
3
. 

2.6.4 Sodium sulphate 

Sodium sulphate has the chemical formula Na2SO4. It is a brilliant white powder that is 

insoluble in water. It is inert and does not react with acidic surfactants. It has a true den-

sity of 2.66 g/cm
3
. 

2.6.5 Sodium tripolyphosphate 

Sodium tripolyphosphate (STPP) has the chemical formula Na5P3O10. It is used in de-

tergent formulations to serve as a builder. It also aids in softening water by binding to 

calcium
 
and magnesium ions. It has a true density of 2.52 g/cm

3
. 

More information about the primary powders used in this study (zeolite and light ash) 

can be found in Section 3.3. 

2.7 Detergent agglomeration process 

One of the challenges associated with the use of a highly viscous paste is ensuring its 

subsequent dispersion within the granulator. To increase the performance of the deter-

gent, the loading (concentration) of the surfactant in the detergent granules has to be 

maximised. To achieve this, most surfactants are added in their highly concentrated 

paste form. This means that diluting the binder to improve its distribution, by reducing 

its viscosity, is not an option for improving paste handling and dispersion. Knight et al. 

(1998) conducted studies using a low viscous binder and reported that shearing forces 

imparted by the impeller are vital for ensuring good distribution. 

The general agglomeration mechanism using a conventional solvent binder or aqueous 

binder consists of three main steps (refer to Section 2.2). This generic mechanism is not 

applicable to granulation involving highly viscous surfactant binders, like LAS acid and 

AE3S. For example, at a shear rate of 10 s
-1

,
 
molten PEG 20000 has a viscosity of 27 

Pa.s at 70°C, whilst AE3S has a viscosity of 800 Pa.s. 
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The size distribution of the resulting agglomerates depends on the method of binder ad-

dition (Mort et al., 2001). Ideally, a well atomised binder spray will result in a narrower 

size distribution, providing the droplet size is less than the desired agglomerate size, and 

the binder is added to a location where there is a sufficient powder flux. However, it is 

not possible to spray a semi-solid binder due to its high viscosity. Therefore binder dis-

tribution is enhanced by staging the agglomeration process across two mixers, to help 

narrow the size distribution, by dividing the growth transformation into more manage-

able segments. Commercially, the detergent agglomeration process consists of more 

than one stage to enable better control of the process (Figure 2.9). Mixer 1 is used to 

mechanically disperse the binder into the powder, whilst the second mixer is used to 

control the size of the resulting agglomerates. 

 

 

Figure 2.9. Process flow diagram for detergent agglomeration (Mort et al., 2001). 
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Capeci et al. (1996) outline a complete process for producing high density detergent ag-

glomerates (Figure 2.10). This involves: 

 

i. Mixing/densifying – the surfactant and the dry powders in order to produce ag-

glomerates. This stage could involve more than one mixing step as outlined in 

Figure 2.9. 

ii. Screening & grinding (stage 1) – separating the agglomerates into different size 

classes, and grinding those that are above a certain size (a milling operation). 

iii. Conditioning - this involves further downstream processing post agglomeration, 

such as drying and cooling (to improve granule flow). Granules below a certain 

size are recycled back into the mixer for further agglomeration. 

iv. Screening & grinding (stage 2) – separating agglomerates after they have been 

conditioned into different size classes. Agglomerates that are considered to be 

large are once again subjected to a size reduction process. 

v. Finishing – refers to the mixing of the selected size classes of agglomerates to 

produce the finished laundry product. 

 

Figure 2.10. Laundry detergent manufacture process (Capeci et al., 1996). 
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2.8 Non-reactive detergent agglomeration 

Up to this point, a general overview of the detergent agglomeration process has been 

given and some of the challenges associated with the use of a surfactant binder have 

been discussed. The rest of this section summarises the recent granulation research in-

volving the use of a highly viscous binder. Rough et al., (2003, 2005 a-d) conducted a 

series of studies in a domestic food processor. They granulated fine zeolite powder with 

LAS paste, which is a neutralised form of LAS acid. It is a highly viscous opaque yel-

low semi-solid gel at room temperature. 

They investigated changes in the granule morphology and size distribution and their 

study revealed the existence of five distinct regimes, including a powdery, crumble, ag-

glomerate, wet agglomerate and dough state (Figure 2.11). This was a qualitative 

method of characterising the granules by visually examining micrographs of samples. In 

the powdery regime, the granules are quite fluffy and weak, and the size distribution is 

wider (Figure 2.12). They also claim the size of the granules starts to decrease after 180 

s of wet massing. However, mean or median sizes have not been reported from their 

size measurements to support this claim, and the size distribution presented in their 

work seems to suggest otherwise i.e. an increase in the mean size with time c.f. Figure 

2.12. Crumble refers to the formation of lumps of surfactant paste covered with powder. 

As time progresses, the samples become more homogenous and the size distribution be-

comes narrower. The powdery nature of the samples ceases to exist after 240 s (Figure 

2.11). After 300 s some granule growth is evident. 

Rough et al. (2005b) discuss the effects of three parameters, namely speed, binder vis-

cosity and liquid to solid ratio. The rate at which the material moves from one regime to 

another depends on these parameters (Table 2.1). Increasing the impeller speed en-

hances the rate at which the various regimes were formed. They also claim that chang-

ing the impeller speed does not affect the shape of the granules in each regime (Rough 

et al., 2005a), however micrographic evidence was not provided to support this. It was 

also stated that when comparing the data obtained at 1350 rpm against the data obtained 

at 1650 rpm, the higher impeller speed resulted in a narrower size distribution, with a 

lower volume percentage of the larger granules. Again, size distributions have not been 

presented in support of their statement. This finding was said to be in agreement with 
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the study conducted by Schæfer and Mathiesen (1996a) using lactose and molten poly-

ethylene glycol (PEG). Higher speeds could result in the breakage of some of the larger 

granules in the mixer. However, others (Heng et al., 2000) argue that at higher speeds, 

granule deformability is greater resulting in more binder being squeezed on to the sur-

face of the granule promoting more growth i.e. enhanced granule consolidation aids 

growth via coalescence. In reality, it is likely to be a trade off between breakage and 

consolidation. Rough et al. (2005b) also report that an increase in the temperature of the 

binder lowers its viscosity, which enhances its distribution. A less viscous binder en-

ables the regimes to be reached in a shorter period of time at both the impeller speeds. 

Also, increasing the binder to solids ratio reduces the time taken to form a given regime. 

The methodology adopted by Rough et al. (2005b) to determine the influence of process 

parameters on progression through the various agglomeration regimes relies primarily 

on visual inspection and a qualitative analysis of micrographs of the granular samples. 

The onset of the detergent agglomeration process is very rapid at higher impeller 

speeds. This makes control challenging and any small variation in the process condi-

tions could result in over or under-agglomerated product. All agglomeration processes 

(even low viscous systems) require a minimum level of binder to saturate the powders, 

before the binder becomes available for providing stickiness. Generally, the more de-

formable the granules are, the more readily they progress onto the agglomerate regime 

(York, 2003). 
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Figure 2.11. Change in granule morphology with time (a) powdery (90 s), (b) beginning 

of crumble (180 s), (c) end of crumble (240 s), (d) crumble-agglomerate (300 s), (e) ag-

glomerate (480 s) and (f) wet agglomerate (480 s). Zeolite was granulated with LAS 

acid (45 wt%) in a 3 L domestic food processor at 1350 rpm, 22°C (Rough et al., 

2005b). 
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Figure 2.12. Size distribution of the granules shown in Figure 2.11 at different times 

(Rough et al., 2005b). 

 

Table 2.1. Effect of speed, binder viscosity (temperature) and liquid to solid ratio on the 

rate at which the system progresses through the different regimes (Rough et al., 2005b). 

 

2.8.1 Changes in the bulk density and Hausner ratio 

Studies conducted by Rough et al. (2003, 2005b) showed a distinctive trend in the varia-

tion of the wet bulk density (aerated density of the LAS-zeolite granules), with a de-

crease towards the crumble regime, and a gradual increase towards the agglomerate re-

gime (Figure 2.13 and Figure 2.14). Their study did not investigate the densities of the 

wet agglomerate or dough due to the high cohesivity of the granules. According to Hi-

bare and Acharya (2012), who investigated detergent agglomeration using both highly 
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viscous non-reactive and reactive binders, an increase in binder to solids ratio results in 

a decrease in the bulk density of the granules (for both binders). 

  

Figure 2.13. Bulk density against mixing time for a 45 wt% LAS–zeolite mixture (Rough 

et al., 2003). Dotted line indicates the beginning of the crumble regime. 
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Figure 2.14. Bulk density against scaled mixing time for a 45 wt% LAS–zeolite mixture 

at different impeller speeds (Rough et al., 2005b). Dotted line indicates the beginning of 

the crumble regime. 

 

The changes in the Hausner ratio as a function of the mixing time were monitored and 

used to identify the existence of different granulation regimes. The Hausner ratio is the 

ratio of the tapped density to the bulk density of the powder. This ratio can be related to 

the inter-particle friction and cohesivity of material in a moving bed of powder. Hausner 

ratios which are <1.25 indicate the material is free-flowing, whilst materials with a ratio 

>1.40 are classed as cohesive. 

A plot of the Hausner ratio as a function of time for the LAS-zeolite mixture is shown in 

Figure 2.15. Again, two different tapping methods were investigated: hand tapping and 

Autotap. The Hausner ratio for unmixed zeolite powder using the hand tapping and 
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Autotap methods are 1.64 and 1.56 respectively. Both set of results show a similar trend 

with time, however, the Hausner ratio is consistently lower for the Autotap than the 

hand tapping method (Rough et al., 2003). The maximum Hausner ratio was found in 

the crumble regime indicating the material is most cohesive in this regime. Granule co-

hesiveness aids in promoting growth via coalescence and increases the granule size. 

They use the results from the Hausner ratio to explain how the properties of the sample 

changes as a function of mixing time. At first, the sample consists largely of a powdery 

mix that is inhomogeneous, with a wide size distribution and a high bulk density. With 

further mixing the granules that are now covered in powder, decrease in size, thus nar-

rowing the size distribution, which results in poor packing. This corresponds to an in-

crease in the Hausner ratio (and an increase in the inter-granular friction). As mixing 

proceeds, the powder particles become incorporated into the granules, making them 

smoother and less cohesive. Thus, the granule packing efficiency improves and the 

Hausner ratio becomes smaller and a local minimum is seen in the agglomerate regime. 

At a higher impeller speed of 1650 rpm, a similar trend was observed (Figure 2.16). 

 

Figure 2.15. Hausner ratio against mixing time for a 45 wt% LAS–zeolite mixture. Note 

different scales for the Hausner ratios (Rough et al., 2003). Dotted line indicates begin-

ning of the crumble regime. 
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Figure 2.16. Hausner ratio against scaled mixing time for a 45 wt% LAS–zeolite mix-

ture at different impeller speeds. The scaling factor is based on ratio of Froude numbers 

(Rough et al., 2005b). 

 

2.8.2 Changes in granule porosity and mean granule saturation 

Granule porosity is a ratio of intra-granular voidage against total volume of granule. The 

porosity of the granules was estimated using a liquid displacement method, in which a 

known mass of material was immersed in hexane (Rough et al., 2005b). The results 

(Figure 2.17) show that the porosity decreases to a minimum at 180 s (which corre-

sponds to the crumble regime) and then increases to a maximum at 300 s (which corre-

sponds to the crumble-agglomerate regime). They claim the increase in porosity from 

180 to 300 s is due to the entrapment of air within the granule structure during coales-

cence. It was assumed that the level of saturation within the granules follows the oppo-

site trend to the granule porosity (Rough et al., 2005b). The highest saturation is there-

fore, obtained at the crumble regime and lowest is at the crumble-agglomerate regime. 

This trend observed for the change in the porosity with mixing time contradicts the 

widely reported  and well accepted trend of declining granule porosity with increasing 

mixing time (Schæfer and Mathiesen, 1996a, Knight et al., 1998, van den Dries and 

Vromans, 2002, Wauters et al., 2002, Ohno et al., 2007). 
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Figure 2.17. Plot of mean granule porosities ( )  and mean percent saturation of gran-

ules (● )  against mixing time for a 45 wt% LAS–zeolite mixture, at an impeller speed of  

1350 rpm. The dashed line marks 100% for the saturation axis (Rough et al., 2005b). 

 

2.8.3 Granulation regime maps 

Rough et al. (2005d) also attempt to use the agglomeration regime map (Figure 2.6) 

proposed by Iveson et al. (2001b) to describe the agglomeration process involving a 

highly viscous binder. In order to relate this regime map to their experimental results the 

maximum pore saturation was replaced with the mean percent saturation of granules 

(Sg) determined from the granule porosity at a given mixing time (refer to Section 

2.8.2). Also in order to obtain the Stokes deformation number (St) a value for the yield 

stress (Yg) was approximated using a parameter, P2, obtained from the bulk tapping 

analysis, which they claim represents the plastic yield. More details about the parameter 

P2 and how it was determined can be found in Rough et al. (2003). The results obtained 

from the tapping analysis have been used to determine a material property of the gran-

ules, namely the plastic yield. This is not a reliable technique as the flowability of the 

granules during tapping is also influenced by the size distribution of the granules and 

their shape – none of which have been controlled in this study. Therefore, it is not pos-

sible to elucidate the effect of tapping on the granule deformability alone. A sample 

with a wider size distribution may give a different value for the plastic yield than one 
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with a narrower size distribution, even if both the granular samples have the same con-

stitution. In addition, the effect of size and shape, and the breakage of the wet granules 

during the tapping process could also influence granule flowability. This therefore, 

questions the validity of their approach to approximating a value of St. 

A plot of the ρg/P2 against mean percent saturation of granules when superimposed onto 

the granulation regime map, supposedly, gave an indication of the progression of a 

LAS-zeolite system through the regime map (Figure 2.18). It is also unclear as to how 

they superimposed Figure 2.18a on Figure 2.18b, as the position would influence which 

consistency regimes the system is going through. 
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Figure 2.18. (a) Plot of ρg/P2 vs. mean saturation for a 45 wt% LAS-zeolite mixture (b) 

Plot of ρg/P2 vs. mean saturation superimposed on a granulation regime map proposed 

by Iveson et al. (2001a) (Rough et al., 2005b). 
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2.9 Reactive detergent agglomeration using LAS acid 

LAS acid is a reactive binder that is commonly used in industrial detergent agglomera-

tion processes. Most detergent powders contain sodium carbonate, which acts as an al-

kaline source and reacts with the binder. This results in the formation of the surfactant 

anion (LAS-Na), carbon dioxide gas and water (refer to Equation 2.3 in Section 2.4). 

The neutralised surfactant also acts as a binder by forming physical links between the 

particles (Germaná et al., 2009). Other powders like zeolites and sulphates, that are pre-

sent in the formulation are inert and do not react with the surfactant. 

LAS acid is normally fed onto an agitated powder bed in a high shear environment. As 

the reaction progresses, there is an increase in the viscosity of the binder. The presence 

of the neutralised form of the surfactant binder results in the formation of stronger inter-

particle bridges (Germanà et al., 2008). Once introduced into the mixer, changes in the 

viscosity of the binder (or its degree of neutralisation) is controlled to some extent by 

the binder-to-powder ratio, impeller speed, method of binder addition and efficiency of 

the binder distribution process, as a whole. The occurrence of a reaction, which forms 

another binder with a different viscosity to that of the original binder, makes the granu-

lation process more complicated. There is some literature that looks into the chemistry 

of the reaction, and how it impacts on the resulting granule attributes (Schöngut et al., 

2013, Germaná et al., 2009). These studies attempt to relate the micro-scale binder-

particle interactions to certain carefully controlled macro-scale experiments, and link 

these to process/formulation parameters. Observing micro-scale phenomena is funda-

mental to understanding how liquid bridges (between the binder and the powder) change 

with time, as the reaction progresses. Apart from the strength of the liquid bridge, the 

kinetics of the reaction also influences the wetting and adhesivity, and ultimately the 

growth of the granules. 

Enhanced wetting (or coverage of the surface) of the particle with binder will lead to a 

faster rate of reaction. Germaná et al. (2009) studied the wettability and adhesion behav-

iour during the reaction process. Viscosity measurements were conducted on LAS acid 

that had been pre-neutralised with sodium carbonate particles. As the reaction pro-

gresses, it causes changes in the rheological properties of the binder (Figure 2.19). In 

some cases, 15% water (by mass) was added to the HLAS binder before adding sodium 
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carbonate particles. In Figure 2.19, the letter ‘w’ indicates that water was added to the 

mixture and the percentage gives an indication of the degree of neutralisation. Adding 

water to HLAS resulted in two different trends. Samples with low percentages of neu-

tralisation show an increase in the viscosity and shear thinning behaviour due to a tran-

sition from an isotropic phase to a more rigid lamellar phase. On the other hand, sam-

ples with higher percentages of neutralisation show a decrease in the viscosity, due to an 

increase in the thickness of the layer of water in the lamellar phase (Germaná et al., 

2009). It is not clear how the impact of the reaction kinetics on changes in the viscosity 

was isolated, as increasing the solid content will undoubtedly make the mixture less 

flowable, with an increase in the percentage of neutralisation. 

This study also investigated how environmental conditions such as relative humidity 

could affect the wettability of the binder-powder mixture, with a view to determining if 

such parameters can be varied to counteract any seasonal variations. A glass particle 

was wetted using the technique outlined in Figure 2.20. The contact angle was subse-

quently determined as shown in Figure 2.21. The influence of equilibrium relative hu-

midity on the contact angle made on the surface of the glass particle by the binder that 

has undergone different levels of neutralisation is shown in Figure 2.22. By decreasing 

the relative humidity, the contact angle made by the binder (that has a neutralisation 

level below 30%) is reduced. Also, the transition from “liquid” to “sticky” occurs at low 

levels of neutralisation (Figure 2.22). In the sticky regime, the contact angle is not 

measurable as the coating assumes an irregular shape on the surface of the glass parti-

cle. Germaná et al. (2009) have shown that the state of the binder, i.e. extent of binder 

neutralisation, influences the particle surface coverage. They have also shown that wet-

tability governs the size and the shape of the resulting liquid bridge that is formed be-

tween two particles. Others have shown that nucleation and subsequent granule growth 

can only occur if the pendular bridges between the particles are strong enough to hold 

them in place (Tardos et al., 1997). 
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Figure 2.19. The effects of neutralisation on binder rheology (Germaná et al., 2009). 

‘w’ indicates that 15% water was added to the mixture by mass and the percentage 

gives an indication of the degree of neutralisation. 

 

 

 

Figure 2.20. “Schematic of the particle wetting technique. a) Particle–binder contact. 

b) Binder wets and spreads on the particle. c) Particle is detached from the liquid res-

ervoir. d) Liquid bridge ruptures and the binder redistributes, finding an equilibrium 

position on the particle” (Germaná et al., 2009). 
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Figure 2.21. Contact angle was measured by identifying two tangents: s (surface of the 

spherical particle) and t (droplet of binder) (Germaná et al., 2009). 

 

 

Figure 2.22. Effect of relative humidity on contact angle a) 35% RH b) 20% RH 

(Germaná et al., 2009). 

 

Schöngut et al. (2013) investigated reactive granulation of sodium carbonate with a 

LAS acid, namely dodecyl-benzene sulfonic acid (DBSA). The set-up shown in Figure 
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2.23 was used to monitor the evolution of carbon dioxide as the reaction progresses. In 

all of their experiments a stoichiometric excess of sodium carbonate was used. Each 

powder bed was used twice before being discarded. Water is produced during the neu-

tralisation process, and this forms a liquid crystalline phase with LAS-Na. LAS-Na is 

regarded as the solid form of the binder. It is known from non-reactive granulation that 

the rate at which the binder solidifies determines key properties of the resulting gran-

ules, such as dissolution (Ansari and Stepanek, 2008) and porosity (Štěpánek and An-

sari, 2005). A rise in the temperature has an influence on the evolution of carbon diox-

ide (Figure 2.24a) and on the extent of neutralisation. An increase in the agitation also 

results in an increase in the rate of reaction (Figure 2.24b). This increase was attributed 

to the effect that added shear and impact has on exposing fresh un-reacted surfaces of 

sodium carbonate. Their technique for monitoring the progress of the reaction is not 

able to differentiate between the influence of contact area and mass transfer on the ki-

netics. Also as the powder beds were used twice before being discarded, any residual 

LAS acid that is left in the mixture may also influence the experimental outcome. 

The viscosity of LAS acid decreases with increasing temperature, while the total 

amount and the rate of formation of the highly viscous (semi-solid) LAS-Na increases 

with an increase in the temperature. The former effect results in smaller granules with 

an increase in the temperature whilst the latter results in larger ones. Therefore, the 

highest mean granule size was observed at 40°C (Figure 2.25a). Again, the influence of 

the effects of mass transfer and contact area cannot be controlled in this experiment, as 

this would depend on how the LAS acid and powder interact within the mixture. When 

comparing the granule size distributions obtained by conducting experiments at two dif-

ferent speeds, and a fixed temperature of 20°C, there appears to be very little difference 

(Figure 2.25b). This suggests that the granule size distribution is more dependent on the 

physical state of the binder (which is controlled by the temperature and the rate of reac-

tion) rather than on the impeller speed, at least within the range that was investigated 

(600 – 1000 rpm). 
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Figure 2.23. Experimental set-up for reactive granulation: (a) digital drive unit, (b) 

drop-wise addition of HLAS acid, (c) jacketed glass vessel with impeller, (d) volumetric 

measurement of evolved CO2 (Schöngut et al., 2013). 
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Figure 2.24. Carbon dioxide evolution (in moles) with time for variable process (a) 

temperature and (b) agitation (Schöngut et al., 2013). 
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Figure 2.25. Particle size distribution with changes in (a) temperature and (b) agitation 

(Schöngut et al., 2013). 

 

In summary, the literature suggests that the success of any granulation process using a 

reactive binder will therefore, depend upon the amount of binder that is added and the 

rate at which the reaction progresses. An increase in the temperature will reduce the vis-

cosity of the binder, but will increase the rate of formation of the more viscous product 
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(LAS-Na) (Schöngut et al., 2013). The progress of the reaction changes the properties of 

the binder; it first becomes “sticky” and later too solid to partake in any further granule 

growth (Germaná et al., 2009). An understanding of the degree of neutralisation and the 

water content is therefore, necessary for controlling the transition of the binder from the 

liquid to the solid state, which influences binder wettability. A low water content and 

low relative humidity are desirable for promoting good wetting, which facilitates the 

formation of liquid bridges (Germaná et al., 2009). 

2.10 Effect of binder viscosity 

As the surfactants employed for the manufacture of dry laundry powders are generally 

very viscous, it is necessary to understand the role that binder viscosity plays on the 

granulation process. The viscosity of the binder has two major influences on the wet 

granulation process: 

 It impacts the initial dispersion of the binder in a moving bed of powder 

(Schæfer and Mathiesen, 1996b, Rough et al., 2005b, Germanà et al., 2008). 

 As discussed in Section 2.2, viscosity also has a direct influence on the rate of 

consolidation (i.e. higher the binder viscosity, poorer is the rate of consolidation) 

and thereby, also influencing granule growth post-nucleation (Ennis et al., 

1991). However, if the binder is more viscous, the liquid bridges formed be-

tween two particles will be stronger. This facilitates more growth via coales-

cence (Schæfer and Mathiesen, 1996b). Therefore, when considering a binder 

with a higher viscosity in wet agglomeration applications, it is a trade off be-

tween poor consolidation as a result of reduced deformability, and enhanced 

growth as a result of stronger bridge formation during coalescence. 

The influence of binder viscosity on the mean size of the granules has been previously 

studied by Mangwandi et al. (2010) and Chitu et al. (2011). At higher impeller speeds, 

both report an increase in the mean size of the granules, when the binder viscosity is 

higher. Mangwandi et al. (2010) also report an increase in the circularity of the granules 

when the binder viscosity is lower. This is in agreement with the observations made by 

Schæfer and Mathiesen (1996b), who claim the higher viscosity could reduce the sur-
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face plasticity of the granules, thus making them more irregular in shape. However, ac-

cording to Schæfer and Mathiesen (1996b), using a low viscosity binder may also lead 

to the formation of more elongated granules, as they are easier to deform. 

Others (Schæfer and Mathiesen, 1996b, Mangwandi et al., 2010, Germanà et al., 2008, 

Chitu et al., 2011) have investigated changes in the granule strength with increasing vis-

cosity of the binder. An increase in the strength of the granules with an increase in the 

viscosity of the binder was reported by Schæfer and Mathiesen (1996b), Germaná et al. 

(2009) and Mangwandi et al. (2010). However, at low impeller speeds the opposite 

trend has been reported by Chitu et al. (2011) and Mangwandi et al. (2010). 

2.11 Effect of binder droplet size 

Binder dispersion involves spreading the binder into a moving bed of powder. When the 

binder comes into contact with the bed of powder, the interactions between the two 

components determine the size, shape and strength of the resultant nuclei, and eventu-

ally the size, shape and strength of the end-product. Therefore, it is of interest to under-

stand the effect of the initial size and shape of the binder (droplet) on the granulation 

process. 

The motion of a droplet in a shear flow has been simulated in a liquid medium by 

Renardy et al. (2002), Feigl et al. (2003), and Favelukis et al. (2005). Feigl et al. (2003) 

simulated the motion of a droplet in the annulus between two eccentric cylinders 

(Figure 2.26). The flow pattern within this region is supposedly synonymous to the flow 

patterns generated by a rotor stator device for dispersing viscous substances. A droplet 

of polydimethylsiloxane (PDMS) was dispersed into a polyethylene glycol-water-ethyl 

alcohol mixture, which was used as the continuous liquid phase. PDMS is a Newtonian 

fluid. The evolution of the droplet is shown in Figure 2.27 and with time, it gets elon-

gated and deformed. At higher rotational speeds, the droplet dissociates (gets broken 

up). 
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Figure 2.26. Schematic diagram of eccentric cylinder geometry (Feigl et al., 2003). 

 
14 rpm 18 rpm 

  

Figure 2.27. The evolution of a droplet within annular region of two eccentric cylin-

ders. The inner cylinder rotates at two different speeds: 14 and 18 rpm (Feigl et al., 

2003). 

 

Favelukis et al. (2005) observed the evolution of a shear thinning droplet in a continu-

ous phase. Their studies report that shear thinning droplets are harder to deform and 

break in comparison to Newtonian ones. The ratio of the viscosity between the dis-

persed and continuous phase was kept constant when making any comparisons. This 

suggests that droplet breakage may take longer for shear thinning binders. 

Dynamic powder flows in a high shear environment are much more complex. The pow-

der phase is also not continuous like a liquid, as some regions may be dense (closely 
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packed) whilst others could be less dense (more fluidised). Furthermore, the bed of 

powder is inclined along the base of a vertical shaft mixer (when it is operated), with the 

bed height at a maximum towards the walls of the mixing vessel. It is therefore difficult 

to infer what would happen in a moving bed of powder solely based on what is observed 

in a fluid medium. 

The interaction between a droplet and a moving bed of powder has been investigated by 

Chouk et al. (2009) and Litster et al. (2001). Others have conducted droplet penetration 

studies using a static bed of powder (Agland and Iveson, 1999, Hapgood et al., 2002). 

Chouk et al. (2009) found that the movement of the binder droplet on a dynamic bed of 

powder was controlled by its own inertia. The droplet soon decelerates and its subse-

quent motion is dictated by the movements of the powder bed. They also claim that the 

inclination of the powder bed facilitates further deformation and breakage of the drop-

let. The extent of deformation also depends on the position of the droplet; deformation 

increases as the distance from the edge of the mixing vessel increases. This is largely 

due to an increase in the inclination towards the centre of the impeller, which aids in 

promoting the downward motion of the droplet. Figure 2.28 is a time lapse sequence of 

a polyethylene glycol (PEG) 2000 droplet in a moving bed of calcium carbonate pow-

der. 

 

 

Figure 2.28. Time lapse image sequence of a PEG 2000 droplet on a moving bed of 

powder (Chouk et al., 2009). 

 

Litster et al. (2001) studied the dispersion of binder in a spinning riffler (Figure 2.29). 

Binder was sprayed on the surface of a dynamic bed of powder. They define a dimen-
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sionless parameter called a spray flux (Ψa), which is the ratio of the wetted area covered 

by the nozzle to the spray area in the nucleation zone. The spray flux controls the size 

and shape of nuclei. At low Ψa, the nuclei size distribution is narrow and the converse is 

true at high Ψa. At low fluxes, the droplet controlled regime dominates (refer to Figure 

2.5), and at higher fluxes the powder bed starts to cake on the surface. Agland and Ive-

son (1999) report similar results when conducting experiments on a static bed of pow-

der. Their study focuses primarily on droplet impacts on powder surfaces. They define a 

critical Webber number (Wecrit) that determines if the system begins to cake. Wecrit ap-

peared to increase with increasing particle size. If drops spread across the surface before 

sinking in, then this will increase the surface coverage and incidence of caking and nu-

clei coalescence. 

 

Figure 2.29. Dimensions of a typical spinning riffler tray (Litster et al., 2001). 

 

Many of the studies conducted on droplet shape and size have been performed using 

liquids that are not highly viscous. In addition, the studies have been done in a liquid 

medium (Renardy et al., 2002, Feigl et al., 2003, Favelukis et al., 2005) or using single 

droplets (Chouk et al., 2009). Others have attempted to replicate the nuclei formation 

process in overly simplified set-ups (Litster et al., 2001). None of these studies have at-

tempted to isolate the dispersion behaviour of a highly viscous binder in a high shear 

environment. 

2.12 Effect of impeller speed 

Impeller speed plays a paramount role in any high shear wet granulation process, as it 

influences every step of the granulation process (nucleation, growth and breakage). It 
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accelerates the time taken to progress through the different regimes, as discussed in Sec-

tion 2.8. 

At higher impeller speeds, an increase in the mean size of the granules is widely re-

ported (Mangwandi et al., 2010, Knight et al., 2000). However, at very high impeller 

speeds, granule growth is impeded as breakage sets in (Knight et al., 2000, Vonk et al., 

1997) and sometimes unmanageable granule growth is prevented by operating the mix-

ers at such speeds (Schæfer and Mathiesen, 1996a). Vonk et al. (1997) studied the influ-

ence of impeller speed on the break-up of nuclei by agglomerating microcrystalline cel-

lulose (MCC) and lactose, using water (as a binder). They report the break-up of large 

primary nuclei at impeller speeds of 50 rpm or more and this results in the formation of 

smaller secondary nuclei. 

The impeller speed also has an influence on the granule strength (Mangwandi et al., 

2010, Rahmanian et al., 2009, Hassanpour et al., 2009). Rahmanian et al. (2009) have 

reported a decrease in the porosity of the granules with increasing impeller speed and a 

corresponding increase in the strength of the granules (Figure 2.30). Mangwandi et al. 

(2010) report both, an increase and a decrease in the porosity and strength of the gran-

ules (depending on the viscosity of the binder) with increasing impeller speed (Figure 

2.31 & Figure 2.32). An increase in the granule porosity and reduction in the granule 

strength is observed, with an increase in the impeller speed, when using a low viscous 

binder. 

 

Figure 2.30. The trend of granule strength versus porosity obtained by the different 

methods (Rahmanian et al., 2009). 
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Figure 2.31. “Effect of impeller speed on granule porosity for granules in the size range 

1.0–1.18 mm. (a) low viscosity system, (b) high viscosity system” (Mangwandi et al., 

2010). 

 

 

 

Figure 2.32. “Effect of impeller speed on the granule tensile strength of granules in the 

size range 1.0–1.18 mm. (a) low viscosity system, (b) high viscosity system” 

(Mangwandi et al., 2010). 

 

Many (Rough et al., 2005b, Rahmanian et al., 2009, Mangwandi et al., 2010) have stud-

ied the influence of impeller speed on granule morphology too. Rahmanian et al. (2009) 

report an increase in the circularity of the granules with an increase in the impeller 

speed. They also observe that granules produced at lower impeller speeds are more 

elongated.  However, Mangwandi et al. (2010) report the opposite trend and Rough et 

al. (2005b) observe that an increase in the impeller speed does not change the morphol-

ogy of the granules significantly (when using a highly viscous binder). 
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Any disparities in the trends observed as a result of the change in the impeller speed is 

due to other factors such as formulation variables c.f. Mangwandi et al. (2010) report 

two different trends in the granule size, strength and porosity with an increase in the im-

peller speeds, when a low and high viscous binder are used. 

2.13 Effect of primary particle size 

The size of the primary particles used in any wet granulation application determines the 

amount of binder required to form granules. Granules are formed when primary parti-

cles adhere to one another. Adhesion between particles is as a result of the formation of 

liquid bridges between them. Larger particles have a smaller surface area; therefore re-

quire less binder than smaller ones to ensure complete wetting or saturation of all avail-

able surfaces. Keningley et al. (1997) report an increase in the minimum liquid to solid 

ratio in order to form granules with a decrease in the mean size of the primary particles. 

The primary particle size also determines the critical viscosity of the binder that is re-

quired to promote the formation of liquid bridges. To prevent breakage of the bridges, a 

higher viscosity is required when the primary particle size is larger (Keningley et al., 

1997). 

2.14 Effect of the method of binder delivery on granule properties 

Liquid binder can be introduced into a high shear granulator in four main ways: preload-

ing, pouring, melting and spraying. Holm et al. (1984) observed an inhomogeneous size 

distribution when a binder of low viscosity was not atomised (sprayed) particularly, at 

lower impeller speeds. Therefore, spraying the binder or reducing the size of the binder 

droplets leads to better binder distribution. Knight et al. (1998) investigated three differ-

ent methods of binder addition pouring, melting and spraying using a single low viscous 

binder. For all three methods of binder addition, the resulting granule size distribution 

was initially bimodal, and with time they become mono-modal. They also report that 

spray-on and melt-in techniques yielded a lower proportion of coarse granules and had 

more fine material when mixed for longer compared to the pour-on method. Also, the 

melt-in method produced granules with the smallest Dv4,3 and the bimodality in the size 

distribution took longer to appear for this technique. They conclude that initially all 

three methods of binder addition give rise to different liquid distributions within the 
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powder bed. However, at prolonged mixing times, the distribution improves and differ-

ences becomes less apparent. Eventually, growth by agglomeration will be matched by 

breakage and attrition therefore, the size distribution will reach a steady state and be-

comes time independent (Michaels et al., 2009). In other words, when the stress acting 

on an agglomerate or granule is greater than the strength of the liquid bridge between 

them, breakage will occur, however if the converse is true then growth will dominate. 

For the pour-on method, Knight et al. (1998) found that initially, the coarse granules 

consist of three distinct phases: air, liquid and solid. The binder is not evenly distributed 

within the structure of the granules. However, they did not investigate the internal struc-

ture (binder distribution and porosity with granule size fraction) for the granules made 

using the other methods of binder addition. Spraying is preferred over the other meth-

ods, as it minimises the amount of energy required to disperse the binder once it is in the 

mixer thereby, shortening granulation times to reach the same set point. In other words, 

the smaller the size of the droplet that is introduced into the mixer, the quicker will be 

the initial dispersion, spread and distribution of the binder into the mass of powder. The 

method of binder addition thus, has an effect on the kinetics of granule growth. The 

conclusion of their study reveals that there is non-uniformity in the distribution of the 

binder for all cases of binder addition. This non-uniformity is most pronounced during 

the early stages of the granulation process. Other literature that has focussed on the 

method of binder delivery also conclude that the delivery condition has an influence on 

the kinetics of the granulation process (Schæfer and Mathiesen, 1996a, Osborne et al., 

2011). 

Changing the method of binder addition, not only changes the droplet size of the liquid 

binder, but also the rate of binder addition. Hence, another factor that is likely to influ-

ence binder distribution is the rate of liquid addition. Knight et al. (1998) observe a lar-

ger average granule size for the pour-on method in comparison to the spray on method. 

Pouring all the binder into the mixer at once is likely to result in over-wetting of certain 

regions of the powder bed, which leads to the rapid formation of large granules or 

lumps. Whereas, spraying the binder more gradually does not result in the formation of 

lumps, as over wetting is greatly reduced. Smirani-Khayati et al. (2009) also claim that 

increasing the rate at which binder is added into the mixer influences the kinetics of the 
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granulation process, i.e. larger granules are formed earlier on in the granulation process.  

According to their study, when a larger quantity of binder is introduced into the mixer 

over a shorter period, the probability of the droplets colliding with the powder is in-

creased therefore, the rate of nucleation is enhanced. However, the final granule size is 

not influenced by the rate of addition. 

A commonly used approach to monitor binder distribution is to compare the binder con-

tent in different size classes. It is widely reported that there is a higher binder content in 

larger granules (Osborne et al., 2011, Scott et al., 2000, Reynolds et al., 2004). In order 

to compare the effect of the method or rate of binder addition, it is common practice to 

look at the binder content in a similar size class of granules (Figure 2.33). Initially, the 

heterogeneity in the binder content amongst the different size classes is likely to be 

greater, and with time this heterogeneity is greatly reduced. When the wet massing time 

is short, the time available for binder distribution will be short, and the resulting hetero-

geneity in binder distribution will be greater. 

Majority of the aforementioned studies have focused on understanding the impact of 

binder addition on the distribution of low and moderately viscous liquids and in some 

cases, the distribution of a solid that is melted within a granulator at an elevated tem-

perature. There is, however, a knowledge gap on the impact of binder addition methods 

on the dispersion and subsequent distribution of a highly viscous semi-solid binder. 
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Figure 2.33. Size-averaged liquid to solid ratio distribution for bulk granulation sample 

(Reynolds et al., 2004). 

 

2.15 Summary of recent work and identification of knowledge gaps 

To summarise, a key difference or challenge in detergent agglomeration is handling and 

dispersing the highly viscous surfactant binder. In comparison to water these binders are 

about ×10
4
 more viscous. For the reactive granulation, involving LAS acids, dispersion 

is more complex due to changes in the viscosity as the reaction progresses. 

Rough et al. (2003, 2005a, 2005b, 2005c, 2005d) have identified the existence of sev-

eral distinct regimes during the agglomeration process. The rate at which the aforemen-

tioned regimes are achieved can be accelerated by increasing: the temperature of the 

binder, binder to solids ratio or impeller speed. All of the existing studies on soft-solid 

binder granulation have been done using zeolite or calcium carbonate (calcite) as the 

powder medium in a domestic food processor. Their research is primarily focused on 

the final granule attributes. Additionally, research on reactive granulation has been prin-

cipally focused on the reaction kinetics, binder wettability and granule attributes like 

size and strength. Therefore, there is a lack of knowledge on how the initial dispersion 
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of the surfactant binder takes place and how this impacts on the granulation process as a 

whole. 

The present study begins by looking into the effect of the method of semi-solid binder 

delivery on the kinetics of the granule growth, which has not been investigated previ-

ously. It also focuses on the distribution of a binder, with a view to isolating and quanti-

tatively describing the dispersion of the lumps of highly viscous binder, as a function of 

time. This study also monitors the movement of the surfactant binder, in situ, to obtain 

useful insights concerning dispersion in a pilot scale system for detergent agglomeration 

– a paddle mixer. 

The thesis describes a granulation operation that is not conventional – largely due to the 

high viscosity of the binders that are employed in detergent agglomeration applications. 

The process is, however, of great industrial importance. Therefore, there is also an in-

terest in being able to predict and model high viscous binder dispersion, and to date the 

author is not aware of any work that has been conducted concerning this. This study 

uses a population balance based kinetics approach to model and describe the dispersion 

of a semi solid binder in a moving bed of powder. 

One way of assessing the extent of binder dispersion is to monitor the size of the semi-

solid binder “particles” within the granulator, as a function of time. Thus, it is essential 

to have a good understanding of particles size, particle size distributions and different 

methods of representing them. The next section starts by giving an introduction to parti-

cle size and is followed by another section that introduces population balance model-

ling. 

2.16 Particle size 

There are numerous ways in which the size of a particle can be described. It is normally 

given in the form of a linear dimension (such as the particle diameter or length). How-

ever they can also be reported as a volume, V, or a surface area, as. Describing particles 

that have a regular shape is easier, as they have linear dimensions which are clear-cut 

(Hounslow, 2005). An example of this would be a sphere, which can be defined by its 
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radius or diameter. Its volume and surface area can also be easily calculated using well 

known equations. 

Most particles are not regular in shape making it difficult to assign a single linear di-

mension to describe its size. To make uneven shapes easier to describe it is convenient 

to define a volume-equivalent sphere diameter. Area equivalent diameters are defined 

similarly. These equivalent particle sizes are hypothetical dimensions that could be as-

signed to a model particle (that is usually spherical) with the same volume or surface 

area (Table 2.2). 

When measuring the particle size of a sample it is often good practice to ensure that the 

sample you are measuring is representative of the bulk. This process is referred to as 

powder sampling. A chute splitter or rifle sampler can be used for this purpose. This is a 

device that contains many v-shaped channels, which spilt a sample into two equal 

halves. The process is repeated until the desired sample size is achieved. This reduced 

sample can then be used for size analysis. 

Table 2.2. Geometric equivalent diameters (Figura and Teixeira, 2007). 

Equivalent diameter Equation Measured quantity 

Volume equivalent sphere 

     
  

 

 

 

volume, V 

Surface area equivalent 

sphere     
 

 
 

surface area, as 

Projected area equivalent 

circle     
  

 
 

projected area, S 

Perimeter circumference 

equivalent circle 
    

 

 
 

perimeter of the projected 

area, U 

 

2.17 Particle shape 

The shape refers to the location of the particle surface as a function of two independent 

variables (Figura and Teixeira, 2007). It can also influence properties such as flowabil-

ity of the powders and its packing. There are several different qualitative terms which 

can be used to describe the shape of a particle (Table 2.3). 
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Table 2.3. Definitions of particle shape (adapted from Allen, 1997). 

Description Definition 

Acicular Needle shaped 

Angular Sharp-edged 

Crystalline Of variable geometric shape 

Dentritic Having a branched crystalline shape 

Fibrous Thread-like (can be regular or irregular) 

Flaky Plate like 

Granular Having approximately an equidimensional irregular shape 

Irregular Lacking in symmetry 

Modular A rounded irregular shape 

Spherical Global shape 

 

Two numbers are often used to describe the shape of a particle: sphericity and aspect 

ratio. Sphericity is an example of a form factor that can be used to describe how similar 

a particle’s shape is to a perfect sphere (Hounslow, 2005). This is normally determined 

by comparing the surface area of a perfect sphere to the surface area of the particle 

(Equation 2.4). As the value of the sphericity approaches a unity, the particle starts to 

resemble a perfect sphere. 

 

Sphericity, Ψ = 
                                            

                            
 Equation 2.4 

 

The other important form factor is the aspect ratio. It is the ratio of the breadth to the 

length of the particle: 

Aspect ratio, α = 
       

      
 Equation 2.5 

2.18 Particle size distributions 

In a given mixture, the constituent particles can vary widely in size. Therefore, to get an 

indication of the size of the particles, a large number of them have to be measured. Once 

these measurements have been made the results are often sorted into bins or size classes. 

These results are then presented in the form of a histogram, called a particle size distri-

bution, where the horizontal axis represents different sizes that have been observed for 

the particles and the vertical axis is used to plot the frequency. The vertical axis would 
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depend largely on the characteristic (Table 2.4) that was chosen to represent the particle 

size. 

Table 2.4. Characteristics that are frequently used to represent particle size (Figura 

and Teixeira, 2007). 

Characteristic Index r How commonly are they used? 

Number r = 0 Very often 

Length r = 1 Seldom 

Area r = 2 Often 

Volume r = 3 Often 

Mass r = 3 Very often 

 

Particle sizing may be done by sieving. This technique involves measuring the quantity 

of powder that falls through the openings of a sieve screen. Sieves are normally stacked 

so that the openings become progressively smaller from the top to the bottom. The 

powder is normally loaded on the largest screen at the top, and vibrated over period of 

time to aid the passage of the particles through the stack. After this time, the stack of 

sieves is disassembled and the mass of the powder on each screen is weighed. On each 

sieve, only material small enough to fall through the sieves above it, rest. In other 

words, material remains on the sieve because it is too large to pass through it (Figura 

and Teixeira, 2007). 

The particles resting on each sieve have a size smaller than the sieve above it (the upper 

limit of the size class, xi) and a larger size than the sieve below it (the lower limit of the 

size class, xi-1). Based on this, a mass distribution can be constructed, where the vertical 

axis would be the relative mass fraction of the various size classes (Equation 2.6). The 

resolution of a particle size distribution is influenced by the width of these size classes, 

and the smaller the width of the size classes the greater the resolution. 

       
                          

                            
 Equation 2.6 
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There are two ways of representing a size distribution graphically: 

 

 Frequency distribution: where the frequency (fx) is plotted against the particle 

size (x). 

 Cumulative frequency distribution: where the cumulative frequency (Fx) is plot-

ted against x. Fx represents the quantity of particles of a size less than x. 

2.19 Quantification of particle size distributions 

Some key statistical parameters that are of paramount importance when describing any 

size distribution are summarized below: 

Mode: particle size corresponding to the maximum frequency on a frequency versus 

particle size plot. It indicates the particle size that occurs most frequently. For example, 

if r = 0 (refer to Table 2.4), the mode would correspond to the particles size class with 

the highest count, and if r = 3 the mode would correspond to the size class which has the 

largest relative mass/volume fraction (Hounslow, 2005). 

Median: is the middle value of a range of values for a particular characteristic. Median 

can also be determined by listing all the values in ascending order, and determining 

which value lies in the middle of that sequence. The median therefore divides a popula-

tion into two equal parts, it is thus given the symbol x50 or D50 (Figura and Teixeira, 

2007). If there are even numbers of particles in a population then, there would be two 

values in the middle, in which case the median would be the average of these two val-

ues. This quantity is often used to describe size distributions, as it is robust to single ex-

treme values in a population. It is easier to determine the D50 from a cumulative fre-

quency distribution than from a frequency distribution (Hounslow, 2005). 

Average particle size (integral mean): also referred to as the arithmetic mean or aver-

age. The average particle size is determined by dividing the sum of all the individual 

particles sizes by the total number of particles in that sample. In contrast to the median 

and mode, the average is affected by size of each individual particle (Figura and 

Teixeira, 2007). 
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The method used to determine the mean would again vary depending on the characteris-

tic chosen to represent the sample (number, length, area, volume or mass). The number 

based mean is determined using Equation 2.7. 

        
     

   
 

Equation 2.7 

 

Where xm is the mid-value of the size class, which can be determined by taking the aver-

age of the lower size class limit (xi-1) and the upper size class limit (xi), and ni is the fre-

quency of size class m. 

Similarly, the area and volume based mean sizes are determined from Equation 2.8 and 

Equation 2.9 respectively. 

        
     

 

     
 

 Equation 2.8 

        
     

 

     
  

Equation 2.9 

 

The area based mean is sensitive to the presence of many small particles due to their 

high surface area, and the volume based mean is sensitive to the presence of large parti-

cles due to their larger volume. 

2.20 Modelling dispersion using a population balance approach 

Within the field of chemical engineering, there has always been a strong interest in be-

ing able to model and simulate processes like granulation and milling. Most models try 

to link what is seen on a macro-scale to what happens on a micro-scale. When analysing 

particulate systems, the main objective is to be able determine ways in which popula-

tions of particles behave, based solely on the behaviour of a few particles in localised 

settings (Ramkrishna, 2000).  

These populations of particles can be described by the density of a suitable extensive 

variable such as particle number, area, volume and mass per unit volume. The usual 

transport equations which express conservation laws for material systems apply to the 
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behaviour of these individual particles too (Ramkrishna, 2000). Most notably, the law of 

conservation of mass which states that when considering a closed system, the total mass 

of that system cannot change with time. In other words, mass cannot be created or de-

stroyed.  

One way of accounting for all the materials that enters, leaves and accumulates within 

the system is through a mass balance. In essence, a mass balance accounts for all the 

material that goes in and out of a specific system boundary. Mass balances can be done 

for two different conditions including (Levenspiel, 1999): 

 Dynamic systems – where the mass changes with time (for example, if the flow 

rate of a certain material changes with time) 

 Steady state systems – where the flow of a stream does not change with time and 

the system is in equilibrium.  

A dynamic system is more difficult to model mathematically. Most batch granulation 

processes and the population balance models used to describe them, look at steady state 

problems, where the output rate is the sum of the input rate and the rate of reaction 

(Equation 2.10). 

Input rate = output rate – reaction rate Equation 2.10 

 

In this study, the “reaction rate” refers to the change in the size of the binder particles 

with time. Therefore, there are no flows into or out of the high shear mixer once granu-

lation commences. Any changes in the particle density within the mixer occur as a result 

of the binder dispersion. 

 

The entire process can be modelled as a batch operation, which as the name suggests, is 

a non-continuous and a perfectly mixed closed vessel where variations in the local par-

ticle density occur. Providing the volume (V) of the mixer is known, then the initial 

concentration or density (n0) of the particles can be determined. The total mass of the 

material in the mixer will therefore be MT = n0V. With time, the concentration of the 
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particles within the mixer will change, and this can be quantified by using Equation 2.11 

(Metcalfe, 1997). 

Accumulation = Mass In – Mass Out + Generated – Consumed Equation 2.11 

For the system shown in Figure 2.34, Equation 2.11 becomes Equation 2.12: 

                 
 

 

 
  

  
 Equation 2.12 

where Q refers to the flows into and out of the batch mixer and r is the rate of binder 

dispersion. For a batch process Q = 0, and as the volume of the mixer is constant, it 

therefore follows that:  

  

  
 

      

  
   

  

  
      

  

  
 Equation 2.13 

where n = n(t) is the particle density inside the mixer at any time. 

 

 

 

 

Figure 2.34. High shear mixer represented as a constant volume batch reactor where 

binder dispersion occurs. 

 

To reiterate, population balance models are macroscopic models that can be used to de-

scribe the rate of change of the particle number density (or any other extensive variable) 

as a function of time. These equations are consistent with the law of conservation of 

mass. They also have a wide range of applications including dispersed phase systems 

(gas-liquid, gas-solid and liquid-liquid dispersions) (Ramkrishna, 2000). 

Key features of any population balance model include the existence of a number density 

at every point in the particle state space (Ramkrishna, 2000). The number of particles 

can be determined by integrating the number density over the desired region. So in es-

Batch mixer 

Constant volume, V 

Q = 0 
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sence, the population balance model accounts for the various ways in which the parti-

cles could either form in or disappear from a particular region in the system, as any 

mass balance would. 

Any process that results in the generation or consumption of particle of a certain size 

need to be accounted for, these could include the “birth” of new particles (referred to as 

birth processes) and “death” of existing particles (referred to as death processes). Birth 

could occur as a result of the death of larger particles (by breaking or splitting), nuclea-

tion and aggregation processes. Death could occur as a result of the larger particles 

breaking into smaller ones or aggregation with other particles to form larger ones. When 

any processes that does not change the total number of particles (in a given particle state 

space) occurs (i.e. no births or deaths) then, these terms are collectively known as con-

vective processes. When the birth, death and convective process terms are combined, it 

results in the formation of a population balance equation, which could be used to de-

scribe a real-life granulation process. Chapter 6 outlines a model that describes binder 

dispersion in a high shear batch granulation process. 
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Chapter 3 Experimental Methodology and Characterisa-

tion of Materials 
 

3.1 Introduction 

In this chapter details of the experimental methods employed, analytical tools used and 

other measurements techniques have been elaborated. 

They have been presented in the following order: 

 

 Description of the high shear mixers used in this study. 

 Description of the various materials that have been used in this study (primary 

powders and binders). 

 Description of the methods that have been used to characterise the raw materials 

(primary particle size measurements, scanning electron microscopy, binder vis-

cosity measurements, etc.). 

 Description of the methods that have been adopted to determine various proper-

ties of the granules (size, strength, binder content, porosity, etc.). 

Some of the materials used and experimental procedures that have been conducted have 

also been introduced and explained in the individual chapters. 

3.2 High shear mixers 

A range of different granulation equipment that are relevant to the detergent industry 

were used in this study. This includes a 10 L vertical shaft Roto Junior high shear mixer, 

a custom made 100 ml vertical shaft high shear mixer, and a 32 L horizontal shaft Bella 

B-32-XN paddle mixer. All of these are batch mixers. 

The 100 ml custom made mixer is a scaled down replica of the 10 L Roto Junior high 

shear mixer. It was used to quantify the dispersion of the semi-solid binder in a moving 

bed of powder. 
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3.2.1 10 L Roto Junior high shear mixer 

A 10 L Roto Junior high shear mixer from Zanchetta & C. s.r.l., Italy, was used for con-

ducting lab scale experiments (Figure 3.1). The mixer is cylindrical and has a vertical 

drive shaft. The mixing bowl is 0.28 m in diameter and 0.18 m in height. The impeller 

has a radius of 0.14 m and its speed can be varied from 10 – 850 rpm. It also has a water 

jacket that enables the temperature of the system to be varied from 25 – 80°C. It is 

equipped with a chopper and a binder spraying pot too. There is a pneumatic cleaning 

system to minimise the accumulation of powder in the clearance between the impeller 

and the mixing bowl. 

The mixer comes equipped with a variety of different blades with different angles rang-

ing from 27 – 45°. The higher the pitch of the blade, the greater its impact on the pow-

der bed upon collision. The blade with a 45° pitch was used to investigate the effect of 

different methods of binder delivery on the kinetics of binder dispersion and granule 

growth. There is also a flat plate impeller available to isolate and study the effect of 

shear alone. 

 

  

 

 

Figure 3.1. A 10 L Roto Junior high shear mixer. 

3.2.2 “Mini-mixer” 

A small 100 ml custom made high shear mixer was used in this study (Figure 3.2 - Fig-

ure 3.3). The impeller has a radius of 4.2 cm. The mixer is cylindrical. The bowl is 8.5 

cm in diameter and 5 cm in height. The impeller speed can be varied from 0 – 600 rpm. 

spray pot 
impeller 

mixing bowl 

control panel mixer lid 

product outlet 
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The impeller’s three blades are pitched at an angle of 45° (same pitch as the blade used 

with the 10 L Roto Junior high shear mixer) and the angle between the blades is 120°. 

The clearance between the impeller and the bottom of the wall of the mixing vessel is 

negligible i.e. the clearance is too small for material to accumulate beneath the impeller. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Schematic of the “mini-mixer”. 

 

 

  

 

 

Figure 3.3. Image of the100 ml“mini-mixer”. 

 

3.2.3 32 L Bella B-32-XN paddle mixer 

A horizontal twin-shaft 32 L Bella B-32-XN batch paddle mixer by Dynamic Air Con-

veying Systems, USA was used to monitor the dispersion of a reactive binder in a mov-

ing bed of powder (Figure 3.4 - Figure 3.6). The shafts are counter rotating and inter-

meshing. The paddles have a radius of 9.5 cm. Material is charged from the top of the 

mixer, and discharged through two large bomb bay doors located at the bottom of the 

mixer. Sufficient material was added to cover the paddles and the shafts (fill level ≈ 

2.4 cm 

8.5 cm 

 

 
5.0 cm 

impeller 

mixing 

bowl 

120° 120° 

120° 

control panel mixer 
impeller 

mixing bowl 

Note: figures not drawn to scale 
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40%). The air space directly above the paddles aids in fluidising the material during op-

eration. The paddles lift material along the centre of the mixer, where most of the mix-

ing is believed to take place. This section is referred to as the fluidised zone, as material 

is suspended momentarily, in a weightless state. Binder is injected from the bottom of 

the mixer in to the fluidised zone. Transport of the materials is axial and bidirectional. 

 

 

Figure 3.4. Schematic of the aerial view of the 32 L paddle mixer. 

 

 

 
 

Figure 3.5. Side view of the paddle mixer. Binder is injected (red arrows) from the bot-

tom at certain points along the horizontal axis of the mixer. 
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points of paste 

injection 
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Figure 3.6. Image of the aerial view of the Bella B-32-XN 32 L paddle mixer. 

 

3.3 Materials 

As discussed in Section 2.3, the main components of any detergent formulation are sur-

factants, builders, bleaching agents and special additives such as enzymes. Surfactants 

help remove grease, dirt and oil from fabrics. However, their effectiveness is impaired 

by the presence of magnesium and calcium ions in areas that contain hard water. There-

fore builders that compete with these ions are often added into modern formulations to 

counteract their effect and help increase the detergency of the formulation. Zeolite and 

sodium carbonate are two examples of commonly employed builders. Zeolites help im-

prove the detergency by ion exchange and sodium carbonate improves detergency by 

precipitating magnesium and calcium ions (CEFIC, 2000). 

Components such as bleaches and enzymes are present in detergent formulation in much 

smaller quantities (Bayly et al., 2009). Therefore, the effect of their presence on granu-

lation process has not been investigated. Three different powders (primary particles) 

were used in this study, including light sodium carbonate (light soda ash), ground so-

dium carbonate (ground soda ash) and zeolite. This section discusses general structural 

features, properties and areas of application of each of the materials studied in this the-

sis. 
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3.3.1 Zeolites 

Zeolites are naturally occurring compounds found originally in rocks of volcanic origin 

(CEFIC, 2000). Zeolite is derived from Greek and loosely translates to a “stone that 

boils”. In 1756, it was observed by a Swedish mineralogist Baron von Cronstedt that 

when the rocks of zeolite are heated rapidly they released water and appeared to boil 

(Friedman, 2004). 

Nowadays, it refers to crystalline aluminium silicates of natural and synthetic origin. 

They have the following general formula: Mx/n[(AlO2)x(SiO2)y]∙zH2O. M is generally a 

cation with an interchangeable valency n, and y refers to the number of SiO2 molecules 

in its structure. Zeolites are composed of several SiO
4-

 and AlO
4-

 tetrahedrons, which 

are linked by so-called secondary building units to form a three dimensional network 

(Friedman, 2004). More than 50 natural and 200 synthetic zeolites have been classified 

to date. A common property of all zeolites is their ion exchange capability, and for this 

reason they are sometimes referred to as “molecular sieves”. They are used in a variety 

of different industrial processes and products, including fluid catalytic cracking, waste 

water treatment, construction materials, paper manufacturing, animal feeds and in cat 

litter (CEFIC, 2000). 

Three different varieties of zeolite are available for use in detergent applications; these 

are Zeolite A, Zeolite P and Zeolite X. All three varieties have significantly different 

structures. Zeolite A, also referred to as Zeolite NaA or Zeolite 4A has a cavity which is 

known as an α-cage, which has a diameter of 0.42 nm and can therefore, be permeated 

by calcium ions. The smaller magnesium ions are impeded as they have a hydrate shell - 

[Mg(H2O)6]
2+

. At higher temperatures, the hydrate gradually disintegrates, thus making 

the zeolite more permeable to magnesium ions as well. Zeolite P has a higher value of y 

and its pore size is smaller (0.30 nm), it therefore binds to calcium ions strongly. Zeolite 

X (the latest introduction) has the largest pore diameter of 0.74 nm, making it the most 

porous. Its ability to act as an ion binding agent is therefore far better compared to the 

Zeolite A and P varieties (Friedman, 2004). 
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Zeolite A powder (sodium aluminosilicate, Na12O6Al12O18.12SiO2.27H2O) supplied by 

PQ Corporation, USA was used in this study. It is a fine white powder that is insoluble 

in water (true density: 2240 kg/m
3
). 

3.3.2 Sodium carbonate 

Sodium carbonate or soda ash makes up a large proportion of a typical detergent formu-

lation as they are the cheapest builders. There is, however, one disadvantage of using a 

builder that precipitates out other poorly soluble salts, in that it leads to the incrustation 

of inorganic deposits on to the fibres on the surface of the fabric. This is minimised by 

adding compounds known as polycarboxylates (Friedman, 2004). 

Sodium carbonate improves the detergency by increasing the pH of the washing me-

dium. This is done by lowering the surfactant’s critical micelle concentration (CMC). In 

colloid and surface chemistry, CMC is defined as the concentration above which mi-

celles form (KRÜSS, 2014). At lower surfactant concentrations, the surfactant mole-

cules arrange on the surface of the aqueous medium. When more surfactant is added, the 

surface tension drops even further, as more surfactant molecules are available on the 

surface. The point at which the surface of the aqueous medium gets saturated with sur-

factant molecules is known as the critical micelle concentration (Figure 3.7). 
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Figure 3.7. Effect of the surfactant concentration on the surface tension (KRÜSS, 2014). 

 

Two different sizes of sodium carbonate were used in this study. Light ash (sodium car-

bonate, Na2CO3) supplied by Tata Chemicals, UK, is a coarse white powder that is 

soluble in water (true density: 2540 kg/m
3
). Ground ash is obtained by micronising light 

ash using a pin mill. The milling process was carried out by Procter & Gamble at their 

Technical Centre in Newcastle and the exact details of this size reduction operation is 

proprietary information. 
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3.3.3 Sodium alkyl ether sulphate paste (AE3S) 

The surfactant used in this study is sodium alkyl ether sulphate (also known as sodium 

laureth sulphate or sodium lauryl polyoxyethylene ether sulphate). It is an anionic sur-

factant (refer to Section 2.4 for the classification of surfactants based on their charge). 

Its chemical structure is shown in Figure 3.8. 

 

 

Figure 3.8. Structure of sodium alkyl ether sulphate. 

 

STEOL CS-370 surfactant paste supplied by Stepan GMBH, Germany, was used in this 

study. It is an aqueous concentrated sodium lauryl ether sulphate. It is a highly viscous 

semi-solid paste that is opaque and pale yellow in colour. The binder has a water con-

tent of around 30%, a viscosity of around 9 Pa.s at 25°C and a shear rate of 10 s
-1

. The 

density of the paste is 1085 kg/m
3
 at 25°C. The binder was dyed with anionic Monazol 

blue BV from Brenntag, Germany, to give good contrast against the brilliant white 

powders during microscopy. The concentration of the dye in the paste was 0.1 g/dm
3
. 

The blue dye was dissolved in 1 ml of water and mixed into 2 L of the detergent paste. 

The paste was then stirred at 1500 rpm for 30 mins using an overhead stirrer. This 

binder is different from the HLAS binder used in reactive granulation. It is a neutral in 

pH and there is no reaction between the binder and the basic powders that are present 

in the detergent formulation. 

This specific compound is synthetically derived from fatty alcohols and is ethoxylated 

to an average of 3 moles. Ethoxylation is the process by which ethylene oxide is added 

to a fatty acid alcohol, to create the detersive properties of the surfactant molecule. 

Also, the higher the ethoxylation the less irritating it is to the skin and the more soluble 

the surfactant is in water. After ethoxylation the molecule is sulphated using sulphur 
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trioxide gas. Besides dry laundry powder, this substance is also used in manufacturing 

hand soaps, shampoos and bath products. The manufacturer states the product can be 

thickened if required by using salts, betaines or amides. Betaines and amides also serve 

to enrich foaming when mixed with water (Stepan, 2010). Some of the other key proper-

ties of the compounds are summarised in Table 3.1. The percentage of active gives an 

indication of the amount of water present in the surfactant. The cloud point refers to the 

temperature below which a waxy substance forms a cloudy appearance. 

Table 3.1. Properties of STEOL CS-370 surfactant (Stepan, 2010).  

Property Description 

Active, % 70 

Density, g/cm
3
 1.09 

Moles of EO 3 

Physical state/form at 25°C Paste 

Surface tension, mN/m 32 

CMC, mg/l 183 

Melting/freezing point, °C 6 

Cloud point, °C 11 

 

3.3.4 Linear alkyl benzene sulphonic (LAS) acid 

Linear alkyl benzene sulphonic acid (LABSA, HLAS or LAS acid) is the reactive 

binder used in this study. It is also known as dodecylbenzene sulphonic acid. They are 

derived from linear alkyl benzenes (LAB) (BASF, 2012). It has the chemical formula 

C16-19H26-32O3S (Figure 3.9). LAB is reacted with sulphur trioxide (SO3) gas to make 

LAB sulphonic acids. LAS is primarily used for the manufacture of detergents (washing 

and cleaning products). Key benefits of using LAS include its comparatively low cost 

and good wettabilty. At room temperature (25°C), it is a dark brown viscous liquid. 

Some other properties of LAS acid are summarised in Table 3.2. TensaAryl SBLA LAS 

acid made by TensaChem, Belgium was used in this study. 
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Figure 3.9. Chemical structure of LAS acid. 

 

Table 3.2. Properties of LAS acid (BASF, 2012). 

 

Property Description 

Active, % 96 

Physical state/form at 25°C Liquid 

Melting/freezing point, °C 6.35 

Boiling point, °C 189 

 

3.4 Binder viscosity 

The viscosity is defined as follows: 

           
                

               
 Equation 3.1 

 

Consider a thin layer of material between two parallel plates to which it adheres, such 

that a shear stress is applied via the plates (Figure 3.10). The deformation of a material 

as a result of the force acting on it depends on the force per unit area; this quantity is 

referred to as the shear stress (σ) and has the units Pa. The shear rate (  ) refers to the 

change of strain with time i.e. the velocity profile (Equation 3.2) and has the units s
-1 

(Tadros, 2011). 
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 Equation 3.2 

 

When the flow is linear, a layer at a distance l from the reference layer moving with a 

velocity v (Figure 3.10) will travel a distance δl = vδt, so that (Tadros, 2011): 

 

    
  

  
 
  

 
  

 

 
 

    

 
     Equation 3.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Velocity profile between an upper rotating plate and a lower fixed plate 

separated by a gap, h. The upper geometry moves with a velocity v along the x-axis – 

adapted from Bohlin (1994). 

 

A plot of the shear stress against the shear rate enables one to determine the properties 

of the liquid. The characteristic stress-strain rate relationships for different systems are 

summarised in Figure 3.11.  
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Figure 3.11. Flow curves for various systems – adapted from Tadros (2011). 

 

The rheological properties of the liquid were measured using a Kinexus Pro rheometer 

by Malvern, UK. It is important to select the appropriate measuring geometry for any 

rheological measurement. For most applications, there are three commonly used types 

of geometries including (1) the cone and plate, (2) parallel plates and (3) the cup and 

bob. For highly viscous material, it is recommended to use the cone and plate or parallel 

plate (Bohlin, 1994). As the material is highly viscous, there is likely to be some wall 

slip at higher shear rates, therefore, the parallel plate geometry with serrated edges was 

selected (Figure 3.12). A 40 mm serrated plate was used and the gap between the plates 

was fixed at 1 mm. The material was carefully loaded onto the Peltier plate using a 

spatula (to avoid pre-shearing the paste) and subsequently trimmed. It is known that un-

der or over-loading the geometry with sample can cause significant differences (up to 

30%) in the results (Bohlin, 1994).  
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Upper geometry Lower plate 

  

 

Figure 3.12. 40 mm serrated upper geometry and lower plate. 

 

An isothermal viscometry experiment was conducted at 25°C and the shear rate was 

varied from 0.1 s
-1

 to 500 s
-1

. Shear rates within the mixer vary spatially. A simplified 

approach for approximating the shear rates within the mixer is to consider a cross-

section of a powder bed (Figure 3.13). The shear rate will be at a maximum towards to 

edge of the impeller. During operation the fill level for both the vertically shafted high 

shear mixers used in this study is approximately 40%. The maximum tip speed of the 10 

litre Roto Junior and “mini-mixer” is 11.7 and 2.52 m/s respectively. The velocity at the 

surface of the powder bed was determined (using PIV – refer to Section 3.14) to be 1.4 

m/s for the 10 L Roto Junior and 0.30 m/s for the mini-mixer. The shear rate was subse-

quently calculated using Equation 3.4, where    is the difference in the velocity at the 

surface of the powder bed and the edge of the impeller, and    is the height of the pow-

der bed. The shear rates were determined to be 286 s
-1

 for the 10 L Roto Junior and 110 

s
-1

 for the mini-mixer. 

 

 

 

 

 

 

Figure 3.13. Velocity profile across the powder bed. 
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 Equation 3.4 

 

The binder exhibits shear thinning behaviour (Figure 3.14). A power law can be used to 

describe shear thinning and shear thickening fluids (Equation 3.5), where n is the power 

law index and it is less than 1 for shear thinning fluids and greater than 1 for shear 

thickening fluids. Furthermore certain liquids may behave as solids when subjected to 

smaller stresses. For such materials flow or permanent deformation is only observed 

when the stresses acting on it exceed a critical value - and this value is often referred to 

as the yield stress (σy). As AE3S exhibits shear thinning behaviour a Herschel-Bulkley 

(HB) model (Equation 3.6) may be used to describe the variation in the shear stress with 

shear rate (Figure 3.15), where   
   is the unique notation for the characteristic yield 

stress obtained using this model. The HB parameters for AE3S binder at 25°C are sum-

marised in Table 3.3. 

 

Figure 3.14. Change in the viscosity of the surfactant paste with increasing shear rate. 
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        Equation 3.5 

     
        Equation 3.6 

 

 

Figure 3.15. Relationship between shear stress and shear rate for AE3S at 25°C. A 

Herschel-Bulkley model fit has been used to describe the data. 

 

Table 3.3. Herschel-Bulkley parameters for AE3S binder at 25°C. 

 

Parameter 

  
   15 Pa 

K 20 

n 0.47 

 

The same geometry was used to determine the viscosity of reactive binder HLAS as 

well. As the reaction progresses during granulation heat is released, therefore, the shear 

viscosity was measured as a function of the shear rate at different temperatures. HLAS 
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exhibits Newtonian behaviour (Figure 3.16). There is also a decrease in the viscosity of 

the binder with an increase in the temperature. At 20°C, the binder has a viscosity of 1.5 

Pa.s and this reduces by a factor of 10 at 70°C (to 0.15 Pa.s). 

 

Figure 3.16. Change in the viscosity of HLAS with shear rate at different temperatures. 
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3.5 Binder wettability 

An attempt was made to determine the wettabilty of both the binders used in this study. 

A FTA125 goniometer from First Ten Angstroms, USA, was used (Figure 3.17). Multi-

ple measurements were conducted for each test condition to obtain a more reliable aver-

age. 

 

Figure 3.17. Schematic representation of a FTA 125 goniometer. 

 

3.6 Measuring the size of particles/granules 

Particle sizes can be measured using several different techniques including sieve analy-

sis, laser diffraction and static or dynamic image analysis. 

As outlined in Section 2.18, particle size can be measured using sieves. Sieves from 

Retsch, Germany, were used to construct the mass based size distributions of the 

batches made using the 10 L Roto junior high shear mixer for the method of binder de-

livery study (Chapter 4). Sieves were also used to separate the powder coated binder 

particles (PCBPs) from the residual primary powder for the binder “breakage” study 

(Chapter 5). 
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A Camsizer P4 by Retsch, Germany, was used to measure the size of the binder frag-

ments. It is a device that employs dynamic image analysis to measure the size distribu-

tion of a sample that is fed through it. It is equipped with dual cameras: a basic camera 

and a zoom camera. The basic camera detects larger particles whilst the zoom camera 

detects smaller ones. The complete size range of particles is therefore captured by both 

cameras. A vibratory chute feeds the sample into the Camsizer and the feed rate is ad-

justed, so that each particle falls through the field of measurement as an individual en-

tity. The manufacturer claims this device is suitable for measuring particles that range 

from 20 μm to 30 mm. 

When using highly cohesive particles that are smaller in size the vibration from the 

feeder alone is not capable of separating particles out as individual entities. The Cam-

sizer XT is another system that is commercially available for measuring the size distri-

bution of particles that are fine and more cohesive. It also has a dual camera system (ba-

sic and zoom). The XT is equipped with a dispersion unit that has an adjustable air pres-

sure and variable nozzle geometries. This helps separate out fines and presents them as 

individual entities. The system is capable of determining particles that range from 1 μm 

to 3 mm. 

The Camsizer XT was used to determine the volume based mean size (Dv4,3) of all three 

powders. A dispersion pressure of 200 kPa was selected and three runs were performed 

for each powder. In all cases, the results showed excellent repeatability. Light ash, 

ground ash and zeolite have a mean size of 130, 11 and 9 μm respectively. The size dis-

tributions of the primary powders are shown in Figure 3.18. 
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Figure 3.18. Size distribution of the primary particles. 

 

3.7 Microscopy 

Images of the material studied were taken using a VHX-5000 Digital Microscope by 

Keyence Corporation, Japan. Unlike a conventional microscope this system has a large 

depth of field. It also has the added advantage of being able to freely observe samples 

from various angles. The microscope is equipped with a lens that is capable of magnifi-

cations ranging from ×20 to ×200. 

3.8 Scanning electron microscopy 

SEM images of the primary particles were taken using a JSM-650 by Jeol, USA. Sam-

ples were placed on a standard 12.5 mm metal stub and were subsequently coated for 1 

minute using a sputter coater that deposits gold on to the surface of the sample. This 

gold coating helps improve the conductivity of the sample, thereby making surface fea-

tures more visible. 

The powders have different morphologies, as seen from the SEM images (Figure 3.19). 

Light ash consists consist of needle shaped sub-primary particles that are combined into 

one porous structure. Ground ash is also composed of sub-primary particles; however 
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they are smaller in size. It is apparent that there are fewer needle shaped entities in 

ground ash. This could be a direct consequence of the milling process, where elongated 

primary particles are prone to undergo more attrition. The zeolite particle consists of a 

structure made of more circular sub-primary particles when compared to light and 

ground ash (Figure 3.20). Therefore, in comparison to zeolite, the light & ground ash 

particles are rougher. 
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Figure 3.19. SEM images of the primary powder particles. 

.
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Figure 3.20. SEM of zeolite - ×1700. 

3.9 Powder flowability 

Powder flowability is a factor that is likely to influence the rate at which the binder gets 

coated and fragmented within the mixer. The flow behaviour of powders is affected by 

particle size and shape (roughness). Therefore, changes in the composition of the deter-

gent formulation, result in changes in the flowability of the mixture too. 

The flow properties of the primary powders were measured using a ring-shear cell tester 

RST-XS.s by Dr. Dietmar Schulze, Germany. The powder flowability was described by 

the flow function coefficient (ffc). The ffc of the powder is calculated by dividing the 

consolidation stress of the corresponding yield locus by the unconfined yield strength. 

The flow property was measured at three different stress levels, 1500, 2750 and 4000 

Pa, with maximum allowable stress being 5000 Pa. The lowest stress was equal to 30% 

of the maximum stress. A stress higher than 5000 Pa was not used to prevent the forma-

tion of a cake and also to limit the deformation of the particles. According to Jenike 

(1964), powders have an extremely poor flowability when ffc ≤ 1, very poor for the 

range of 1-2, poor between 2-4, fair between 4-10 and a good flowability > 10. The flow 

factors of zeolite, ground ash and light ash are 3.5, 1.12 and 6 respectively. 
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In addition to the ring shear test, repose angle measurements were done too, and used as 

an indication of the material flowability. An angle of repose below 30° indicates good 

flowability, 30-45° indicates some cohesiveness, 45-55° indicates true cohesiveness, 

and above 55° sluggish or very high cohesiveness (Carr, 1965, Carr, 1970, Ennis et al., 

2008). According to Geldart et al. (2006), an angle below 40° indicates the powder is 

free-flowing. Measurements were conducted on light ash, ground ash and zeolite 

(Figure 3.21). For each material, twenty repetitions were performed. Ground ash has the 

poorest flowability (or largest angle of repose), as it is smaller in comparison to light 

ash and rougher in comparison to the more circular zeolite particles. Light ash particles 

are already “free flowing” according to Geldart’s criteria. Also, note the flowability of 

light ash is not very different to that of the commercially available detergent product 

(DAZ by Procter & Gamble, UK). Both the ring-shear cell tests and angle of repose 

measurements show good agreement. 

 

Figure 3.21. Angle of repose measurement for primary powder particles and commer-

cially manufactured detergent powder. 

3.10 Climatic chamber 

A KMF240 I climatic chamber by Binder, Germany, was used for equilibrating the pri-
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experiments. It has a temperature test range from 10 to 90°C (  0.1°C) and a humidity 

test range from 10 to 90% (  0.1%). 

3.11 Granule preparation 

Detergent granules were prepared using a 10 L Roto Junior high shear mixer. The de-

tergent composition is listed in Table 3.4. This mixture of powders reflects the typical 

composition of a commercially manufactured dry laundry powder. The two different 

sizes of carbonates used in the mixture leads to different interaction properties with the 

binder. Furthermore, the larger light ash particles may act as seeds for the finer particles 

(ground ash and zeolite) to attach. The powder was granulated with the semi-solid 

binder: sodium alkyl ether sulphate. The product of this granulation process was ana-

lysed to determine the effect of different methods of binder addition on the kinetics of 

granule growth, binder content and strength. 

The total size of the batch was limited 1 kg (on a wet basis) to ensure the fill level was 

kept constant for all experiments i.e. 650 g of powder was granulated using 350 g of 

surfactant (semi-solid binder AE3S). After drying the wet mass, it yielded approxi-

mately 900 g of dry product. 

Table 3.4. Typical detergent powder composition by mass (excluding surfactant binder). 

 

Powder Manufacturer Composition (%) Dv,4,3 (µm) 

Light sodium carbonate TATA Chemicals 20 130 

Ground sodium carbonate TATA Chemicals 55 11 

Zeolite PQ Corporation 25 9 

 

3.12 Optical imaging using a high speed camera 

An optical imaging technique was used to track the movement of the semi-solid paste in 

a moving bed of powder during the initial stages of granulation. A Photron FASTCAM 

1024C fitted with the Navitar Zoom 700 c-mount lens was used for this purpose (Figure 

3.22). At higher frame rates (>125 fps), additional illumination was required to be able 
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to visualise the contents of the mixer. The shutter speed was also varied to enhance the 

sharpness of the images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. Schematic diagram of the set-up used to monitor binder dispersion opti-

cally. 

 

3.13 Thermal imaging 

Optical and high speed images of the high shear mixer only provide limited information 

as to how the paste disperses into the powder bed, as a function of time. The paste be-

comes coated by the powder, making it indistinguishable from the bulk. In this study, 

thermal imaging has been introduced for the first time as a technique for visualising the 

movement of the paste in a moving bed of powder. The paste was heated to a higher 

temperature than the powder for the non-reactive binder. For the reactive case, the exo-

thermic reaction between the binder and the powder (upon contact) enables binder rich 

zones to be traced (Figure 3.23).  

A FLIR A655sc thermal camera was used to capture images of the high shear mixer at 

50 fps. At this frame rate, the full frame is made up of 640×480 pixels. The 32-bit col-
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our images that are produced by the thermal camera are converted into 8-bit binary im-

ages prior to processing, using the PIVlab software (Section 3.14). 

Emissivity is a material property that has to be considered when taking thermal images. 

Emissivity refers to the ability of a surface to emit infrared energy. It is a ratio that 

compares the amount of radiation that has been emitted by an object to the energy emit-

ted by a black body (Equation 3.7). Therefore, a blackbody has an emissivity of 1. 

             
                            

                               
 Equation 3.7 

The thermal imager detects infrared radiation (energy) and converts the detected radia-

tion into a temperature. It is important to determine the emissivity of the surfactant paste 

to ensure that the temperatures measured by the software are accurate. A thermocouple 

was used to determine the actual temperature of the paste that was placed on a hot plate 

which was heated to 50°C (Figure 3.24). The FLIR R&D analysis software has an in-

built function that can determine the emissivity, based on the known temperature 

(binder temperature recorded using the thermocouple) and the shown temperature (as 

measured by the thermal camera). The emissivity of the paste and powder were deter-

mined to be 0.98 and 0.85 respectively. This suggests both materials are good emitters 

of infrared radiation like most non-metals. Therefore, a thermal imager can be used to 

monitor the temperature of both materials in situ. 
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Figure 3.23. Thermal image of the paddle mixer. The bright yellow patches indicate 

binder rich zones. 

 

 

 

 

 

Figure 3.24. Setup for determining the emissivity of a test material. 
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3.14 Particle image velocimetry 

The thermal images that capture the movement of a viscous binder in an agitated bed of 

powder were analysed using a particle image velocimetry (PIV) software. The PIVlab 

code developed by William Thielicke (for use with the MATLAB software) was used in 

this study. It is a graphical user interface (GUI) based tool for pre-processing, analysing, 

validating, visualising and simulating PIV data. This tool was used to determine the sur-

face velocity of the binder in a moving bed of powder from the thermal images. As dis-

cussed in Section 3.13, the exothermic reaction between the powder and the binder re-

sults in a visible heat pattern that can be detected using a thermal imager. Frames from 

the thermal video can be used to obtain useful insights concerning the movements, as 

well as the interaction between the binder and powder. After importing images onto the 

software, an area of interest is defined (Figure 3.25). The PIVlab software divides the 

image into a series of interrogation areas, and a cross correlation algorithm (Equation 

3.8) is employed to determine the displacement and velocity vectors between successive 

images in an interrogation area. A and B in Equation 3.8 refer to two interrogation areas 

in two consecutive images. When the two signals match each other, the amplitude 

reaches its maximum value. This enables the coordinates and therefore, the displace-

ment of the particle from the first image to the second image to be found. More details 

about the cross correlation algorithm can be found in the literature (Huang et al., 1997, 

Thielicke and Stamhuis, 2014, Raffel et al., 2013). The velocity can in turn be deter-

mined, if the time difference between the consecutive images is known. In order to de-

termine the real velocity, the images were calibrated against a known distance. An ex-

ample of the typical output generated by the software is shown in Figure 3.26. 

A PIV analysis was used to produce a vector field depicting the movement of binder in 

a paddle mixer (refer to Section 3.2 for more details about the mixer) and also to locate 

binder rich zones within the mixer. These mixers are more recently being employed in 

detergent granulation applications. The flow field within such mixers is different from 

the toroidal motion that is observed in vertical shaft high shear batch mixers (Ramaker 

et al., 1998). The results are presented in Section 8.4. 

                         
  

 Equation 3.8 
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Figure 3.25. Example of a binary image that was imported into the PIV software. 

 

 

Figure 3.26. Typical output from the PIVlab software. Green arrows show the direction 

as well as the magnitude of the velocity vectors of individual lumps of binder in the 

mixer. 

 

PIV was also used to determine the surface velocity of the powder in order to approxi-

mate the shear rates within the mixer which varies spatially (discussed in Section 3.4). 

3.15 Measuring granule strength and powder coated binder particle 

(PCBP) hardness 

3.15.1 Uni-axial confined compression technique 

The strength of the dry granules was determined by using the uni-axial confined com-

pression technique on a small bed of granules. The force-displacement data was re-

corded to determine the load at the time of fracture. The compression model proposed 

by Adams et al. (1994) is commonly used to approximate the granule strength from the 

average granule bed strength and this method of testing is often preferred to testing the 

strength of individual granules due to the large variation in the structure and composi-

tion of granules within the same batch. 
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The force is converted into a stress (P) and the displacement into a strain (   . The Ad-

ams’ equation was used to determine granule strength (Equation 3.9), where τ is the 

single particle strength (MPa), and α is a pressure coefficient.  

       
 

 
                   Equation 3.9 

 

At high values of natural strain the last term              is negligible, and the equa-

tion becomes linear: 

       
 

 
      Equation 3.10 

 

This equation can be rearranged in the form y = mx + c; the slope gives α and the inter-

cept gives    
 

 
  (Figure 3.27). 

 

 

Figure 3.27. Graphical representation of Adams’ equation (Adams et al., 1994). 

 

The compression test was carried out using a Zwick Roell Z0.5 compression machine ( 

Figure 3.28). The machine was equipped with a 500 N load cell for applying forces with 

an accuracy of 0.001 N. A crosshead moves the punch vertically with an accuracy of 0.2 

μm. The punch and die are both 10 mm in diameter. The die has a maximum fill depth 

of 10 mm. The bed was tapped prior to applying a force to ensure good packing. The 

punch was then lowered and the maximum load was limited to 450 N. 

 

εn 

slope = α 

ln P 

intercept =    
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Figure 3.28. Zwick Roell Z0.5 compression machine. 

 

3.15.2 Indentation of PCBPs 

A Zwick Roell Z0.5 tensile tester equipped with a 10 N load cell was used to conduct 

indentation type strength measurements (Figure 3.29a). The 10 N load cell had to be 

modified with a purpose built adaptor, in order to accommodate an indentor (Figure 

3.29b). The indentor tip used for this study is a sharp 60° diamond pen by Shanghai Yi-

yan Diamond Co., Ltd., China, which has a diameter of 6.3 mm (Figure 3.29c). The 

normal force acting on the load cell is measured as the indentor tip penetrates the sur-

face of a PCBP. The speed of the upper punch was maintained at 1 mm/min, and the 

maximum allowable compression force was limited to 9 N and the maximum strain to 1 

mm. A preload condition was set to ensure the system starts recording the stress when 

the detected load exceeds 0.01 N. For each test condition (granulation time point), ten 

measurements were taken. In between repeat measurements, the platen and indentor tip 

were cleaned thoroughly, ensuring no material from the previous test influenced results. 

A single granule was indented at a time for each test. 
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Figure 3.29. (a) Set-up used for indenting PCBPs, (b) 10 N load cell fitted with an in-

dentor and (c) key dimensions of the 60° diamond pen indentor. 
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3.16 Preparation of compacts 

Compacts of the primary powders were made for droplet penetration studies and XRT 

analysis, using an Instron 3367 tensile tester by Instron, UK. In each case, 5 g of the 

powder was weighed out and compressed in a die (inner diameter of 30 mm and height 

of 25 mm). A punch was used to apply a 500 N load to the powder contained within the 

die and the speed of compression was limited to 1 mm/min. A low speed of compres-

sion gives sufficient time for the powder particles within the compacts to arrange them-

selves. This in turn ensures the compacts are reproducible. 

3.17 UV spectroscopy 

UV spectroscopy is a commonly used technique for determining the binder content of 

granules (Osborne et al., 2011). All compounds absorb/interact with UV radiation and a 

UV spectrophotometer quantifies this absorbance. The principle of analysis is based on 

the Beer-Lambert law. A beam of radiation with radiant power P0 leaves the sample 

with a reduced power P, after absorption has taken place (Figure 3.30). 

 

 

 

 

 

 

Figure 3.30. Concept of absorbance spectroscopy. 

 

The amount of radiation absorbed may be reported as either an absorbance (A) or a 

transmittance (T) (Equation 3.11 - Equation 3.12) (Burns, 1993): 

 

  
 

  
 Equation 3.11 

 

       

  

 
      

 

 
 Equation 3.12 
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Therefore the relationship between % transmittance and absorbance is as follows 

(Equation 3.13, Figure 3.31): 

 

       

   

  
           Equation 3.13 

 

The spectrometer measures the transmittance and converts the measured value into an 

absorbance. Figure 3.31 shows that above 40%, a change in the transmittance results in 

a small change in the absorbance. The equipment is, therefore, most sensitive and accu-

rate when the absorbance is below 0.5. 

 

Figure 3.31.  Relationship between absorbance and % transmittance. 

 

A Genesys 6 spectrophotometer by ThermoSpectronics, Germany, was used for UV 

measurements. The greater the concentration of the colouring pigment in the sample, the 

higher the absorbance measured by the spectrometer. The aim of this experiment was to 

determine the binder concentration of different size classes.  Batches were sampled 

down using a manual sample splitter. 1 g of the representative sample was then dis-

solved in 19 g of deionised water. The solution was then left in a water bath at 45°C for 

2 hours (a higher temperature was selected to increase the rate of detergent dissolution). 
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Sodium carbonate has a solubility of 30.7 g/100 g of water at 25°C (Lide, 2010), there-

fore 19 g of deionised water will completely dissolve all the carbonates. Zeolite A, on 

the other hand, is poorly soluble (<1 mg/100 g of water) (Gode, 1983). For this reason, 

the solution was left to stand so any un-dissolved material would settle to the bottom of 

the vial. The clear solution was then decanted into 4 ml cuvettes for analysis. The effect 

of the method of binder delivery on the distribution of binder in various size classes was 

assessed. 

3.18 X-ray microtomography 

X-ray microtomography is a non-destructive technique that generates a 3D reconstruc-

tion of the specimen by obtaining a series of X-ray images/projections (Figure 3.32). 

Again, the principle of analysis is based on the Beer-Lambert law (refer to Section 

3.16). Computerized tomography (CT) scanners generate cross-sectional images, that 

are referred to as slices, through the object that is being studied. Projections are obtained 

at many different angles as a series of slices, which are subsequently reconstructed by a 

back projection algorithm (Jacobs et al., 1995). 

 

 

 

 

 

Figure 3.32. Principles of X-ray tomography (adapted from Jacobs et al., 1995). 

 

A µCT 35 by Scanco Medical, Switzerland, was used to scan samples of the PCBPs. 
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purpose of XRT, samples less than 7 mm in diameter were chosen. It is therefore, safe 

to assume that a false increase in the contrast near the surface was avoided (due to the 

size of the sample). 

XRT was used as a non-invasive technique to identify binder rich zones in a PCBP. 

This was in turn, used to assess the effect of particle type and wet massing time on the 

internal makeup of a PCBP. It was also used to determine the porosity of some loose 

compacts used in this study. The procedure for determining the porosity from the slices 

obtained from the XRT is outlined in Appendix I. 
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Chapter 4 Effect of binder delivery method on granule 

growth and binder distribution 
 

4.1 Introduction 

Binder distribution is an important aspect of any wet granulation process. Industrial de-

tergent granulation processes often have very short processing times, therefore ensuring 

adequate and efficient distribution of the binder is crucial. Distribution of binder occurs 

when it is introduced into a moving bed of powder. 

When considering the use of a low viscous binder for granulation, firstly, the binder 

starts to penetrate the powder bed due to capillary action and in some cases solubilisa-

tion of the particles aids further distribution. The binder is drawn into the pores that are 

present in a bed of powder, as a result of the interfacial tension. The powder bed in this 

case can be considered as a sponge with many pores or channels into which the wa-

ter/liquid binder gets drawn (Figure 4.1). Another factor, and by far the most important 

driver for binder distribution is mechanical action of the impeller (mixing). 

 

. 

 

 

Figure 4.1. A low viscous droplet gets drawn into a bed of powder by capillary action. 

The cylinders represent pores or channels in the powder bed. 

 

When considering granulation involving the use of a highly viscous binder, on the other 

hand, surface effects such as interfacial tension do not aid binder distribution. There-

fore, distribution occurs solely due to mechanical action. 

In addition to these factors, the method of binder delivery is also likely to influence 

binder distribution. Again, when considering a low viscous binder, the method of addi-
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tion influences the size of the binder droplet; this in turn will have an impact on the 

mechanism of dispersion. It is well known that when the droplet is small in comparison 

to the primary particles, the distributive mechanism dominates and when the converse is 

true, the immersion mechanism dominates (refer to Section 2.2 for more details about 

the two mechanisms). Binder can be continuously delivered into the mixer (using a 

pump), sprayed, added as a solid or pre-loaded into the mixer prior to the start of the 

granulation process. An investigation into the effect of the method of binder addition on 

the dispersion of a highly viscous binder has not been conducted before. Two different 

methods of binder delivery (preloading and injecting) and their influence on both binder 

distribution and the kinetics of the subsequent granule growth have been investigated in 

this study. 

4.2 Production of surfactant droplets 

A preliminary attempt was made to assess the wettability of the semi-solid binder 

(AE3S) and to produce droplets of it. The Sessile drop method was adopted to deter-

mine the apparent contact angle made by the binder on a powder bed using a FTA125  

goniometer (refer to Section 3.5). Sessile drop refers to the standard arrangement that is 

used when optically measuring the contact angle by droplet shape analysis (Figure 4.2). 

Contact angles are defined geometrically as the angle formed between the solid-liquid 

and liquid-vapour interfaces of a three phase (solid-liquid-vapour) system.   

 

 

 

Figure 4.2. Sessile droplet on a solid surface. 

 

Initially, experiments were conducted at room temperature (25°C). A 24 gauge needle 

(inner diameter = 0.31 mm) was used to produce a droplet of the binder. It was not pos-

sible to produce droplets of the material using this needle size, due to high material vis-

cosity. A steam/jet of liquid was ejected from the needle. Subsequently, larger needle 

99 
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sizes of 21 gauge (0.51 mm) and 20 gauge (0.60 mm) were used (Figure 4.3), and again 

it was not possible to make droplets. 

Increasing the binder temperature lowers its viscosity making it easier to produce drop-

lets. The FTA125 goniometer is not equipped with a syringe heater; therefore drop 

penetration experiments were conducted, instead, in an oven. The powder beds were 

produced by filling a Petri dish with ground ash (Dv4,3 = 11 μm) and levelling its surface 

using the flattened end of a spatula. A lump of the paste was carefully placed on the sur-

face of the powder bed. The Petri dishes were equilibrated in the oven for an hour and 

the binder was heated to the same temperature. Experiments were conducted at 40, 60, 

and 80°C. The plates were inspected every 5 mins soon after the lump of paste was 

placed on the surface of the powder. The paste does not penetrate the powder, thus 

demonstrating that increasing the temperature does not cause a significant change in the 

viscosity of the paste to facilitate binder penetration. When a small lump of the paste is 

placed on a loosely compacted powder bed, it remains on the surface indefinitely, with-

out penetrating the bed, thus demonstrating that the viscous effects far outweigh capil-

lary forces and diffusion. 

However, when the binder was heated to a higher temperature of 100°C for an hour, it 

was noticed that the semi-solid paste turned into a free-flowing liquid (Figure 4.4). 

Upon cooling, the clear blue liquid retained the same physical properties; it does not 

revert back to a semi-solid. This suggests that heating the paste above this temperature 

results in its decomposition, i.e. an irreversible reaction that changes its physical state 

from semi-solid to liquid. Therefore, heating the paste to reduce its viscosity is not an 

option for improving binder dispersion. 
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(a) 24 gauge (b) 21 gauge (c) 20 gauge 

   

   

   

Figure 4.3. Dispensing AE3S binder using needles of different sizes. 

 

 
 

Figure 4.4. Effect of heat on AE3S (a) before (b) after heating to 100⁰C for an hour. 

 

 

 

 

(b) (a) 
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4.3 What happens at the interface between the paste and the powder? 

Some experiments were conducted using the VHX-5000 Digital Microscope System, to 

closely inspect what happens at the interface between the semi-solid binder and powder. 

It would be useful to determine if there is any movement and/or dissolution of the pow-

der in the paste. 

Some powder was introduced on to the surface of the paste. A time lapse image se-

quence was then recorded (Figure 4.5).  Images were taken every minute over a period 

of five hours. It can be seen that there is no visible movement or dissolution of the pow-

der on the surface of the binder with time. The only observable change is the formation 

of a crust, as a result of prolonged exposure to air (due to the loss of water). 

  

 

Figure 4.5. Images from a time-lapse video of the interface between powder and paste. 

 

4.4 Isolating the effects of shear and impact 

So far the meso-scale studies have been conducted on a loose bed of powder. It would 

also be interesting understand how the binder disperses in a moving bed of powder in a 

high shear mixer. The mechanical action of the impeller in any high shear granulation 

process imparts both shear and impact forces. In an attempt to isolate the effect of shear 

on the initial dispersion of the binder, some preliminary experiments were conducted 

using the flat plate impeller (Figure 4.6). The mixer was operated at 500 rpm. The 

binder and powder (refer to Table 3.4 for the composition of the powder bed) were 

maintained at room temperature (25°C) and the total batch size was 1.0 kg (L/S ratio = 

0.5). The binder was preloaded into the mixer as one large blob. 

0 mins 300 mins 
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When the flat plate impeller was used (in place of a pitched impeller), mixing was very 

poor. The paste migrates towards the bottom of the mixer (Figure 4.7). A possible ex-

planation for the migration of binder to the bottom of the mixing vessel could be a dif-

ference in the density between the binder and the bed of powder (bulk density). This 

work demonstrates that the pitch of the blade has an important influence on the disper-

sion of a semi-solid binder. 

   

  

Figure 4.6. (a) flat-plate impeller (b) pitched impeller. 

 

  

Figure 4.7. Mixing achieved using a flat-plate impeller at 500 rpm. (a) aerial view (b) 

paste embedded beneath the powder. The paste has migrated to the bottom of the bed. 

 

4.5 Injecting and preloading the binder 

It is hypothesised that the manner in which the binder is delivered into the mixer will 

influence binder distribution and granule growth. In the case of a semi-solid surfactant 

binder, improving dispersion by spraying is not an option due to its high viscosity. 

(a) (b) 

(a) (b) 
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Therefore, continuous injection and preloading (adding all binder into the mixer as one 

large blob) were investigated, as alternative methods of binder delivery. Also, as the 

semi-solid binder does not form droplets, small quantities of the binder will be refered 

to as “binder particles”. A powder composition that is similar to that of a typical deter-

gent formulation was used (Table 4.1). 

Table 4.1. Detergent formulation used for the binder delivery study. 

 

Material Composition (wt%) 

AE3S (binder) 35 

Light ash 13 

Ground ash 36 

Zeolite 16 

 

As discussed in the Section 4.1, the smaller the size of the droplet that is introduced into 

the mixer, the quicker will be the initial dispersion, spread and distribution of the binder 

into the powder bed. Also, in most granulation processes, there will be a non-uniformity 

of binder content amongst granules of different sizes. Good binder distribution is often 

characterised by the lack of fines and any unused primary powder in the product. 

Literature that has dealt with the influence of the method of binder delivery on various 

granule attributes was discussed in Section 2.14. In summary, Knight et al. (1998) in-

vestigated three different methods of binder addition using a single low viscous binder. 

This included a pour-on, melt-in and spray-on technique. The conclusion of their study 

reveals that there is a non-uniformity in the distribution of the binder for all cases of 

binder addition. This non-uniformity is most pronounced during the early stages of the 

granulation process. This larger difference in the binder content explains the bimodality 

in the size distributions that was observed at earlier times. Spraying is preferred over 

other methods, as it minimises the amount of energy required to disperse the binder 

once it is in the mixer, thereby shortening granulation times to reach the same set point. 

Both the spray-on and melt-in methods yielded a lower content of coarse granules than 

the pour-on method. Also the melt-in method produced granules with the smallest Dv4,3. 

The method of binder addition therefore, has an effect on the kinetics of granule growth. 
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Many other studies also conclude that delivery conditions have an influence on the ki-

netics of the granulation process (Schæfer and Mathiesen, 1996a, Osborne et al., 2011).  

Increasing the rate at which binder is added into the mixer also influences the growth 

kinetics, as larger granules are formed earlier on (Smirani-Khayati et al., 2009). When a 

larger quantity of binder is introduced into the mixer over a shorter period of time, the 

probability of the droplets colliding with the powder is increased; therefore rate of nu-

cleation is enhanced. However, the final granule size is usually not influenced by the 

rate of addition. Also with increasing time, eventually growth by agglomeration will be 

matched by breakage and attrition, therefore the size distribution will reach a steady 

state and becomes time independent (Michaels et al., 2009). In other words, when the 

stress acting on an agglomerate or granule is greater than the strength of the liquid 

bridge between them, then breakage will occur. However, if the converse is true then 

growth will dominate. 

A commonly used approach to monitor binder distribution is to compare the binder con-

tent in different size classes. It is widely reported that there is a higher binder content in 

larger granules (Knight et al., 1998, Osborne et al., 2011, Scott et al., 2000, Reynolds et 

al., 2004). In order to compare the effect of the method or rate of binder addition, it is 

common practice to look at the binder content in a similar size class of granules. Ini-

tially, the heterogeneity in the binder content amongst the different size classes is likely 

to be greater, and with time, this heterogeneity is greatly reduced. When the wet mass-

ing time is short, the time available for binder distribution will be short and the resulting 

heterogeneity in binder distribution will be greater. 

A majority of the aforementioned studies have focused on understanding the impact of 

binder addition on the distribution of low viscous and moderately viscous liquids and in 

some cases, the spread of melt. There is however, a lack of understanding on the impact 

of binder addition methods on the dispersion and subsequent distribution of semi-solid 

binders. This chapter attempts to address this knowledge gap. 

Experiments were conducted in a 10 L Roto Junior high shear mixer (refer to Section 

3.2 for more details about the granulator). Alkyl ethoxy ether sulphate (AE3S) was use 

as the binder (refer to section 3.3 for more details about the material). The binder con-
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tains approximately 30% water by weight. It was dyed with Monazol Blue from 

Brenntag, UK. The concentration of the dye in the paste was 0.1 g/dm
3
. The raw materi-

als were conditioned in a climatic chamber at 25°C and 40% relative humidity. The total 

size of the batch was limited to 1 kg (on a wet basis) and after drying, it yielded ap-

proximately 890 g of product. 

The first method involved preloading the binder onto the surface of a stationary powder 

bed, as one large blob (Figure 4.8) and its subsequent dispersion was monitored with 

time. The second method involved injecting the binder into the mixer using six 50 ml 

syringes. For the injection method, the process was timed when binder injection com-

menced. Manual binder injection takes approximately 10 s. These batches were then 

analysed to determine their size, binder content and strength. Each of these granule at-

tributes were monitored offline as a function of time. Trials were performed at a low 

(200 rpm, ν = 2.9 m/s), medium (400 rpm, ν = 5.9 m/s) and high (800 rpm, ν = 11.7 

m/s) speed. A grab sampling technique was not adopted for this analysis, as starting and 

stopping the mixer could affect the kinetics of the granulation process. Furthermore, 

withdrawing samples from the mixer would result in a reduction in the fill level, which 

is another parameter that is known to influence the process (Hassanpour et al., 2011). 

Therefore, individual batches were made to study the influence of wet massing time. To 

ensure reproducibility, the experiments were repeated three times. 

0 s 15 s 75 s 

   

 

Figure 4.8. Visible changes in binder dispersion in the granulator, with time, at 200 

rpm – binder was preloaded as one large blob. 
 

The volume based mean size (Dv4,3) of the particles at all three impeller speeds was de-

termined using the Camsizer P4 (Figure 4.9 - Figure 4.11). With increasing wet massing 

time, growth of the granules is evident. This is true at all three impeller speeds. How-

ever, this is most pronounced at the highest impeller speed of 800 rpm. At the lower 
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speeds of 200 and 400 rpm, it is also evident that granule growth is greater when the 

binder is injected into the mixer, as the final mean size after 75 s of wet massing is 

higher. 

 

Figure 4.9. Change in the mean diameter of the granules with time at 200 rpm. 

 

Figure 4.10. Change in the mean diameter of the granules with time at 400 rpm. 
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Figure 4.11. Change in the mean diameter of the granules with time at 800 rpm. 

 

The results show that the change in the Dv4,3 mean size of the particles depends on the 

impeller speed and the manner in which binder is introduced in to the mixer. It is also of 

interest to look at the changes in the relative amounts of granules of different sizes 

within a batch. This may give some useful insights about the mechanistic processes that 

occur during granulation. Therefore, the granules were sieved and separated into three 

different size classes and their relative masses were compared as a function of time.  In 

order to obtain these mass based size distributions, 500 and 2000 μm sieves were used 

to separate the granules. For making comparisons between the two binder delivery 

methods, three different classes of granules were defined as follows: small (<500 μm), 

medium (500 μm – 2000 μm) and large (>2000 μm). The size classes were selected by 

comparing the particle size distribution of the commercially manufactured detergent 

DAZ by P&G, UK. The D10, D50 and D90 were determined to be 460, 1220 and 2046 μm 

respectively. The change in the mass of the different size classes with time, at different 

impeller speeds, are shown in Figure 4.12 - Figure 4.15. 

At 200 rpm (Figure 4.12), the mass of the large granules is very small and remains con-

stant with time for both the injected and preloaded cases. In the first 15 s, any large 

0 

500 

1000 

1500 

2000 

2500 

3000 

0 20 40 60 80 

M
ea

n
 p

ar
ti

cl
e 

d
ia

m
et

er
, 

D
v
4
,3

 (
µ

m
) 

Time (s) 

Preloaded 

Injected 



Chapter 4  Effect of binder delivery method 

109 

 

lumps of binder could be reduced to medium sized lumps. The mass of the medium 

sized granules decreases with time for both cases too. There is no increase in the mass 

of the large granules, due to the low stresses acting on the moving bed of powder. 

Growth normally occurs by coalescence or layering, both of which require binder to be 

squeezed from within the granules in order to increase their cohesiveness. Therefore, it 

appears that breakage is the more dominant mechanism at this impeller speed. With 

time, the dispersion of the paste into the powder is enhanced; therefore any large pow-

der coated binder particles will get broken down into smaller fragments. It is likely that 

the granules that get broken in the medium size class are binder rich nuclei. There is 

some evidence suggesting an enhanced distribution of binder for the injected case, when 

considering the mass of the small particles with time, as it is higher for the preloaded 

case. 
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Figure 4.12. Mass distribution at 200 rpm - blobs vs. injected.
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At 400 rpm (Figure 4.13), an increase in the mass of the large particles is observed 

when compared to the experiments that were done at a lower speed of 200 rpm. For the 

injected case, a sharp increase in the mass of the large particle is seen after 45 s of wet 

massing, whereas the mass of the large particles for the preloaded case remains constant 

with time. There is an increase in the mass of the medium sized particles for the pre-

loaded case. For the injected case, the medium sized particles reaches a peak at 45 s, 

after which the mass starts to drop. This peak corresponds to the increase in the mass 

fraction of the large particles after 45 s. This suggests that injecting the binder into the 

mixer helps to speed up granule growth. When considering the small size class of parti-

cles, there is more in the preloaded case than the injected case, at all times. A minimum 

level of binder saturation is required to facilitate the formation of granules. Therefore, 

the existence of a greater quantity of small particles in the preloaded experiments, dem-

onstrates dispersion of the binder into the powder bed is poorer with time. This trial also 

indicates that the method of binder addition does have an influence on the kinetics of 

granule growth. Adding the binder in the form of large blobs means more time is re-

quired to redistribute the binder evenly, thus reducing the time available for granule 

growth. Images of the dried granules after 75 s of wet massing also indicate faster 

growth for the injected case (Figure 4.14). 

 



 

112 
 

 

Figure 4.13. Mass distribution at 400 rpm - blobs vs. injected.
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Figure 4.14. Images of the dry product after 75 s of wet massing (a) 400 rpm – injected 

and (b) 400 rpm- preloaded. 

 

At an even higher impeller speed of 800 rpm, the difference between the two cases is 

not very clear after 15 s of wet massing (Figure 4.15). At 15 s, it can be seen that the 

preloaded case consists of more small granules than the injected case. After 15 s, the 

lack of any clear differences between the two methods of binder addition could be at-

tributed to the very high shear and impact stresses that act on the material, thereby 

evenly dispersing all the binder. Another notable observation is the sharp increase in the 

mass of the large granules from 60 to 75 s. At this speed, the granules may easily de-

form, leading to rapid growth by coalescence and layering. 

 

 

(a) (b) 
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Figure 4.15. Mass distribution at 800 rpm - blobs vs. injected. 
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4.6 Binder distribution 

Ultra-violet (UV) spectroscopy was used to determine the binder distribution amongst 

the various size classes in a batch of granules. Section 3.16 outlines the technique used 

to determine the concentration of the binder in the granules. To ensure the powder com-

ponents in the detergent granules do not interfere with the UV measurements, a control 

experiment was performed. The control experiment compares the absorbance recorded 

for the surfactant solution and the detergent solution. The detergent contains the surfac-

tant paste and powder (refer to Table 4.1 for the composition of the detergent granules). 

Measurements were taken at a wavelength of 285 nm. Figure 4.16 demonstrates that the 

addition of sodium carbonate and zeolite does not change the absorbance of UV radia-

tion, as there is no significant difference in the measured absorbance for both cases. 

 

Figure 4.16. UV spectroscopy control study comparing a surfactant solution with a de-

tergent solution. 

 

Granules were separated into narrow size classes prior to measuring their binder con-

tent. Size classes ranging from 90 – 1000 µm were obtained using sieves from a fourth-

root-of-two progression series (90, 125, 180, 250, 355, 500, 710 and 1000 µm). The re-

sults from the UV experiments are summarised in Figure 4.17 - Figure 4.19. The theo-

retical average value of the binder content should be 27 wt% on a dry basis. This corre-
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sponds to an absorbance of 0.145. Some sources (Tan et al., 2014, Osborne et al., 2011, 

Knight et al., 1998, Reynolds et al., 2004) report that the average binder loading has a 

direct influence on granule growth. It is therefore, expected that larger granules would 

have more binder than smaller ones. This trend is evident from the data set obtained at 

all three impeller speeds: 200, 400 and 800 rpm. 

At 200 rpm (Figure 4.17), the heterogeneity in the binder content amongst the different 

size classes is most pronounced. This is largely due to the presence of lumps of surfac-

tant paste that have not been dispersed fully in the large size class. Images of the dry 

powder also give an indication of the extent of binder dispersion and at 200 rpm, the 

resulting product contains a significant amount of unbound primary particles (Figure 

4.20a). At 400 and 800 rpm (Figure 4.18 - Figure 4.19), there are more subtle differ-

ences in the binder content between different size classes. However, again a similar 

trend is observed, in that, the large granules have a higher binder content. Interestingly, 

the span in the values of the absorbance also reduces with an increase in the impeller 

speed. At higher impeller speeds, the product is more granular and less powdery (Figure 

4.20). This explains the smaller span in the absorbance between different size classes at 

higher speeds. This also suggests that the homogeneity in the binder content can be im-

proved by granulating at higher speeds. 

The results obtained from the UV analysis can be used to quantify the binder dispersion 

process as a whole. The difference in the binder content between the largest and small-

est size of granules can be determined to give an indication of the homogeneity in the 

binder content of granules in different size classes. A large value would indicate poorer 

binder dispersion, whilst a smaller value indicates greater homogeneity i.e. better binder 

dispersion. 

The different methods of binder addition, however, do not seem to have a significant 

effect on the binder content, at all three impeller speeds. This method is not able to dis-

tinguish between binder that is evenly distributed and binder that is not. For example, a 

powder coated binder fragment (which has a binder rich core) and a wet agglomerate 

(which has the binder spread out evenly throughout its internal structure) could still give 

the same absorbance, providing both have the same mean concentration of binder. This 
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could be a possible reason for the lack of an apparent difference between the two meth-

ods of binder addition. 

 

Figure 4.17. Binder content of different size classes at 200 rpm, after 75 s of wet mass-

ing. 

 

 

Figure 4.18. Binder content of different size classes at 400 rpm, after 75 s of wet mass-

ing. 
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Figure 4.19. Binder content of different size classes at 800 rpm, after 75 s of wet mass-

ing. 

 

  
 

Figure 4.20. Images of the dry product after 75 s of wet massing at (a) 200 rpm and (b) 

800 rpm, for the injected case. 
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4.7 Granule strength 

Granule strength was determined using the uni-axial confined compression technique 

outlined in Section 3.15.1. Granules were separated into large, medium and small size 

classes as outlined in Section 4.5. The granules produced at a low impeller speed do not 

show a significant variation in strength with time, for all size classes that were analysed 

(Figure 4.21). This is different from the granules produced at higher speeds (400 and 

800 rpm). At higher speeds, the large granules are around four times stronger than the 

small and medium sized granules (Figure 4.22 & Figure 4.23). At higher speeds, the 

consolidation process may be occurring much earlier leading to the formation of 

stronger granules with time. Again, there is no significant difference in granule strength 

as a result of the method of binder delivery. 

 

Figure 4.21. Granule strength against time – 200 rpm. 
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Figure 4.22. Granule strength against time – 400 rpm. 

 

 
Figure 4.23. Granule strength against time – 800 rpm. 

 

Figure 4.24 demonstrates that granules made at 400 and 800 rpm are stronger than those 

made at 200 rpm. Furthermore, observing micrographs of the granules (Figure 4.25) 

seems to suggest that at lower impeller speeds, granules have not undergone much con-

solidation. At 200 rpm, the large size class consists of loosely coated lumps of binder. 
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Figure 4.24. Strength of the large granules (>2000 μm) against impeller speed at 75 s. 

 

  
 

Figure 4.25. Large granules (>2000 μm) as seen under a light microscope: (a) 200 rpm 

(b) 800 rpm. 

4.8 Tracking binder dispersion in situ 

A thermal camera was used to track the dispersion of the semi-solid binder in a moving 
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maintained at room temperature (25°C). For more details about the thermal imaging 
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granulation, as outlined in Section 4.5. At the higher speeds, a sheet of black polythene 

had to be placed over the mixer to contain the material within it. Infrared radiation is 

able to travel through the sheet of polythene; therefore it has a minimal effect on the re-

sulting image quality. 

The thermal images that were obtained for both the preloaded and injected case, at 200 

rpm, are presented in Figure 4.26. The 32-bit colour images were converted into 8-bit 

grey scale images. Subsequently, appropriate threshold limits were applied to identify 

regions where the temperature exceeded 30°C. After binarizing, these regions appear as 

white spots on the image. The total area of the white regions was calculated as a func-

tion of time to enable binder dispersion to be quantified. For the preloaded case, the re-

sults indicate that the binder first settles into the bed of powder and starts to resurface 

with time (Figure 4.27). For the injection experiment, the binder does not settle into the 

powder, instead it remains on the surface and gets mixed into the powder gradually. Af-

ter 60 s of wet massing, it is also evident that there are more hot spots for the preloaded 

case than the injected case. Injecting the paste increases the surface area of paste-

powder contact, thereby, enhancing the rate at which binder and powder mix. Ideally, 

the binder should be distributed evenly throughout the bed. Therefore, the presence of a 

large quantity of binder on the surface is undesirable, as is the presence of no binder on 

the surface. For the injected case, it can be seen that the binder concentration at the sur-

face reaches a steady state sooner and the concentration is much lower at the surface 

compared to the preloaded case (Figure 4.27). For the preloaded case, the concentration 

of binder at the surface is greater, as the larger lumps of paste have more kinetic energy 

and resurface more often. The binder distribution therefore, takes longer to reach a 

steady state for the preloaded case when compared with the injected case. This study 

further confirms that better binder distribution can be achieved by injecting the binder 

into the mixer. 
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Figure 4.26. Time lapse thermal image sequence of the high shear mixer for both pre-

loaded and injected cases at 200 rpm. 
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Figure 4.27. Variation in the binder concentration at the surface with time, at 200 rpm. 

 

The thermal camera can capture up to 50 frames per second at maximum resolution 

(480×640 pixels). At speeds of 400 rpm and higher, it is not possible to see individual 

lumps of binder that surface within the moving bed of powder, as the frame rate is not 

high enough (Figure 4.28). At 400 rpm, there is however, a distinct difference in the av-

erage temperature of the moving bed of powder for the injected and preloaded cases 

(Figure 4.29). Ideally, good binder distribution would result in rapid distribution and 

even mixing of the binder and the powder. As the binder is warmer than the powder, 

mixing the two components together should result in an average temperature between 

22 – 50°C. At 400 rpm, it takes longer for the temperature of the moving bed of powder 

to reach steady state when the binder is preloaded, compared to when it is injected 

(Figure 4.29). This further confirms that an even distribution of the binder can be 

reached sooner if the binder is introduced into the mixer as a smaller entity (i.e. as a thin 

stream or jet instead of one large blob). When attempting to conduct a similar analysis 

at the highest speed of 800 rpm, it was found that the heat generated by the moving bed 

of powder interferes with the results. At low to moderate speeds, it is therefore possible 

to elucidate the effect of the method of binder delivery using a thermal camera. 
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Figure 4.28. Time lapse thermal image sequence of the high shear mixer for both pre-

loaded and injected cases at 400 rpm. 
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Figure 4.29. Average surface temperature of the moving bed of powder with time for 

both preloaded and injected cases at 400 rpm. 

4.9 Conclusions 

This chapter focuses on understanding the impact of the method of binder delivery on 

the kinetics of granule growth, binder distribution and granule strength. The semi-solid 

binder was either injected into the mixer or preloaded as one large blob. Experiments 

were conducted at three different impeller speeds: 200, 400 and 800 rpm. 

At low to moderate impeller speeds (200 – 400 rpm), injecting the binder into the mixer 

enhances the kinetics of granule growth. Adding the binder into the mixer as a smaller 

entity (i.e. as a continuous stream instead of one large blob) reduces the amount of time 

required to distribute the binder, thus providing more time for granule growth. How-

ever, there was no apparent impact on the binder content and granule strength, as a re-

sult of the method of binder addition - both methods showed similar trends (at all 

speeds). 

For a low viscous binder, Knight et al. (1998) report an increase in the mean size of the 

granules when the rate of binder addition is greater. Their study suggests an increase in 

the rate of binder addition results in certain regions of the powder bed becoming over-

wet, and this leads to the formation of larger granules. Others (Wauters et al., 2002, 
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Smirani-Khayati et al., 2009) also report similar finding when using a binder of a low 

viscosity. However, the present study reveals that increasing the rate of addition (by 

preloading all the binder into the mixer at once) for a highly viscous binder results in a 

decrease in the mean size of the granules. This behaviour can be attributed to the high 

viscosity of the binder, which does not spread and wet the primary particles until it has 

been completely dispersed into the moving bed of powder. Therefore, a more gradual 

addition (by injecting for example) is better for achieving faster granule growth kinetics. 

An increase in the stresses within the granulator (impeller speed) increases the rate at 

which material progresses through the various stages of the granulation process (nuclea-

tion, growth, consolidation and coalescence). At low impeller speeds (200 rpm), break-

age (binder dispersion) is the dominant mechanism, and at higher impeller speeds gran-

ule growth begins. The heterogeneity in the binder content amongst granules of differ-

ent sizes is also reduced at higher impeller speeds, and this suggests that binder distribu-

tion is better at higher agitation intensities. Furthermore, the large granules are stronger 

at 400 and 800 rpm. This could be due to the consolidation process occurring much ear-

lier leading to the formation of stronger granules with time. 

Furthermore, thermal imaging was used to successfully visualise the movement of the 

binder within the mixer. There was a clear difference in the movement of the binder 

within the mixer for the injected and preloaded case at the lower speed of 200 rpm. For 

the injected case, it can be seen that the binder concentration at the surface reaches a 

steady state sooner and the concentration is much lower at the surface compared to the 

preloaded case. This supports the argument that better binder distribution can be 

achieved by injecting the binder. At a higher impeller speed of 400 rpm, it was not pos-

sible to see individual lumps of binder; however the temperature of the mixer reached a 

steady state sooner for the injected case. Again, this suggests mixing is better when the 

binder is injected. 
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Chapter 5 Semi-solid binder breakage 
 

5.1 Introduction 

The previous chapter considered the effect of the method of binder delivery on granule 

growth. Results suggest that the initial size of the semi-solid binder particles influence 

the growth kinetics. It is also of interest to understand how the binder gets dispersed in a 

high shear environment. In this chapter, a mechanism for the initial dispersion of a 

semi-solid binder has been outlined, which involves the breakage of lumps of binder. 

An experimental method for isolating binder breakage was subsequently devised, and 

the breakage is quantified by monitoring changes of both the size and mass of the binder 

particles. 

Once introduced into the mixer the binder gets coated with powder. They are subse-

quently referred to as powder coated binder particles (PCBPs). Dispersion of the 

binder occurs during the nucleation step of the agglomeration process. The mechanism 

of binder dispersion is in some ways consistent with the immersion mechanism that was 

proposed by (Schæfer and Mathiesen, 1996a). The immersion mechanism is dominant 

when the binder droplet is relatively large in comparison to the size of the primary par-

ticles that constitute the moving bed of powder. The particles will initially, adhere to the 

surface of the large droplet and gradually start to spread. In the case of a low viscous 

binder, powder particles may be drawn into the core of the liquid droplet (as a result of 

surface tension at the liquid-particle-air interface). The semi-solid binder is a non-

Newtonian fluid, with a viscosity that is ×10
4
 greater than that of water. Hence, surface 

tension will not facilitate particle penetration into the core of the binder, due to its high 

viscosity. Therefore, powder ingress into the core of the binder is unlikely to occur in 

the absence of any external forces. 

After the binder is introduced into the mixer, the action of both shear and impact deliv-

ered to the contents of the mixer, by the motion of the impeller, will initially break large 

lumps of the binder in to smaller lumps. It is also hypothesised that the type of primary 

particle and the impeller speed influences the rate at which this binder breakage occurs. 
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This chapter discusses the following in more detail: 

 

 Determining powder-binder adhesion in the absence of any shear or impact 

stresses. 

 The standard method adopted for making the binder particles of a uniform size. 

 The technique used for isolating the PCBPs from the unused free powder in the 

granulator. 

 Monitoring the powder assimilation into the binder particles/fragments with 

time. 

 Monitoring the breakage of the PCBPs with time. 

 Analysing the internal structure of the PCBPs with time. 

 Observing and understanding reasons for the changes in the breakage patterns, 

as well as the mechanical properties of the PCBPs with time. 

The chapter concludes by discussing the effects of various process parameters and for-

mulation variables on the breakage of the semi-solid binder in a moving powder bed. 

Some recommendations for enhancing the distribution of a semi-solid binder in a mov-

ing bed of powder have also been suggested. 

5.2 Key stages in dispersing a viscous binder 

As discussed in Section 2.2, the granulation process can be divided into several different 

stages including wetting and nucleation, consolidation and coalescence and finally 

breakage and attrition. To reiterate, the nucleation and wetting step involves distributing 

the binder into a moving bed of powder. It is in this stage that nuclei are formed, which 

act as seeds for further granule growth. This investigation primarily concerns the forma-

tion of these nuclei, and attempts to describe how they evolve with time in a granulator. 

Figure 5.1 describes nucleation for a granulation process that involves the use of a low 

viscous binder. Once the droplet lands on the surface of the material, it penetrates the 

bed by capillary action. This results in the formation of a weak, wet nucleus. For a 
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highly viscous binder, the mechanism of binder dispersion is different, as the binder is 

too viscous to penetrate a bed of powder by capillary action. Instead, the powder layers 

on the surface of the binder by adhesion. Dispersion of the binder is a result of the com-

bined action of the impeller and the moving bed of powder. The mechanical action fa-

cilitates further layering of powder onto the surface of the binder (Figure 5.2). 

During the dispersion of a highly viscous binder, the powder coated binder particles are 

likely to resemble a powdery-crumb like state to begin with. These PCBPs will then 

undergo a size reduction process with time and eventually, all the binder will become 

well distributed into the bed of powder. Once this stage has been reached granule 

growth begins and the resulting granules will resemble that of a wet-agglomerate. As 

this study focuses primarily on the dispersion and distribution of a binder during the nu-

cleation stage of the granulation process, all experiments have been conducted up to and 

excluding the point where wet agglomerates are formed. More details about how these 

structures were identified are discussed later. 

 

 

 

 

Figure 5.1. Granulation mechanism for low viscous binders. 
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Figure 5.2. Hypothesis proposed for the layering and fragmentation of paste fragments 

in a moving powder bed. 

5.3 Quantifying the adhesion between the powder and binder  

One of the properties that is likely to influence the rate at which powder layers onto the 

surface of the binder is the adhesive force between them. A convenient method of quan-

tifying the adhesion between the powder and binder is to bring them into contact under 

controlled conditions. In order to achieve this, “binder particles” of a uniform size need 

to be produced. This ensures each binder particle has the same surface area to begin 

with. Ideally, if the binder particle is cylindrical, it can then be made to roll over the sur-

face of a loose powder bed and thereby, mimic powder layering at zero shear (no mix-

ing). 

The first stage of this study involved devising a method for producing binder particles 

or fragments of a uniform size and shape. This was achieved using the setup shown in 

Figure 5.3. A Watson Marlow 501u peristaltic pump equipped with an 8 mm ID silicone 

tube was used to pump the semi-solid binder. One end of the silicone tubing was at-

tached to the barrel of a 20 ml syringe, which has a needle hub that is 2 mm in width. 

This acts as a die through which the semi-solid binder can be extruded. The binder was 

extruded on to microscope glass slides that have a width of 2.5 cm. The product is cy-
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lindrical in shape, and is 2.5 cm long with a diameter of 2 mm. Each strand has a mass 

of approximately 0.110 g ± 0.001g.  

 

 

 

 

 

 

 

 

 

Figure 5.3. Schematic representation of the apparatus used for preparing cylindrical 

semi-solid binder particles of a uniform shape and size. 

 

The cylindrical strands on the microscope glass slides were frozen at 0°C for 1 hour. 

Cooling them down to this temperature makes the paste less flowable and helps it retain 

its shape prior to being immersed in to a pool of liquid nitrogen (-196°C). At cryogenic 

temperatures, the cylindrical strands separate from the glass slides. Each binder particle 

was then placed on to the surface of a loose powder bed on a Petri dish and allowed to 

equilibrate to room temperature (25°C), prior to being rolled over the surface of the said 

powder bed (Figure 5.4). Rolling was carried out by tilting the Petri dish to an angle of 

50°. 
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Figure 5.4. Schematic representation of the technique for determining the mass of pow-

der that has layered at zero shear. 

 

Micrographs of the cylindrical strands of binder (after they have been rolled over the 

surface of a loose bed of powder) demonstrate the various extents to which different 

powders are able to coat the surface of a strand of binder (Figure 5.5). Figure 5.6 shows 

the change in the mass of the PCBP after being rolled over a loose bed of powder. 
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Figure 5.5. Micrographs of the cylindrical strands after coating with primary powders. 

 

 

Figure 5.6. Mass of the PCBP after coating with primary powders. 
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binder). The binder particles were prepared using the technique outlined in Section 5.3; 

110 strands were produced for each granulation experiment (to give a total mass of 12.5 

g). The total batch size is 37.5 g. Experiments were conducted for 180 s (as opposed to 

75 s in the previous study discussed in Chapter 4), as the maximum tip speed of this 

mixer is lower than that of the 10 L Roto Junior high shear mixer. Mixing time was re-

corded using a stopwatch to the nearest second.  

25 g of ground ash and zeolite have a fill level of approximately 50%, whilst light ash, 

which has a higher bulk density, has a fill level of approximately 40%. The typical fill 

level when operating larger-scale granulators compares to this (Oka et al., 2015). At 

both speeds, the vessel operates in the roping regime. At speeds lower than 300 rpm, the 

mixer transitions to the bumping regime. Most industrial operations use aggressive con-

ditions when granulating laundry powder (Mort et al., 2001), therefore binder breakage 

when operating in the bumping regime was not investigated. 

Once added to the powder bed, strands were allowed to reach room temperature, before 

the mixer was operated. For all experiments, the temperature was within the range 20-

25°C. After granulation, the PCBPs were carefully separated (using a 200 µm sieve - by 

tapping gently) and were frozen using liquid nitrogen. The mass of the PCBPs was then 

weighed. The rate of layering (i.e. percentage increase in mass of 12.5g of binder with 

time) of the three different materials was monitored. After recording the mass, the size 

distributions of the cryogenically frozen PCBPs were also measured using the Camsizer 

P4. Each experiment was conducted using a fresh batch of raw materials, as starting and 

stopping the granulation process, together with prolonged handling of the PCBPs could 

influence results. 

A test was also performed to determine the viscosity of the binder after it was frozen, to 

ensure the freeze-thaw cycle does not influence its rheological properties. 33 ml of 

binder was immersed into a pool of liquid nitrogen and left to freeze into a solid for 10 

mins. The binder was then removed from the liquid nitrogen and allowed to thaw, at 

25°C for an hour, prior to conducting further tests. Viscosity measurements taken before 

and after the freeze-thaw cycle show a very similar profile (Figure 5.7). 
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Figure 5.7. Viscosity measurement at 25°C before and after a freeze-thaw cycle. 

 

5.5 Determining the constitution of a PCBP 

As discussed in Section 5.2, with time the system progresses from the nucleation regime 

into the growth regime. All PCBPs in the system get destroyed and the resulting mixture 

resembles that of a wet-agglomerate; once it transitions into the growth regime. Break-

age and dispersion of the PCBPs occurs up until the mixture resembles a crumb-like 

state. The different regimes can be identified by observing changes in the internal struc-

ture of the granules using XRT. 

A μCT 35 X-ray scanner by SCANCO Medical was used to scan samples of the PCBPs 

(refer to Section 3.18 for more details about the equipment). Final contrast between the 

air, semi-solid paste and powder in a sample are generally influenced by the grey values 

that are assigned to the said components. For each slice, a histogram can be generated, 

and it indicates how many pixels in the image have the same grey value. The digitisa-

tion will also influence the maximum grey-value of the image. As the scan data were 

converted into 16-bit images, the grey scale ranges from 0 to 65536. Therefore, each 

pixel in the image can take a value from 0 to 65536. This enables different elements of a 

PCBP to be differentiated. As air is the least dense material present in any sample, it has 
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the lowest grey-scale and appears black on a scan. In this study, the primary purpose of 

the X-ray tomography was to track the ingress of each powder into the binder fragment. 

Therefore, being able to distinguish between the binder and the powder is crucial. XRT 

proved to be a method that is capable of distinguishing between the semi-solid binder 

and the powders, and a convenient method of tracking the ingress of a powder into a 

lump of binder.  

For the three powders, two scans were done, the first scan was on a loose powder bed 

and the second was on a compact (a 3 kN compression force was applied to 5 g of the 

material in a 30 mm die, using the Instron 3367 tensile test machine). X-ray scans of all 

raw materials are presented in Figure 5.8, along with their mean grey values. Within a 

granule or PCBP, the porosity of the powder rich zones is likely to be between that of 

the loose powder bed and a compact. A compact of the primary powder was made using 

a compression load of 3kN, to quantify the impact of porosity on the mean grey value. 

The compaction force within a high shear mixer will not exceed 3 kN, and the grey 

value is likely to be much closer to that of a loosely packed powder bed (as compression 

forces are very low during wet massing). A force of 3 kN corresponds to a stress of ap-

proximately 1 MPa. 

Chan et al. (2013) determined the normal components of the stress acting on the blade, 

as a result of the impacting granules for the 10 L vertical shaft Roto Junior high shear 

mixer used in this study. An expression (Equation 5.1) was developed to correlate the 

granule bed properties and impeller geometries, where ρb is the bulk density of the 

granule bed, Hg,r is the height of the granule bed, vrel is the relative velocity of the gran-

ule bed, θI is the blade angle and hl is the blade inclined height. The subscripts I and g 

denote the impeller and the granule bed respectively. A maximum value (σmax,r) for the 

stress acting on the blade for the 100 ml mini-mixer was found using Equation 5.1. The 

vrel was replaced with the maximum tip speed, Hg,r was replaced with the height of the 

mixing bowl, and ρb was replaced with the true density of the primary particles in order 

to obtain a maximum value (σmax,r) of the stress acting on the blades. The calculated ap-

proximation for the maximum stress acting on the blade is far less than 1 MPa 

(Equation 5.2). 
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         Equation 5.2 

 

The two scans enabled the effect of voidage (air spaces) on the grey value to be quanti-

fied. The three different powders, in contrast with the binder, show different grey val-

ues. It is therefore, reasonable to state that the three different materials can be easily 

identified, as the grey value of the binder is 4017, whilst zeolite ranges from 5464-6189, 

ground ash ranges from 4307-5369, and light ash ranges from 4583-5122 (Figure 5.8). 

Even though light ash and ground ash are chemically identical, they have different grey 

values, as light ash always produces a more porous structure when compacted under the 

same load. Also note that each PCBP scanned in this study contains only one primary 

powder. 
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Figure 5.8. X-ray scans of the raw materials. Two mean grey values have been reported 

for three powders - one for a loose powder bed and another for a compact made with a 

3 kN compression force. 
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XRT images (Figure 5.9) of the granules that were taken at different time points suggest 

layering is the main mechanism of powder assimilation during binder dispersion. The 

changes in the structure of the PCBPs with time are discussed in more detail in Section 

5.9. 

60 s 180 s 

  

Figure 5.9. XRT images reveal layering is the main mechanism for powder assimilation 

on the surface of a binder particle (zeolite at 300 rpm). 

 

5.6 Monitoring the rate of powder layering 

The change in the mass of the PCBP, as a percentage of the mass of the original binder 

was determined (Figure 5.10 and Figure 5.11). At both impeller speeds the mass of the 

PCBPs increases steadily at first, and after some time reaches an asymptote. The initial 

increase in the mass is linear and so the data suggest that layering of the powder on to 

the binder occurs steadily (at a constant rate) to begin with. 

At both impeller speeds (300 and 600 rpm - Figure 5.10 and Figure 5.11 respectively), it 

is evident that light ash layers onto the binder more rapidly, whilst zeolite exhibits the 

poorest rate of layering. As light ash particles are larger than zeolite particles, they have 

a smaller surface area. Therefore, a larger mass of light ash is required to saturate all 

available binder surfaces. Zeolite, on the other hand, is a cohesive powder that consists 

of very fine particles that are more circular (refer to Section 3.8 for SEM images), thus 

explaining its poorer rate of layering compared to light and ground ash. In other words, 

larger particles which are rougher are more likely to penetrate the surface of a lump of 

binder, whilst smaller ones are better at covering the surface of the binder, but their 

penetration is limited (Figure 5.12).  
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At 600 rpm (Figure 5.11), for the ground ash system, the product resembles that of a 

wet-agglomerate after 90 s of wet massing, and for light ash the same phenomenon is 

observed after 15 s of wet massing. X-ray tomography was used to confirm this (Figure 

5.13). As discussed earlier in the introduction to this chapter, the nucleation step in-

volves breaking and dispersing fragments of the binder into the powder. This breakage 

and dispersion will mainly occur at the beginning of the powdery regime until the end 

of the crumb regime. Once the system has transitioned into the wet-agglomerate regime, 

PCBPs are no longer present in the mixture i.e. nucleation has ended. Therefore the 

mass of the PCBPs have only been recorded up to 90 s for ground ash, and up to 15 s 

for light ash. 

At a higher impeller speed (600 rpm - Figure 5.11), there does not appear to be a sig-

nificant increase in the final mass of the PCBPs (when compared to the trial done at 300 

rpm - Figure 5.10), instead the time taken to reach the asymptote or steady state is 

shortened for all three powders, and for light and ground ash the lifespan of the PCBPs 

in the granulator are shortened significantly. 

 
 

Figure 5.10. Relative change in the mass of the PCBPs as a percentage of the mass of 

the original binder at 300 rpm. 
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Figure 5.11. Relative change in the mass of the PCBPs as a percentage of the mass of 

the original binder at 600 rpm. 

 

 

 

  

 

Figure 5.12. Layering of particles of different sizes on the surface of a binder fragment. 
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Figure 5.13. Changes in the internal makeup of the granule during transition from the 

nucleation to the wet-agglomerate regime. Zones within the granule that are rich in 

binder have been highlighted (yellow ovals). 

 

For all materials, at both impeller speeds, the maximum percentage increase in the mass 

does not exceed the range 120-140% (Figure 5.10 & Figure 5.11). After this maximum 

is reached either the mixture transitions into the wet–agglomerate regime at higher im-

peller speeds for certain powders (light and ground ash), or remains in the crumb regime 

with no further increase in the mass at lower impeller speeds. This suggests that there is 

a finite volume of powder the binder can accommodate during the initial layering proc-

ess. After the binder has gathered this amount of powder, depending on the amount of 

energy within the system, it either progresses further into another granulation regime or 

remains in the crumb state. 

To verify this hypothesis, the volume fraction of the powder in the PCBPs was deter-

mined. The volume fraction of the solids in the PCBP was calculated using Equation 
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6.4. It was assumed that the individual powder particles were completely engulfed by 

the binder in a PCBP. Therefore the true density of the powders was used (instead of the 

bulk density) when determining the volume fraction of the solids. The rate of layering 

reaches an asymptote when the volume fraction is between 0.30 – 0.35 (Figure 5.14 - 

Figure 5.15). This indicates the existence of a critical volume fraction of powder that the 

binder is able to accommodate, after which layering stops. 

 

                    
                      

                                     
 

Equation 5.3 

 

where: 

ρs – powder density (g/cm
3
) 

ρl – liquid density (g/cm
3
) 

M – mass (g) 

subscript F – final 

subscript I – initial 

 

 

Figure 5.14. Volume fraction of solids in the binder with time at 300 rpm. 
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Figure 5.15. Volume fraction of solids in the binder with time at 600 rpm. 

 

Another method of assessing the overall efficiency of the layering process is to deter-

mine the mass fraction of the primary powder that has been used up during wet massing 

(Figure 5.16 & Figure 5.17). At lower impeller speeds, all three powder systems have a 

significant quantity of unused primary powder. To reiterate, it is suggested that layering 

is the dominant mechanism that consumes powder during nucleation. At lower impeller 

speeds, most of the binder is still present in its unused form in the core of a PCBP 

(again XRT was used to confirm this and the results will be discussed later in this chap-

ter). At higher impeller speeds, for light and ground ash systems all of the powder gets 

used up eventually and the system progresses into the wet-agglomerate regime. As dis-

cussed in Section 2.2, the higher impeller speed may help to squeeze out binder from 

within the agglomerates, thereby facilitating the layering of more primary particles. As a 

result, all the primary powder gets assimilated into the structure of the agglomerate. 
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Figure 5.16. Mass fraction of the primary powder that has been used at 300 rpm. 

 

Figure 5.17. Mass fraction of the primary powder that has been used at 600 rpm. 
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the measurements obtained from the Camsizer, there is a significant difference (Figure 

5.18). An equivalent diameter is defined by the Camsizer based on the area of particle 

projection (Equation 5.4); therefore the measured values are somewhat different from 

the predefined values. It is known that the specific orientation of the cylindrical strands 

of binder when presented to the Camsizer will influence the magnitude of the projected 

area that is determined by the device (Brown et al., 2005). 

       
  

 
 Equation 5.4 

where: 

A – projected area (mm
2
) 

xarea – diameter of the area equivalent circle (mm) 

 

Based on the dimensions of the cylindrical binder particles, the maximum size the Cam-

sizer should detect must not exceed 8 mm, when L = 25 mm, D = 2 mm (Equation 5.5). 

From Figure 5.18, it is evident that the Camsizer detects area equivalent particle diame-

ters between 3.5 – 7.5 mm. 

        
 

 
   

   

  
 

 
      

   

         Equation 5.5 

 

where: 

L – length of the cylindrical strand of binder (mm) 

D – diameter of the cylindrical strand of binder (mm) 
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Figure 5.18. Size distribution of the binder particles measured using the Camsizer, Dv4,3 

= 5817 µm. 

The size distribution of the PCBPs was measured as a function of time (refer to Section 

3.6 for more details about the measurement techniques). The volume based mean di-

ameter (Dv4,3) was determined from the size distributions. Dv4,3 was chosen as it is more 

sensitive to the presence of larger particles and less sensitive to the fines shed from the 

PCBPs. At 300 rpm (Figure 5.19), it is evident that the mean PCBP size increases, from 

0 s to 15 s, for all three primary powders. This could be due to the binder particles ad-

hering to each other at very short wet massing times, when binder dispersion process is 

at its early stages. At a high impeller speed of 600 rpm (Figure 5.20), an increase in the 

mean size is not observed at 15 s.  

After 15 s, however, it is apparent that the mean particle size gradually decreases with 

time until 100 s (Figure 5.19 - Figure 5.20). Note that the when the size of the PCBPs 

levels off with time, so does the change in the mass with time (Figure 5.10 - Figure 

5.11). As discussed earlier, the binder may have gathered a critical volume fraction of 

powder and the PCBP will not undergo further layering. The fragmentation process for 

light ash and ground ash is more rapid compared to zeolite (at both speeds). The zeolite 

system has the largest mean PCBP diameter at 60 s, compared to light and ground ash. 

Zeolite powder is more likely to coat the binder quicker than any other powder, due to 

its finer size. A thin layer will cover the binder fragment, which will then gather further 

layers of zeolite that may protect the binder from deformation. Light and ground ash 
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particles have rougher surfaces with needle like particle morphology and are therefore, 

more likely to break and penetrate the surface of the coated binder particles. Further 

evidence for this was gathered from optical microscopy, which will be discussed later. 

From Figure 5.19 - Figure 5.20, it is apparent that after 180 s, there are a larger number 

of smaller light and ground ash PCBPs, whilst zeolite has the largest mean PCBP di-

ameter. At a higher impeller speed (compare Figure 5.20 with Figure 5.19), it is evident 

the fragmentation process is more rapid. The final size of the PCBPs is also smaller. 

The higher stresses (energy) within the system may facilitate more breakage of the 

powder saturated PCBPs, at higher impeller speeds. 
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Figure 5.19. Change in the mean diameter (Dv4,3) of the PCBPs with time at 300 rpm. 

 

 

Figure 5.20. Change in the mean diameter (Dv4,3) of the PCBPs with time at 600 rpm. 
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5.8 Qualitative analysis of PCBP surface attributes 

Surface features of the PCBPs were analysed optically using a VHX-5000 Digital Mi-

croscope (for more details about the equipment refer to Section 3.7). A qualitative 

analysis of the breakage patterns was also done as a part of this study. Figure 5.21 pro-

vides micrographs of the PCBPs at different time points, for the three different powder 

systems, at the lower impeller speed of 300 rpm. For the zeolite system, the layering of 

powder onto the surface of the binder appears to be rapid with time. Zeolite coats the 

binder quicker than the other powders, due to its finer size and high cohesivity. After 60 

s, it is evident that the binder is completely layered with powder. It can also be seen that 

powder has a tendency to adhere to zones that have already been coated. A thin layer 

will cover the binder fragment, which will then gather more layers of zeolite that may 

protect it from further deformation. This could be due to the cohesive nature of zeolite, 

causing the fine particles to adhere to material that is already on the surface of the 

binder. 

It has been established that the PCBPs undergo breakage gradually. It is therefore of 

interest to understand how this breakage may occur. Breakage patterns of solids can be 

described as brittle, semi-brittle or ductile. The brittle breakage refers to solids that frac-

ture without showing any noticeable plastic deformation. In contrast, ductile breakage 

shows considerable plastic deformation of the parent PCBP. Semi brittle fractures refers 

to some degree of brittle fracture taking place at the boundaries of a region of (limited) 

plastic deformation (Salman et al., 2007). For the zeolite system, after 60 s, deformation 

is likely to be mainly plastic and may become progressively semi-ductile, as the PCBPs 

are smaller, but still elongated, and retain a more regular oval shape, post-breakage (see 

zeolite at 180 s in Figure 5.21). 

In the case of light ash, the breakage of the fragments is much more rapid (Figure 5.21). 

A closer inspection of the surface of the granules indicates the coating is thinner, in 

comparison to zeolite. The coating also appears to be an even monolayer. This could be 

attributed to the needle shaped light ash crystals, which are able penetrate the surface of 

the binder and probe their way into the core of the PCBP more rapidly, thus preventing 

the aggregation of powder on the surface. The larger particle size also makes the pow-

der less cohesive. The PCBP appears to reach the brittle state after 2 mins of wet mass-
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ing and this is evident from the presence of cracks/flaws on its surface (Figure 5.22). It 

is believed that this facilitates the rapid reduction in the size of the binder fragments 

with time. 

The behaviour of the ground ash mixture is somewhat similar to that of light ash. This is 

an indication that surface properties and particle morphology both play an important 

role in binder dispersion. At a higher speed of 600 rpm, the fragmentation process is 

very similar, but takes place on a much shorter time scale. Conclusions drawn from 

visually inspecting the micrographs are in agreement with the mass and size change 

trends that were discussed earlier. 

It is hypothesised that as the solid fraction within the binder fragment increases, its de-

formability reduces. Some indentation experiments were conducted to investigate this 

further (discussed in Section 5.10). 
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Figure 5.21. Micrographs of the PCBPs at different time intervals at 300 rpm. 
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Figure 5.22. Surface properties of the light ash PCBP at 300 rpm. 

5.9 Changes in the internal makeup of a PCBP with time 

X-ray images of the PCBPs also reveal that the powder layers gradually onto the surface 

of the binder at 300 rpm (Figure 5.23), and at a higher impeller speed of 600 rpm, again 

a similar pattern is observed, but on a much shorter time scale. By visually inspecting 

the slices obtained from XRT, it is clear to see that the mass fraction of the powder in a 

PCBP increases with time. For zeolite, the layering of the powder is mainly on the sur-

face of the PCBP. There appears to be limited ingress of the powder into the core of the 

binder, however the thickness of the layer of powder surrounding the binder increases 

with time. For ground and light ash, the ingress of powder into the core of the binder is 

much more evident and the powder layering process appears to be more rapid. This ob-

servation is in agreement with the results reported earlier that show a more rapid in-

crease in the volume fraction of powder in a PCBP (Figure 5.14) and a reduction in the 

size of the PCBPs (Figure 5.19) for the carbonates in comparison to zeolite. 
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Figure 5.23. Changes in the structure of PCBPs containing zeolite with time at 300 

rpm. 

5.10 Changes in the mechanical properties of the PCBPs with time 

Section 5.8 provides limited qualitative evidence for the changes in the mechanical 

properties of the PCBP with time, based on the visible presence of surface flaws. As the 

mass fraction of the powder contained within the binder fragments starts to increase, 

there is a corresponding increase in the visible presence of cracks on the surface of the 

PCBP (Figure 5.22). This seems to suggest that there may be a change in the mechani-

cal properties of the PCBP with time. It is hypothesised that as more powder layers onto 
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the surface the PCBP, it becomes more brittle, and therefore breaks into fragments more 

easily under the action of shear and impact. 

The strength of a material and how a material responds to the forces it is subjected to, 

determine its mechanical properties. Strength of a material can be divided into two 

kinds: compressive and tensile (Figure 5.24). In all cases the strength refers to the 

maximum load a material can withstand when a load is placed upon it, and it is found by 

dividing the load acting on the material by its cross-sectional area. It indicates the resis-

tance of a material to undergo fracture. In other words, when a stress equal to the ten-

sile/compressive strength developed within the material it will break. 

 

 

 

 

 

 

Figure 5.24. The applied stress can be tensile or compressive. 

 

Indentation hardness is somewhat different to measuring the tensile strength, in that it 

describes the local plasticity of the material. This hardness can be described as the abil-

ity of a sample or material to resist plastic deformation. It is determined by measuring 

the amount of deformation caused by a hard indentor being pressed against a surface. 

There are several different methods which could be adopted to conduct this form of test. 

One such method uses a pendulum which is used to strike the material from a known 

distance or an indenter is allowed to fall under gravity onto the surface of the material 

leaving an indent on its surface. The size and shape of the indent are all good indicators 

of the material hardness (Tabor, 2000). 

Tensile Compressive 
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A Zwick/Roell Z tensile tester equipped with a 10 N load cell was used to indent the 

PCBPs. The indentor tip used for this study is a sharp 60° Diamond Pen. For more de-

tails about the equipment used to indent the PCBPs refer to Section 3.15. The normal 

force acting on the load cell is measured, as the indentor tip penetrates the surface of a 

PCBP. The speed of the upper punch was maintained at 1 mm/min. Also, the maximum 

compression force was limited to 9 N and the maximum strain to 1 mm. A preload con-

dition was set so that the system starts recording the stress when the detected load ex-

ceeds 0.01 N. For each test condition (granulation time point), 10 measurements were 

taken. In between repeat measurements, the platen and indentor tip were cleaned thor-

oughly ensuring no material from the previous test influenced results. For each test a 

single PCBP was indented at a time. 

A preliminary examination on a PCBP indicates that under certain conditions indenta-

tion leads to the propagation of cracks and fragmentation (Figure 5.25). This technique 

therefore, proves to be an effective method of determining the stiffness of a PCBP. 

Tests were conducted on the PCBPs made at 300 rpm. The indentation technique was 

chosen over a compression technique as the mechanical properties of the PCBPs evolve 

with time from plastic deformation to brittle behaviour. When compressing a bed of par-

ticles or a single particle, it is not possible to visually identify and isolate breakage, or to 

distinguish between the different types of mechanical responses. In other words, com-

pression on its own cannot isolate the breakage; instead PCBPs will deform, fracture, 

then form a compact within the confines of a die, especially when considering a bed of 

particles. Indentation using a sharp pen was, therefore, chosen in order to be able to ob-

serve a drop in the load when cracks propagate within the structure of a PCBP and to 

distinguish between the different types of mechanical responses. 
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Figure 5.25: Sample PCBP pre and post indentation (after 75 s). 

 

Images of the PCBPs taken during indentation, coupled with the force vs. displacement 

graphs, show how this transition occurs with time. Refer to Appendix II for force vs. 

displacement graphs of the three different materials. It was observed that PCBPs which 

are richer in binder undergo plastic deformation when indented, and the gradual pene-

tration of the particles into the PCBPs makes them semi-brittle and eventually, brittle. 

These experiments aim to further explain why the rate of the size reduction process 

changes when a different powder is used. The average values of the force were deter-

mined for the raw data presented in Appendix II, and the gross mechanical behaviour of 

all the materials is presented in Figure 5.26 - Figure 5.28, at different time points. For 

zeolite, (Figure 5.26), it is evident that the fracture of the PCBP does not take place. 
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Better dispersion is achieved when the binder gets coated and breaks more rapidly 

within the granulator. Dispersion though plastic deformation of the PCBPs is likely to 

take more time compared to dispersion as a result of brittle fracture. So, from a disper-

sion point of view, if the material reaches this brittle state faster, binder distribution into 

the powder bed can be improved. Zeolite does not exhibit a brittle response even after 

75 s of wet massing, whereas light and ground ash show signs of brittle breakage within 

15 s and 75 s of wet massing respectively (Figure 5.27-Figure 5.28). 

Once again, upon analysing the gross behaviour of the raw data presented in Appendix 

II, there is clear difference in the force vs. displacement curves for the three different 

powders. For zeolite, there is a linear relationship between the measured force and dis-

placement, and for light ash there is a sudden drop in the force with increasing dis-

placement. This drop in the load coupled with photographic evidence (Figure 5.25) pro-

vides proof for brittle fracture. For ground ash, the load is higher at first, but it drops 

with time, and more importantly, there is a change in the shape of the curve. For light 

ash, the drop in the load is evident even after just 15 s of wet massing. These behaviours 

can be explained using the results from the XRT analysis, i.e. more penetration of larger 

particles makes the light ash PCBP brittle on a shorter time scale. For zeolite, on the 

other hand, there is some loose powder coating on the surface of the PCBP, which does 

not provide rigidity, therefore they deform plastically. 

The indentation analysis therefore links the change in the mechanical properties of the 

PCBP to the amount of powder held within its internal structure, i.e. with increasing 

mass fraction of powder in a PCBP, there is a greater likelihood for brittle fracture to 

occur. This suggests that a change in the mechanism of binder breakage occurs with 

time during wet massing, mainly as a result of changes in the composition of the PCBP 

with time. 
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Figure 5.26. Force vs. displacement curves for the indentation of zeolite PCBPs. 

 

 

Figure 5.27. Force vs. displacement curves for the indentation of ground ash PCBPs. 
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Figure 5.28. Force vs. displacement curves for the indentation of light ash PCBPs. 

 

5.11 Conclusions 

Some useful insights have been gained on the initial dispersion of a highly viscous sur-

factant binder in a moving bed of powder. A mechanism has been proposed for the ini-

tial dispersion during nucleation, which involves the layering of powder onto the sur-

face of the binder and breaking large lumps into smaller fragments, through mechanical 

action. This is the first study to introduce the concept of “breakage” when describing the 

dispersion of a semi-solid binder in a moving bed of powder. The coated semi-solid 

binder is subsequently referred to as a powder coated binder particle (PCBP).  

This study has developed a method for isolating and observing the breakage of PCBPs. 

A technique has also been developed for the quantifying the powder layering process, 

by monitoring the variation in the mass and size of the PCBPs with time. The effect of 

both particle type and impeller speed on the breakage of the PCBPs was investigated. 

Results suggest that larger and rougher particles are able to break and disperse the 

PCBPs more rapidly, in comparison to smaller and more circular ones. Binder disper-

sion is also enhanced at higher impeller speeds, due to the higher stresses acting within 

the granulator. 
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There is also some evidence that suggests the mechanical properties of the PCBPs 

changes with time, as its composition starts to change. The rate of powder loading into a 

binder particle has a direct influence on the mechanical response it exhibits, and this in 

turn influences the rate of binder breakage. When the rate of powder layering is faster, 

the PCBP exhibits brittle behaviour sooner. It was found that PCBPs containing light 

ash reach this brittle state on a much shorter time scale, in comparison to those that con-

tain ground ash and zeolite. 
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Chapter 6 Asymptotic self-similar model for breakage 
 

6.1 Introduction 

Section 2.20 gives a brief introduction to population balances. Population balance mod-

els (PBM) are continuous simulations that can be used to describe the dynamic behav-

iour of a system, usually, by adopting a set of coupled equations. A continuous model in 

mathematical terms refers to the application of a model to continuous data, which has an 

infinite number of divisible attributes. Differential equations are used to describe such 

models. The alternative to a continuous model is a discrete one. Key aspects of the 

modelling process include the development of a model, followed by the testing of its 

validity. It is also important to understand the limitations of such models. 

There are two different types of population balance models: 

1. A one dimensional model – focuses on a single aspect which in most cases is the 

particle size. 

2. A multi-dimensional model – deals with multiple aspects in the model including 

size, shape, porosity and binder content. 

For most models generally, the current state of the system, rate of change and the input 

at present time are known and the next collocation point is approximated using a pre-

dicted rate of change. In probability theory, a process that satisfies the Markov Theory 

is one where predictions can be made of the future state, based on the present state or on 

process history (Dynkin, 1961). Such models are deterministic, as there is no random 

variation in the process (i.e. for the same starting point and processing condition the 

model will always give the same outcome). 

The core or what is commonly referred to as the kernel of a population balance model is 

often based on a physical model, knowledge of the process/formulation variables, 

purely empirical observation, or in some cases on some form of mechanistic insight into 

an agglomeration process (Abberger, 2007). 
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One of the key challenges associated with any population balance equation (PBE) is 

finding its solution. When birth and death terms are integrated it often results in an out-

put that takes the form of an integro-partial differential equation (Ramkrishna, 2000). 

Various processes can be described in a PBE, including nucleation, aggregation and 

breakage. 

As experimental data is often used to validate a PBM, there is a need to extract the un-

derlying rate laws from such experimental data. This is referred to as the inverse prob-

lem (Wright and Ramkrishna, 1992). This may include aggregation frequencies, break-

age constants, etc. As the rate laws are often based on the behaviour of single particles, 

it is often difficult to link this to the understanding of the behaviour of several particles 

in the granulation mixture obtained from the experimental results. Therefore the model 

is often limited by the quality of the experimental data. In certain cases, to adequately 

specify such models parameter estimation may be required. 

Sections 6.3-6.9 provide some essential background information on population balance 

models, including equations that describe mechanisms such as coalescence and break-

age. This is followed by sections that describe the present model that predicts the break-

age of PCBPs. 

6.2 Probability functions 

Particle size is a property that varies within a distinct population of particles 

(Ramkrishna and Borwanker, 1973). Such distributions can either be discrete or con-

tinuous. At time, t, there exists densities, n(x,t), defined by:  

 n(x,t) – average number of particles of size x per unit volume in the discrete 

case. 

 n(x,t)dx – average number of particles of size between x and x+dx per unit vol-

ume in the continuous case. 
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The total number of particles is therefore given by: 

 

                 
 

 

 Equation 6.1 

 

When a large number of particles are moving collectively within an enclosed volume it 

is expected that some will collide to make bigger particles, others may rebound off the 

wall or each other, whilst certain large particles may undergo breakage to yield smaller 

particles. The coalescence and breakage process will result in a change in the total num-

ber of particles within the mixer, and is therefore a time dependant process. 

6.3 Particle coalescence 

Consider the existence of two distinct particle sizes x and y. The probability of a colli-

sion between particles x and y is proportional to the product n(x,t) ·n(y,t). As the colli-

sion between x and y is the same as the collision between y and x this probability is di-

vided in 2. 

Other additional factors also influence the fate of a collision between two particles i.e. 

will they coalesce or rebound. This includes the velocity at the time of particle collision. 

This is accounted for by incorporating an additional factor β(x,y) into the general PBE. 

Therefore, the generalised form for coalescence now becomes Equation 6.2 (Sastry and 

Gaschignard, 1981). 

 
 

 
                       

 

Equation 6.2 

Population densities of particles may be described by their number, mass or volume. 

Most commonly they are expressed as a number based distribution of size x at a certain 

time (t), x can be the particle length (l), particle diameter (d) or particle volume (v). For 

studies focussing on particle growth, using v is recommended as this parameter is addi-

tive (providing any changes in the porosity of the daughter particle during growth are 

disregarded). 
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6.4 Continuous form of the PBE 

In the continuous form, Equation 6.3 describes the formation of particles of volume 

fraction between v and v+dv by successful collisions and coalescence of particles whose 

total volume is v. This is known as coalescence birth. Therefore, if one of the particles 

has a volume u, the other colliding particle must have a corresponding volume of v-u, so 

that the total volume remains as v, i.e. volume is conserved throughout. 

               
 

 
                              

 

 

 Equation 6.3 

 

where Bcoal is the coalescence birth rate. 

 

The loss of particles of volume fraction between v and v+dv as a result of binding 

through successful collisions is similarly represented by a death term Dcoal. Ndeath is 

therefore given by: 

                                         
 

 

 Equation 6.4 

 

The accumulation of particles in the size fraction between v and v+dv will therefore be 

given by: 

 

  
                            Equation 6.5 

 

Combining equations Equation 6.3 and Equation 6.4, allows the equation for the net rate 

of formation of particles of volume fraction between v and (v+dv) to be obtained 

(Müller, 1928): 

 

  
                        

                           
 

 

  
 

 
                           

 

 

 

Equation 6.6 

 

Equation 6.6 can be rewritten to represent the change in the number of particles of a 

specific volume, v. In this case the left hand side (Equation 6.7) should represent the 
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rate of change of the number of particles with volume v (term dv is therefore lost). This 

form of the equation is referred to as the Smoluchowski equation (Schellander, 2013). 

 

  
          

                       
 

 

  
 

 
                         

 

 

 

Equation 6.7 

 

Equation 6.7 is usually supplied with some initial conditions. Generally, these are in the 

time and size domain. This initial condition is normally the starting size distribution: 

              Equation 6.8 

 

And the boundary conditions are: 

 

                 Equation 6.9 

 

In essence, these conditions means that no particles of size zero exist, and all particles 

have a finite size. Other boundary conditions may apply depending on the assumptions 

on which the PBE is built. 

 

Some other key assumptions that are subsumed into this model include (Abberger, 

2007): 

 

 The system is diluted so that merging of two particles is not influenced by 

neighbouring particles. 

 Fluctuations around the mean for any given particle size are ignored. 

 The mechanical and thermodynamic nature of inter-particle interactions and 

their potential influence on the spatial correlation are ignored. 

 The shape of the aggregating particles is ignored. In most cases, the particles are 

assumed to be spherical. 

 More specifically, Equation 6.7 assumes that coalescence is the only mechanism 

of growth (nucleation, breakage, etc. are not considered). 
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Almost all PBEs only describe some average behaviour of the underlying mechanisms 

through its kernel. Despite numerous assumptions (which make the model seem rather 

simplistic to be of practical use), it is important to observe that the details of the local 

motion and coalescence which arise from the physics of inter-particle interactions are in 

most cases, subsumed into the model by using experimental data to validate such equa-

tions. 

The Smoluchowski equation was expanded to a general PBE in order to (Abberger, 

2007): 

 Account for more mechanisms or processes, other than coalescence causing an 

accumulation of particles in a size class. 

 Account for the distribution of other properties other than size alone – for exam-

ple in multidimensional PBEs. 

 Be able to deal with particulate processes where restrictions on spatial homoge-

neity over the entire process volume cannot be assumed. 

6.5 Spatial variation – micro-distributed form 

Population balance model can be made relevant to a finite space/region within the en-

tirety of the mixer. This requires a sub-region, R, and a particle state space, S, to be 

clearly defined. The PBE in the arbitrarily chosen fixed sub region, R1, is therefore: 

 

  
                   

  

 

  

 

 

 

Equation 6.10 

It is known that Accumulation = Input – Output + Generation – Consumption. The input 

and output terms in this case accounts for the inflow and outflow of materials within the 

defined sub-region. Generation/consumption of a specific size class will depend on the 

difference in the birth and death rate of the said size class. This form is only used when 

describing poorly mixed systems. 
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6.6 1-D PBE for granulation 

Across the entire mixer considering the macroscopic case the general equation is as fol-

lows (Ennis et al., 2008): 

       

  
 

   

 
       

    

 
        

                      

  
                                  

 

Equation 6.11 

The first two terms on the right hand side represent flows into and out of the control 

volume respectively. G(v,t) and A(v,t) are the growth and layering attrition rates respec-

tively. β(v,t) is the nucleation rate of new granules of size v due to the addition of 

binder. Additional terms may be added to account for breakage. 

6.7 Binder breakage 

Most models only look at the growth phase of the granulation process. Therefore, nu-

cleation and breakage terms are not included in many working models of granulation. 

Others have also mentioned the difficulties in modelling the processes that take place in 

the liquid distribution stage (Holm et al., 1985). Little progress has been made in model-

ling the nucleation stage. This work proposes a model that describes binder dispersion 

(breakage) during the nucleation stage of the granulation process. 

It is necessary to clarify that the term “breakage” used in this study does not refer to the 

breakage of a single primary particle or the breakage of a granule within the mixer, in-

stead it concerns how a binder fragment or PCBP undergoes size reduction, during the 

wetting and nucleation stage of the granulation process. Once introduced into the mixer 

the binder particles get coated with powder and are broken up into smaller fragments 

gradually. Figure 6.1 represents the change in the constitution of a binder particle as a 

result of wet massing, and this is consistent with the experimental observation reported 

in Chapter 5. In Figure 6.1, the phase change is, however, over-simplified by assuming 

the ratio of volume of solids to liquids (VS/VL) remains constant throughout the break-

age process. 
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Figure 6.1. Phase changes during the binder dispersion process. 

 

Prior to describing the breakage of a PCBP, it is necessary to have an appreciation of 

the concept of particle breakage as a whole, and identify what type of breakage occurs 

during the dispersion of a highly viscous paste binder. Particulate material is processed 

in many different ways in industry. Coal, for example, is ground for energy production 

to ensure complete combustion, iron ore is agglomerated prior to being introduced into a 

blast furnace, crystalline material produced in the chemical industry may be engineered 

to different sizes, and catalysts may be made in many different shapes to fit their end-

use. Particle breakage can be a desired or an unwanted phenomenon. Consider milling, 

for example, where breakage is desired, but on the contrary when considering agglom-

eration process unwanted breakage of the material in a mixer could lead to reduced 

product quality, and result in more waste, which may have to undergo further down-

stream processing. 

In the literature, several different terms have been used to describe the breakage phe-

nomenon including abrasion, attrition, erosion, fragmentation and wear (Stanley-Wood, 

2006). These variations of breakage have been classified based on the size and shape of 
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the daughter fragments, as well as the type of forces that act on the particle (Stanley-

Wood, 2006): 

 Wear – damage of the surface of a particle usually, gradually and mainly around 

its periphery - as a result, the shape of the particle remains more or less un-

changed. 

 Attrition – form of wear; any rough edges of a particle may be worn down by 

surface forces, and the particle retains its original shape. 

 Abrasion – form of wear caused by tangential forces. Rolling of particles could 

lead to their peripheries becoming smoother. 

 Fracture – internal breakage by relatively high forces (normal or shear). Particle 

shape and size may change significantly after fracture. 

 Fragmentation – fracture caused by high normal forces – in some cases through 

head-on impact/stress. 

 Chipping – another type of fracture caused by tangential forces acting on the 

surface. The particle does not become smooth, as fractures propagate in a ran-

dom manner at a close proximity to the surface of the particle. 

The most relevant term which describes the breakage seen when a semi-solid binder is 

distributed into a moving powder bed is, therefore, fracture or fragmentation. Both 

terms describe how a larger particle splits into a number of smaller particles. 

6.8 The breakage kernel 

The rate of breakage (D) of particles of size u is represented by Equation 6.12: 

               
 

Equation 6.12 

S(u) is the selection rate constant i.e. the probability that particles of a certain size class 

will break (Ding et al., 2006). Now, consider particles u and v, where u is larger than v. 

Particles of size v are formed from the breakage of particles of size u. The mechanism 

of breakage will affect the rate of breakage and the probability of forming particles of 
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size v. Again, as with coalescence PBE, birth and death rates that are related to the 

breakage model have to be elucidated too. 

The death rate is defined as follows: 

 

                   Equation 6.13 

 

The birth rate of size v is the sum of the death rates of all particles larger than v that 

break to give size v. The fraction of deaths of u that result in particles of size v is given 

by b(u,v). 

                           
 

 

 Equation 6.14 

 

Combining the above equations gives an expression for the rate of breakage: 

                                                     
 

 

 Equation 6.15 

 

Some commonly used breakage distribution functions from the literature are summa-

rised in Table 6.1. 
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Table 6.1. Breakage distribution functions (Hill and Ng, 2002). w is the parent particle 

volume and v is the child particle volume. 

 

6.9 Moments 

It is not necessary to know the entire PSD, instead, some average quantities about the 

distribution may be sufficient to represent it. These average quantities are often ex-

pressed as moments of the distribution function. 

The j
th

 moment of n(x,t) is defined as follows: 

 

                   
 

 

 Equation 6.16 

 

The number-based mean particle length (     ) is given by m1/m0 (when x is a length). 

6.10 Assumptions of the present model 

Up to now an introduction to population balance models has been given along with a 

synopsis of the types of specialised models that could be used to describe various as-

pects of the granulation process that take place within a mixer. From here onwards this 
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chapter focuses on developing a model that describes the breakage of PCBPs during the 

binder dispersion process. 

Section 5.8 provides micrographic evidence that demonstrates breakage occurs ran-

domly. For simplicity, it can be assumed that the random breakage is uniform and bi-

nary (Figure 6.2). This means that a particle of length l, and constant diameter d (cross-

sectional area remains unchanged after breakage) breaks into 2 particles (of size x and l-

x) and the size of the fragments is evenly distributed between x=0 and x=l (Figure 6.3). 

The total length of the particles is therefore conserved. This model predicts the change 

in the length of the PCBPs (l) as a function of time (t) i.e. the average number of parti-

cles of length l per unit volume in the discrete case, n(l,t), will be predicted. 

 

Figure 6.2. Diagrammatic representation of binary binder breakage. 

 

 

Figure 6.3. Probability distribution of the size of the fragments post-breakage. 

 

The model suggested here assumes that the semi-solid binder undergoes breakage as 

any brittle solid would i.e. through the propagation of fractures. It is therefore assumed 

that the binder does not begin to flow as a result of the stresses acting on it. This model 

would therefore only be applicable to systems where the yield stress required to make 
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the binder flowable is sufficiently large. This model would therefore not be able to de-

scribe the dispersion of aqueous or low viscous binders in a moving bed of powder, 

largely because the mechanism of dispersion involves binder penetration via capillary 

action (not breakage). 

Taking the j
th

 moment (Equation 6.16), 0 (m0) would give number of PCBPs and 1 (m1) 

would give length of granules. NT refers to the total number of granules, and LT refers to 

the total length. And therefore NT = m0 and LT = m1. 

The total volume of the PCBP is given by: 

 

   
 

 
     

 

 
     Equation 6.17 

 

The number of fragments per breakage event is given by: 

 

                 
 

 

   
  

 
 
   

   

   Equation 6.18 

 

i.e. it is consistent with binary breakage. 

Length of the fragments post breakage should also add up to l. The total length of the 

fragments can be determined as follows: 

 

                   
  

 
 
   

   

   
 

 

 

 

Equation 6.19 

 

As discussed earlier in Section 6.8, a selectivity function, S(l), has to be assumed. Lar-

ger or longer PCBPs are more likely to undergo breakage. S(l) is therefore taken to be: 

           
 

  
   

 

Equation 6.20 

where l0 is the length of the parent binder particle. 

The kernel must include terms to account for both births and deaths. Substituting the 

key assumptions of the model into the general PBE (Equation 6.15) gives Equation 

6.21. 
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Equation 6.21 

 

It is assumed that initially, the binder particles are mono dispersed (N0 number of parti-

cles with a uniform distribution of length l0) i.e. n(l,0) = N0δ(l-l0). The term δ is Dirac’s 

delta function (refer to Appendix III for more details about this function and its uses). 

6.11 Dimensionless form of PBE 

Terms are made dimensionless as follows: 

 

   
 

  
 Equation 6.22 

 

where l0 is the length of the parent fragment 

 

      Equation 6.23 

 

where k is the selectivity constant with units (s
-1

) 

 

    
  
  

  Equation 6.24 

 

where N0 is the number of particles at t = 0 

 

Multiplying both sides of the PBE (Equation 6.21) by the term 
  

   
  makes the popula-

tion balance equation dimensionless, (as the term 
  

   
 

  

  
 is dimensionless): 

 
   

   
                            

 

 

 Equation 6.25 

 

6.12 Moment equation 

An expression for the moment equation (Equation 6.26) was derived from Equation 

6.25. Refer to Appendix IV for the complete derivation. 
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Equation 6.26 

j = 0, gives the number of fragments with respect to time. It also follows that: 

    

   
     Equation 6.27 

 

It also follows that: 

    
  

  
 

 
Equation 6-28 

    
  

    
 Equation 6-29 

 

In order to obtain m0, t and m1 in their dimensional form, it is necessary to substitute the 

Equation 6.13, Equation 6-28 & Equation 6-29 into Equation 6.27 to obtain Equation 

6-30. 

 
 

  

   

   
 

  

    
 

   

  
  

  

  
     

 

Equation 6-30 

It also follows that: 

 

              Equation 6-31 

The rate of change of the first moment is 0, i.e. the total length will be conserved: 

  
   

  
   Equation 6.32 

 

The initial length is given by: 

 

            Equation 6.33 

The number of particles at a given time can be calculated as follows: 

                  Equation 6.34 

 

It therefore follows that: 

           Equation 6.35 



Chapter 6 Asymptotic self-similar model for breakage 

 

177 

 

The number based mean length (m1/m0) is defined as follows: 

        
  

    
 

Equation 6.36 

6.13 Asymptotic self-similar solution of the PBE 

Two objects are said to be geometrically similar if they have the same shape on any 

scale. The second object may be obtained from the first by uniform scaling (either 

enlargement or shrinkage) (Zohuri, 2015). Consider a square for example (Figure 6.4), it 

can be divided into 4 self-similar sub squares with a scaling factor of 2, or into 9 self-

similar squares with a scaling factor of 3. A square can therefore be broken down into 

N
2
 self similar sub squares, each of which can be multiplied by a scaling factor N in or-

der to give the original square. 

 

Figure 6.4. A square may be broken down into N
2 
self-similar pieces, each with magni-

fication factor, N (Zohuri, 2015). 

 

When relating self-similarity to changes in a particles size distributions, it is often char-

acterised by a maximum distribution function, that changes the position of its peak 

value with time, whilst retaining the shape of the original PSD. Self similarity can nor-

mally be condensed into a single time-invariant representation or distribution function 

through normalisation. For example, particle size can be represented by the mean parti-

cle length (l) or volume (v). 

 



Chapter 6 Asymptotic self-similar model for breakage 

 

178 

 

As time progresses, the mean size of the PCBPs decreases. The dimensionless mean 

length of the PCBPs varies as a function of the dimensionless time as follows:  

    
 

    
 

 

  
 Equation 6.37 

 

Also, with time the number of particles increases. Thus, the moment,    , varies as fol-

lows: 

 

            Equation 6.38 

 

It is hypothesised that there is a self-similar solution to the PBE. To re-iterate, self –

similarity means the distributions are always the same shape when plotted after a simi-

larity transformation and do not depend otherwise on time. A similarity transformation 

was applied to    so that it could be represented as a function           as follows: 

           
  

   
     Equation 6.39 

   now becomes: 

    
              

 

   
 Equation 6.40 

where       ,        and     
 

  
. 

Equation 6.40 can be simplified to: 

               Equation 6.41 

Transforming         into (u, v), where         and      gives a representative equa-

tion for the PSD (Equation 6.43): 

                Equation 6.42 

When the PSD is written as a function of f(u,v), self-similarity dictates that the PBE 

only depends on u and not on v (time). Solving the PBE, gives f and what follows is the 
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methodology for determining f. Once f has been determined, it is possible to elucidate    

using Equation 6.41. 

Firstly, it is necessary to derive expressions for  
   

  
 
 
 and  

   

  
 
 

: 

 
   

  
 
 
  

   

   
 
 

 
   

  
 

 

  
   

   
 
 
 
   

  
 

 

 Equation 6.43 

where  
   

  
 
 
 

 

 
 as    

 

  
 and             and also  

   

  
 
 
  , as t is a function of v not 

u. 

Therefore Equation 6.43 can be re-written as Equation 6.44. 

 
   

  
 
 
  

   

   
 
 

 
   

  
 

 

     

 
 

  
   

   
 
 
 
   

  
 

 

     
 

 
 

 
 
   

   
 
 

 

 

Equation 6.44 

Similarly: 

 
   

  
 
 

  
   

   
 
 

 
   

  
 

 

  
   

   
 
 
 
   

  
 

 

 Equation 6.45 

where  
   

  
 
 

  
 

   
, as    

 

  
 and                and also  

   

  
 
 

  , as            . 

Therefore Equation 6.45 can be re-written as Equation 6.46. 

 
   

  
 
 

  
   

   
 
 

 
   

  
 

 

     

  
   

  
   

   
 
 
 
   

  
 

 

     
 

 
  

   
 
   

   
 
 

  
   

   
 
 
 Equation 6.46 

Differentiating Equation 6.42 with respect to u gives: 

   

  
         Equation 6.47 
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Combining Equation 6.44 and Equation 6.47 gives: 

   

   
         

Equation 6.48 

Differentiating Equation 6.42 with respect to v gives: 

   

  
        

Equation 6.49 

Combining Equation 6.46 and Equation 6.49 gives: 

        
   

   

 

  
  

   

   
 

Equation 6.50 

Substituting Equation 6.48 into Equation 6.50 gives the LHS of the PBE: 

                
 

  
  

   

   
    

   

   
                

Equation 6.51 

 The right hand side of the PBE (Equation 6.25) is: 

              
 

 

               

Substituting n(l,t) with n(u,v) and introducing an integration variable along the u-axis, 

whilst noting that               
  

  
 

  

 
, gives: 

           
   

 
                

 

 

           Equation 6.52 

 

Equating the LHS to the RHS, it follows that: 

                        
 

 

          

                                  
 

 

 
Equation 6.53 
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Dividing Equation 6.53 by v and differentiating gives: 

                      

                  
Equation 6.54 

Mathematica was used to solve Equation 6.54, and it was found that f = e
-u

 satisfies the 

differential equation and the moment equations, therefore: 

                      Equation 6.55 

as                 ,                 and            . 

6.14 Determining the number based frequency density, q0, with time 

The dimensionless analytical solution for the population balance equation is           

         . 

From Equation 6.22 - Equation 6.24, it follows that: 

 

  
  

  
   Equation 6.56 

 

Substituting the above terms into the analytical solution for the population balance 

equation gives Equation 6.57. 

 

  
      

 

  
 

 
   
   Equation 6.57 

 

At long times m0 = N0kt and m1=N0l0, therefore: 

       
  

  
 

  
  

 
Equation 6.58 

Hence: 

  
    

     
  

 
 

      Equation 6.59 
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However the results for        
  

    
is true at all times. Therefore n at all times is: 

 

  
         

  
 

 
       

   Equation 6.60 

 

Equation 6.60 has the correct moments at all times, and the correct shape for longer 

times. It can be used as an approximation of n for short times.  

 

To get an expression for q0 it is necessary to determine n/m0 where           
 

 
 

                : 

 

   
 

  
 

    

  
 

 
       

   Equation 6.61 

 

If the rate constant for binder breakage is known and the original length of the parent 

binder particle is specified, it is therefore possible to obtain the number based frequency 

density using the above expression. 

6.15 Conclusions 

A one dimensional population balance model has been developed to describe the break-

age of powder coated binder particles. Breakage of particles has been discussed in a 

wide variety of other contexts, including milling and to describe the breakage that oc-

curs during agglomeration (which may be undesirable). This study for the first time uses 

a model to describe how a semi-solid binder undergoes dispersion through fragmenta-

tion in the context of a high shear granulation process. 

The key assumptions of this model is that breakage is uniform and binary i.e. when a 

particle of size l is selected for breakage it always breaks into 2 and the size of the 

fragments is evenly distributed between x=0 and x=l. It is, therefore, assumed that all 

sizes from 0 to l are equally likely. This means that a particle of length l, and constant 

diameter d (cross-sectional area remains unchanged after breakage) breaks into 2 parti-

cles of size x and l-x. The total length of the particles is conserved. It is also assumed 
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that initially mono-dispersed binder particles are present in the granulator i.e. a uniform 

distribution of granules of length l0 and of number N0. 

A self-similar solution for the population balance equation was found, which also satis-

fies the moment equations (m0 and m1). The non-dimensional numerical solution for the 

population balance equation is                    . An expression that predicts the change 

in the number based size distribution, q0, was subsequently determined. Some of the key 

properties of the model are summarised in Table 6.2. There are two parameters that 

could be changed in the model; the initial length of the parent binder particle (l0) and the 

selection constant (k). The predicted size distribution is self-similar with time, in other 

words, the magnitude changes but the shape of the distribution does not. 

Besides self-similarity in the calculated size distributions, other emergent properties in-

clude the change in the number of particles and the mean size. The number of particles 

increases linearly with time, as          t, whilst the number based mean size 

decreases with time, as       
  

    
.  

Table 6.2. Key properties of the model. 
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Chapter 7 Validation of the population balance model for 

breakage 
 

Chapter 6 describes a model for the breakage of PCBPs. There are two parameters that 

could be adjusted in the model these include: the initial length of the parent fragment 

(l0) and the selection constant (k). The data from the experimental work that was pre-

sented in Chapter 5 is used to validate the model. The number based frequency densities 

(q0) of the PCBPs were measured using a Camsizer. In all experimental work l0 was 

kept constant. A value of k was determined from the experimental data, in order to vali-

date the model. 

7.1 Methodology for determining k 

A selection function was defined and incorporated into the breakage model (Equation 

6.20). It is assumed that larger and/or longer PCBPs are more likely to undergo break-

age i.e. particles break at a rate proportional to their size. 

The dimensional equation for the size distribution function (Equation 6.61) is: 

   
    

  
 

 
       

    

 

Taking the natural log of both sides gives: 

 

        
    

  
    

      

  
     Equation 7.1 

 

The gradient (z) of a of lnq0 vs. l (or xmean from the Camsizer) plot should give   
    

  
 . 

l0 is a constant (25000 μm) for all cases. k is therefore: 

 

  
     

 
 Equation 7.2 

7.2 Fitting trend lines to the experimental data 

k was determined for all materials that were used in this study - zeolite, ground ash and 

light ash. The three powders have a volume based mean size of 9, 11 and 130 μm re-
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spectively. For each material, experiments were conducted at two different impeller 

speeds – 300 and 600 rpm. Therefore, the effect of both particle size and impeller speed 

on the breakage selection constant was elucidated. 

This study concerns the breakage of PCBPs, which only occurs during the initial stages 

of the binder dispersion process. Hence, values of the selection constant were only de-

termined at time points where binder dispersion dominates within the granulator. At 600 

rpm, for ground ash, the mixture transitions to the growth phase after 90 s of wet mass-

ing and for light ash the same phenomenon is observed after 15 s of wet massing. 

Therefore, data was only considered up to 90 s for ground ash. For light carbonate, it is 

not possible to get enough information after 15 s of wet massing, so the dataset was dis-

regarded. 

The number based particle frequency density (q0) of the PCBPs was measured using the 

Camsizer P4. The Camsizer also detects primary powder particles that are smaller than 

200 μm, which are shed from the PCBPs. These particles are not PCBPs and were there-

fore, excluded from the size distributions. The size distributions were subsequently re-

normalized and number based mean length (     ) was determined from these distribu-

tions. 

The natural log of q0 was subsequently determined – refer to Figure 7.1- Figure 7.5 for 

the semi-log plots of lnq0 against particle diameter. Note that only selected time points 

have been displayed graphically. A linear trend line was fitted to all available time 

points in order to find z.  The value of k was subsequently determined using Equation 

7.2. Figure 7.1 - Figure 7.5 serve to show how well the model is able to predict the 

mean size of the PCBPs. As the data points lie on straight lines, they indicate the mean 

size may be predicted using the following expression:       
  

    
. 

The values of the rate constants presented in Figure 7.6 and Figure 7.7 are only valid for 

parent binder particles that are 25,000 μm in size. It is expected that a smaller particle 

will have a breakage rate constant that is proportionally smaller. It appears that k varies 

as a function of time (Figure 7.6). This could be due to a change in the shape with time. 

Cylindrical particles of a given length are more likely to break than spherical particles 
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of that diameter. A phase change (i.e. as more solid gets loaded within its structure) may 

alter its breakage dynamics too. The results also suggest that breakage events on aver-

age, occur once every 2 s, as k = 0.5, which is much faster than the rate of change of k.  

The value of k is highest for the light carbonate system and lowest for the zeolite system 

(Figure 7.6). This is in agreement with the findings reported in Chapter 5 in that larger 

and rougher particles are able to break and disperse the PCBPs more rapidly, in com-

parison to smaller more circular ones. Also notable is the larger value of k at higher im-

peller speeds (Figure 7.7). The greater stresses acting within the system at higher impel-

ler speeds facilitate breakage events more often, thus increasing the value of k. 

 

Figure 7.1. Experimental plot of lnq0 vs. particle diameter for zeolite at 300 rpm. 
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Figure 7.2. Experimental plot of lnq0 vs. particle diameter for zeolite at 600 rpm. 

 

 

Figure 7.3. Experimental plot of lnq0 vs. particle diameter for ground ash at 300 rpm. 
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Figure 7.4. Experimental plot of lnq0 vs. particle diameter for ground ash at 600 rpm. 

 

 

 

Figure 7.5. Experimental plot of lnq0 vs. particle diameter for light ash at 300 rpm. 
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Figure 7.6. Selection constant against time for zeolite, ground ash and light ash at 300 

rpm. 

 

Figure 7.7. Plot of selection constant against time for zeolite and ground ash at 600 

rpm. 
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7.3 Comparing the experimental mean length with the predicted 

mean length 

For all experiments, the value of the mean length obtained from the Camsizer was com-

pared with the calculated value of the mean length. Particles of a certain size class were 

excluded when conducting the size measurements, in order to eliminate the effect of any 

fine powder that was shed from the PCBPs from influencing the magnitude of the num-

ber based mean length. The experimental data is, therefore, truncated. However, when 

calculating the mean length of the PCBPs using Equation 6.36 in its current form, the 

number of particles in all the size classes ranging from 0 to ∞ were considered. An ad-

justment needs to be applied to the expression m1/m0 to account for this. 

Mathematica was used to find and simplify an expression assuming a semi-infinite do-

main that ranges from lmin to ∞. Both the moments (m0 and m1) were adjusted, taking 

into consideration this semi-infinite range (Equation 7.3 and Equation 7.4) and another 

expression for       was determined (Equation 7.5). 

                
 

    

  
 
           

   Equation 7.3 

 

                 
 

    

 
 

 
           

                  

    
 Equation 7.4 

 

It follows that: 

 

         
     

     
 

              

    
       

  
    

 Equation 7.5 

 

Consider Equation 7.5, when t → ∞,       = lmin. It becomes apparent that excluding the 

smaller size classes from the experimental data makes the experimental mean consis-

tently larger than the predicted mean. Adjusting the calculated value to account for a 

minimum size lmin (where lmin > 0) corrects this. 
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lmin was determined from y-intercept of a plot of       against 
  

    
, and was found to be 

1000 μm. Primary powder particles that are smaller than 200 μm were excluded by siev-

ing. The discrepancy between the two values can be accounted for by the differences in 

size measurements techniques. Sieving separates particles based on their minimum 

chord length (xc min), whilst the Camsizer measures size based on the projected area 

(xarea).  

A plot of the experimental mean length against the predicted value of the mean, which 

now accounts for lmin, is shown in Figure 7.8. The mean size predicted using the asymp-

totic self-similar model for binder breakage is in good agreement with the experimental 

mean size. The model can therefore, be used to make a priori predictions of the change 

in the number based mean particle length with time. 

 

Figure 7.8. Comparing the experimentally determined value for the mean size (  1,0) with 

predicted mean (l0/(kt+1) + lmin). 
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initial length of the parent fragment (l0) and the selection constant (k). In all experimen-

tal work l0 was fixed. The expression for q0 was rearranged in order to determine a 

value of k from the experimental data plots of q0 vs. mean length. 

It was found that the k is time dependant. This was attributed to a change in the shape of 

the PCBPs with time. With increasing granulation time, the PCBPs become more 

spherical. In addition, a phase change (i.e. as more solid gets loaded within its structure) 

may alter its breakage dynamics too, and this has not been accounted for in the model. 

It was also found that the changes in the particle size distribution, as a result of the 

breakage of PCBPs are self-similar with time. Self-similarity means the shape of the 

size distribution does not change, whilst   1,0 does. As the size distribution gets scaled 

and   1,0 changes, k also changes, but at a much slower rate. The system thus behaves as 

though k is a constant over a period of time. The experimental data suggests that break-

age events on average, occur once every 2 s. 

For experiments conducted at higher impeller speeds the value of k is larger due to 

greater mixing energy. Results also suggest that using larger primary particles enhances 

the rate of binder breakage. 

This deterministic model is able to predict the change in the number based mean length 

of the PCBPs with time. An advantage of using this model is its simplicity i.e. it can be 

solved analytically to give a closed form solution that can be used to understand and 

quantify the early stages of the binder dispersion process. The breakage process has 

therefore, been successfully modelled using a kinetics approach in this study. 
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Chapter 8 Reactive granulation using linear alkylbenzene 

sulphonic acid 
 

8.1 Introduction 

As discussed in Section 2.4, both non-reactive and reactive surfactants are employed for 

the manufacture of dry laundry powders. This chapter looks into the dispersion of a re-

active binder in a pilot scale high shear wet granulator. 

Section 4.8 outlines the use of thermal imaging as a technique for monitoring the dis-

persion of a binder in a vertical shaft high shear mixer. The movement of individual 

lumps of binder could be tracked using a thermal camera, providing there is a tempera-

ture difference between the powder and binder. 

This chapter discusses the use of thermal imaging for monitoring the dispersion of a re-

active binder in a moving bed of powder. The interactions between the binder and pow-

der under static conditions have also been investigated here, to gain some insight on the 

processes that take place on a meso-scale. A reactive binder was chosen for this study, 

as reaction between the binder and the powder is exothermic. This heat signature could 

be used to track the binder within a moving bed of powder. 

8.2 Paddle mixers 

A pilot scale, 32 L batch paddle mixer (Bella B-32-XN) with a horizontal twin-shaft 

was used in this study. The shafts are counter rotating and intermeshing. Material is 

charged from the top of the mixer, and discharged through two large doors located at the 

bottom of the mixer. The paddles have a radius of 9.5 cm. The equipment has a maxi-

mum speed of 225 rpm (ν = 2.24 m/s). More details about mixer can be found in Section 

3.2.  

Paddle mixers are used in applications where even and gentle mixing is required. The 

air space directly above the paddles aids in fluidising the material, during operation. The 

paddles lift material along the centre of the mixer where most of the mixing is believed 
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to take place. This section is referred to as the fluidised zone (Figure 8.1), as material is 

suspended momentarily, in a weightless state. Binder is injected from the bottom of the 

mixer in to the fluidised zone. Transport of the materials is axial and bidirectional. They 

are mainly used for bulk solids blending, which is carried out in a wide variety of indus-

trial processes including ceramics, chemicals and fertilisers (Tekchandaney, 2012). The 

properties of the powders that are being mixed, such as particle size, shape, density, sur-

face characteristics (roughness), and cohesiveness, have an influence on how well a 

mixture can be blended. 

 

Figure 8.1. Cross-section through a paddle mixer indicating the location of the fluidised 

zone (Rodenburg, 2007). 

 

Three main mechanisms of blending exist, including diffusion blending, convection 

blending and shear blending. These mechanisms occur to various extents depending on 

the type of mixers. Diffusion blending is characterised by small scale random motion of 

the particles, whereas convection blending is characterised by larger scale random mo-

tion, which leads to groups of particle being rapidly moved from one position to an-

other. Shear blending refers to the formation of slip planes or shearing strains in a mov-

ing powder bed. Shear blending is ideal for creating small scale, localised uniformity. 

Within a paddle mixer, macro-scale blending occurs due to the convection blending 

mechanism, meso-scale blending occurs due to the shear blending and micro-scale 

blending at new interfaces through diffusion blending (Tekchandaney, 2012). 

FLUIDISED ZONE 
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Generally, the intensity of mixing would depend on the speed and shape of the mixer. 

There are three distinct regimes which can be identified during operation (Muzzio et al., 

2004). At lower speeds, the powder is carried by the rotation and descends by rolling 

and or sliding along the surfaces of the solids mass (similar to rotating drums). This is 

referred to as cascading. At medium speeds, the powder is carried by the paddle and 

drops either by sliding, rolling or cascading. This is referred to as cataracting. At higher 

speeds (equilibrium regime), the powder is mostly lifted by the paddles and slides off at 

the end. Paddles can be positioned to increase lateral/back mixing, as well as axial mix-

ing. Scale up of paddle mixers is normally based on mixer speed (tip speed), mixing 

time and fill level (Muzzio et al., 2004). 

So far some key aspects of bulk solids blending in a paddle mixer have been outlined. 

However, more recently, these mixers have been used in solid-liquid mixing applica-

tions, like granulation (Pasha et al., 2015, Hassanpour et al., 2011, Li et al., 2013). The 

time taken for the granulation end point to be reached is also dependent on the material 

cohesivity and the impeller speed. When distributing a liquid binder into a powder bed, 

the mixing time is greater if the cohesivity of the powder is high, as the powder has a 

tendency to segregate. This is true for powders like zeolite, which are very fine and 

have a tendency to adhere to one another, resulting in poor flowability (Miyazaki and 

Arika, 1983). An analysis of the particle motion in a paddle mixer was done by 

Hassanpour et al. (2011). A DEM simulation was used to model the velocity distribu-

tion within a paddle mixer. This model enabled the flow inside a paddle mixer to be 

predicted for a dry powder bed. Positron Emission Particle Tracking (PEPT) was used 

to validate the DEM simulation and there was reasonable agreement between the two 

techniques in terms of velocity distribution. Their work does however, conclude that 

there is a room for improvement in terms of eradicating the minor systematic difference 

between the distributions produced from the two different techniques. Only one particle 

can be tracked using the PEPT approach, and it may take a long time for the particle to 

visit all the locations inside the equipment several times. Also, since the tracer particle 

is made of a radioactive material, the properties of the tracer particle are not necessarily 

the same as those of the surrounding powder particles. The difference in particle proper-

ties, such as particle size, may cause an undesirable phenomenon such as segregation. 
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Furthermore, the signal (γ-rays) from the tracer particle may be scattered and attenuated 

by equipment and other particles. The scattering of the signal may cause a detection of 

an incorrect particle position and the attenuation of the signal may cause a failure to de-

tect the particle position. This is the best available technology for predicting and visual-

ising flow field in the paddle mixer at the time. The present study has developed an ex-

perimental technique for looking at flow field of the binder within the paddle mixer, 

which is germane to process understanding based on first principles and for developing 

models for process scale-up. This study is also the first attempt at looking at the flow 

and movement of a binder in a moving bed of powder, without the use of a tracer parti-

cle, in a wet granulation application. 

8.3 Simulating nuclei formation using droplet of binder on a static 

powder bed 

Section 2.9 discusses the properties of the reactive binder and the chemical changes it 

undergoes during the granulation process. The reaction between the binder and surfac-

tant causes a localised increase in the viscosity of the binder. This may hinder its subse-

quent dispersion within the powder bed. Some meso-scale experiments were conducted 

on a static bed of powder (a compact) to understand the interactions between the binder 

and powder, and also to gain some insights, as to how the materials could behave within 

the mixer. The key outcomes have been discussed in this section. 

Schöngut et al. (2011) also conducted experiments on a static bed of powder and they 

discuss the kinetics of the neutralisation process and identify two major steps when the 

binder comes into contact with the powder: (i) penetration of the liquid binder into the 

surface of the powder bed and (ii) an increase in the size of the droplet as a result of the 

evolution of carbon dioxide gas (due to chemical reaction). This work compares the in-

teractions of the same binder on a reactive and a non-reactive system, and also studies 

the impact of binder temperature on its subsequent penetration and spreading. 

5g of each test material (light ash, ground ash and zeolite) were compressed using a load 

of 500 N in a 30 mm die, using the Instron 3367 tensile test machine. At forces lower 

than this, it was not possible to produce a good compact. Ten compacts were made for 

each test material and the compression rate was set to 1 mm/min. A slow compression 



Chapter 8  Reactive granulation using LAS acid 

 

197 

 

speed was chosen to give the particles in the loose bed of powder sufficient time to rear-

range themselves, thus ensuring better reproducibility. The porosity of the light ash, 

ground ash and zeolite compacts were determined to be 8.4, 3.4 and 2.8 % respectively 

(Figure 8.2). It is expected that larger particles will produce a compact with a higher 

porosity when compressed using the same load. All compacts were equilibrated in an 

environmental chamber for 24 hours at 25°C and 40% relative humidity. 

The first set of experiments was conducted at room temperature (25°C). A small 50 μl 

droplet was added onto the surface of the loose compact using an Eppendorf Multipette 

Stream pipette. The distance between the pipette tip and the surface of the tablet was 

kept constant at 20 mm, which is small enough to neglect the influence of any impact 

forces (due to gravity) on both the deposition of the droplet and its subsequent spread on 

the surface of the test substrate. The droplet has a mass of 0.055g. The compact was 

stored in an air tight Petri dish for 48 hours, before the nuclei was removed and 

weighed. Of the three different materials, light ash showed the greatest interaction with 

the binder, whilst zeolite showed a minimal interaction with the binder (Figure 8.3 and 

Figure 8.4). The results also reveal that nuclei produced using the light ash are 31% 

heavier than the nuclei made with ground ash. 

The binder does not spread very well on the surface of the zeolite compact, when com-

pared to the surface of the light and ground ash compacts (Figure 8.4). It is also hy-

pothesised that carbon dioxide evolution will result in an expansion of the droplet not 

just in the vertical direction, but also in the horizontal direction. This in turn will im-

prove contact between the HLAS and un-reacted powder, thus increasing the mass of 

the resultant nuclei. The ground ash nuclei weigh less than the light ash nuclei, as 

ground ash particles are smaller. The smaller particle size results in a more rapid rate of 

reaction, and this in turn increases the viscosity of the binder and reduces its spread. 

Therefore, ground ash nuclei are lighter than light ash nuclei. Also, a powder bed con-

sisting of larger particles has a higher porosity; therefore more binder can penetrate the 

bed, resulting in the formation of larger and heavier nuclei for light ash. 
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Light ash –  8.4% Ground ash– 3.4% Zeolite – 2.8% 

   

Figure 8.2. Porosity of the loose compacts was determined using X-ray tomography – 

compression load was 500 N. 

 

Figure 8.3. Mass of the nuclei - weighed after 48 hours. 
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Figure 8.4. Spread of a droplet of LAS acid on the surface of a compact. 
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The effect of the change in the temperature of the binder was also investigated. Both the 

binder and the powder bed were equilibrated to the same temperature. It is known that 

an increase in the binder temperature results in a corresponding decrease in the binder 

viscosity (Figure 3.16). This in turn should make the binder more flowable on the sur-

face of the substrate, thus increasing its spreadability. An increase in the spread of the 

binder should, therefore, increase the mass of the resultant nuclei that are produced. 

However, for HLAS, an increase in the temperature of the binder will also result in an 

increase in the rate of reaction between the powder and binder (when considering the 

compacts made of sodium carbonate). It is known that as the reaction progresses, the 

amount of LAS-Na at the boundary between the droplet and the surface of the substrate 

increases (refer to Section 2.9). LAS-Na has a much higher viscosity in comparison to 

HLAS. Therefore the viscosity at the interface starts to increase and this localised in-

crease will limit its spread across the surface of the compact. This explains a reduction 

in the size (mass) of the nuclei, with an increase in the temperature of the binder (Figure 

8.5). Also, as zeolite does not react with the LAS acid, there is a slight increase in the 

mass of the nuclei, with an increase in the temperature. 

 

Figure 8.5. Percentage increase in the mass of the nuclei against temperature. 
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8.4 Monitoring the dispersion of HLAS in situ 

So far the meso-scale effects of both the variation in the particle type and size, as well 

as the temperature of the binder have been studied, for static conditions. Studying the 

impact of binder temperature has helped elucidate the effects of the rate of reaction on 

the subsequent spread of the binder and nuclei formation. It is also of interest to under-

stand the reactive binder dispersion process within an agglomerator, under dynamic 

conditions. A similar study was conducted on the vertical shaft 10 L Roto Junior high 

shear mixer using a non-reactive binder, and the results were discussed in section 4.8. In 

summary, the thermal camera was used to successfully track individual blobs of binder 

at tip speeds of around 3 m/s. The binder was heated to a higher temperature than the 

powder, so that its heat signature could be traced around the mixer. A similar approach 

for tracking the binder distribution is easier to apply to a granulation operation involv-

ing the use of a reactive binder in a paddle mixer, as the exothermic nature of the proc-

ess enables the heat trail to be monitored and the mixing environment is not very ag-

gressive (the maximum tip speed is less than 2.5 m/s for the 32 L paddle mixer used in 

this study). 

The mixer was split into 5 sections based on the distance from the zone of binder injec-

tion (Figure 8.6). Binder was injected into the mixer in zones 3 and 4, through 4 indi-

vidual inlets. Each inlet nozzle has a diameter of 3 mm. The dashed line in Figure 8.6 

indicates the location of the fluidised zone along the axis of the mixing vessel. The 

mixer has also been split in two regions Side A and Side B in the horizontal direction 

(when viewed from above) in order to isolate and describe what happens along each 

mixing shaft.  
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Figure 8.6. Schematic of the aerial view of the paddle mixer. The mixer was split into 

different zones and binder was injected in zones 3 and 4. The dashed line indicates the 

position of the fluidised zone. 

 

The exothermic reaction between the carbonate and HLAS enables identification of the 

binder rich zones within the mixer. A coated blob of binder will appear hotter than the 

rest of the powder in the mixer (Figure 8.7). Good mixing between the powder and the 

binder will shorten the lifespan of any blobs of binder that are present in the moving 

bed. As these coated blobs get deformed within the mixer, a fresh liquid layer is ex-

posed, providing a site for further particle contact and reaction. Refer to Section 3.13 for 

further details about the thermal imaging technique. The thermal camera was set to take 

images at 50 frames per second (resolution 640×480 pixels). The 32-bit colour thermal 

images were subsequently converted into the binary format using ImageJ software 

(Figure 8.7), and after appropriate threshold limits were applied, regions where binder is 

present were displayed as black spots. A particle image velocimetry (PIV) analysis was 

subsequently conducted on the binary images to determine the velocity vectors of the 

binder (Figure 8.8). More details about the PIV technique can be found in Section 3.14. 

As the paddle mixer has twin shafts that are counter rotating, it was discovered that the 

direction of binder motion within the paddle mixer is strongly dependant on its position 

within the mixer (Figure 8.8). Side A conveys binder to the left whilst the Side B con-

veys binder to the right. Each shaft carries material in a different direction and the in-
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termeshing paddles result in the exchange of material from the A to B and vice versa in 

the fluidised zone. 

 

 

 

Figure 8.7. (a) thermal image and (b)binary image. 

 

 

Figure 8.8. Output from PIV analysis showing binder movement within the paddle 

mixer as vectors. 

 

The influence of particle size and impeller speed on the dispersion of the binder within 

the paddle mixer was investigated. Sodium carbonate powder was used for all experi-

ments, as it reacts with the binder, and sufficient material (25 kg) was added to cover 

the paddles and shafts (fill level ≈ 40%) for each trial. Powder was charged into the 

mixer at an ambient temperature of 22°C. Binder was continuously injected at a rate of 

2 L/min (Figure 8.9). The temperature of the binder was maintained at 40°C, and at this 

temperature the binder viscosity was measured to be 0.4 Pa.s (refer to Section 3.4 for 

more details on the viscosity measurement). The binder is the limiting reagent, and the 

powder is continuously conveyed immediately above the point of binder injection, 
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which helps to ensure the material is in continuous contact with the binder. Dispersion 

was monitored for 60 s. In order to assess the effectiveness of the binder dispersion 

process in a paddle mixer, thermal images were taken as a function of time to qualita-

tively observe the spread of the binder within the mixer. Also from Figure 8.6, it is evi-

dent that Zone 1 is furthest away from the point of binder injection; therefore the aver-

age temperature of Zone 1 was monitored and compared for different experimental con-

ditions. If the dispersion process within the mixer is good, then the temperature of Zone 

1 (and the contents of the mixer, as a whole) should increase rapidly. This was used as a 

measure of the efficiency of the binder dispersion process within the paddle mixer. 

 

Figure 8.9. Volume of binder injected into the mixer.  

 

8.5 Effect of particle size on binder dispersion 

The dispersion of binder in a bed of light ash was compared with the dispersion in a bed 

of ground ash. The paddle mixer was operated at 50 rpm, and this corresponds to tip 

speeds of 0.5 m/s. The thermal images indicate the spread of binder in a moving bed of 

light ash is faster (Figure 8.10). Also comparing the average temperature of Zone 1 

(Figure 8.6) indicates a more even distribution of binder for light ash, after 60 s of wet 

massing, as indicated by the higher average temperature (Figure 8.11). This confirms 

that better binder distribution is achieved in a powder bed consisting of larger particles. 
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Figure 8.10. Thermal images comparing the dispersion of binder in a moving bed of 

ground and light ash at 50 rpm. 
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Figure 8.11. Average temperature of Zone 1 for a bed of light and ground ash at 50 

rpm. 

 

8.6 Effect of impeller speed on binder dispersion 

This section compares the effect of impeller speed on the binder distribution process. 

The mixer was operated at a higher speed of 100 rpm, and this corresponds to a tip 

speed of 1 m/s At this speed images were taken at 100 fps. A higher frame rate was cho-

sen in order to be able to visualise the blobs of binder more clearly, therefore the resolu-

tion of the resulting images was lowered to 640×240 pixels. The results are shown in 

Figure 8.12. After 60 s, of wet massing the binder distribution is better at the higher im-

peller speed, as the average temperature of Zone 1 is higher at 100 rpm (Figure 8.13). 

Also the temperature distribution across the mixer seems more even (compare Figure 

8.12 with Figure 8.10). Greater shear and impact, at higher impeller speeds, dissociates 

and disperses the blobs of binder more rapidly. 
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Figure 8.12. Thermal images comparing the dispersion of binder in a moving bed of 

light and ground ash at 100 rpm. 
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Figure 8.13. Average temperature of Zone 1 with time. 

8.7 Conclusions 

This chapter has looked into the meso-scale interactions between a reactive binder and 

some commonly used powders in detergent formulations. Droplet penetration on static 

compact indicates that the spread and penetration of the binder is better when there is a 

reaction between the binder and the powder. The size of the resulting nuclei is also 

greater when primary powder particles that make up the compact are larger. This sug-

gests that binder dispersion is better when the particle size is larger. 

The effect of an increase in the temperature of the binder on the size of the nuclei was 

also investigated. At all temperatures, the mass of the nuclei produced using carbonates 

is greater than the mass of the nuclei made using zeolite. However, if a reaction occurs 

between the powder and binder, an increase in the temperature results in a decrease in 

the mass of the resulting nuclei. This could be attributed to an increase in the viscosity 

of the binder during the reaction process, which starts to limit its spread at higher tem-

peratures. As zeolite does not react with the binder, an increase in the binder tempera-

ture results in a slight increase in the mass of the zeolite nuclei. 

Thermal imaging was used to visualise binder dispersion on a larger scale paddle mixer. 

This technique proved to be successful in being able to trace the movements of individ-
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ual lumps of binder within the mixer. The impact of both the primary particle size and 

the impeller speed was investigated using the thermal imaging technique. Results reveal 

that binder dispersion is enhanced by increasing the size of the primary particles. This 

result is in agreement with the meso-scale study that was conducted on compacts of so-

dium carbonate i.e. binder is able to spread and disperse better, when the particle size is 

larger. Also as expected, an increase in the impeller speed improves the dispersion of 

the binder. 
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Chapter 9 Conclusions and further work 
 

 

This thesis concerns a granulation process that is not conventional due to the ultra high 

viscosity of the binders that are employed for the manufacture of dry laundry powder. 

However, industrially, the process is of great importance. This research has primarily 

focused on understanding the initial dispersion of a highly viscous surfactant binder in a 

high shear environment. Studies were conducted with a view to outlining a mechanism 

for binder dispersion, which involves the break-up of large lumps of binder, as a result 

of the combined action of both the impeller and the moving bed of powder. Binder 

breakage has, therefore, been suggested as a new mechanism for the dispersion of a 

binder in this study. Experiments were performed to isolate binder breakage and quan-

tify it, as a function of time. Studies were also conducted to elucidate the effects of vari-

ous process, as well as formulation parameters that influence the initial dispersion of 

binder. The mechanistic understanding of the process, along with the experimental data 

was then used to create a population balance model that describes binder dispersion. 

Furthermore, a novel non-invasive technique for online monitoring of binder dispersion 

in a high shear environment was also developed as part of this study. 

9.1 Effect of the method of binder delivery 

Chapter 4 discusses the impact of the method of binder delivery on the granule size, 

binder content and granule strength. Experiments were conducted in a 10 L high shear 

mixer, at different impeller speeds. The binder was either injected into the mixer (as a 

continuous stream) or preloaded into the mixer (as one large blob). Altering the method 

of binder delivery changes both the rate of binder addition, as well as the initial size of 

the semi-solid binder. It was found that binder breakage is the dominant mechanism, at 

low impeller speeds, and at moderate to high speeds, granule growth commences more 

rapidly. Also, at low to moderate speeds, injecting the binder resulted in a product that 

contains less fines and a greater proportion of large granules. At the highest impeller 

speed of 800 rpm, there was no observable difference in the granule growth kinetics for 

the injected and preloaded case. As the shear and impact stresses within the mixer are 
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very high at this impeller speed, it is expected that the method of binder delivery is no 

longer a factor that influences the growth kinetics. However, there was no apparent im-

pact on the granule strength and binder content, as a result of the method of binder addi-

tion – both methods showed similar trends. 

In summary, an increase in the stresses within the system (impeller speed), increases the 

rate at which material progresses through the various stages of the granulation process 

(nucleation, growth, consolidation and coalescence). Also, adding the binder into the 

mixer as a smaller entity (i.e. as a continuous stream instead of one large blob) reduces 

the amount of time required to distribute the binder, thus providing more time for gran-

ule growth. 

For a low viscous binder, Knight et al. (1998) report an increase in the average size of 

the granules when the rate of binder addition is greater. Their study suggests an increase 

in the rate of binder addition results in certain regions of the powder bed becoming 

over-wet, and this eventually results in the formation of larger granules. Wauters et al. 

(2002) also report similar findings when using a binder of a low viscosity. However, the 

present study reveals that increasing the rate of addition of a high viscous binder (by 

preloading all the material into the mixer at once) results in a decrease in the mean size 

of the granules. This could be attributed to the high viscosity of the binder, which does 

not spread and wet the primary particles until it has been completed dispersed into the 

moving bed of powder. Therefore, a more gradual addition (by injecting for example) is 

better for achieving faster granule growth kinetics. 

9.2 Semi-solid binder breakage 

Chapter 5 outlines a mechanism for binder dispersion. The nucleation step involves, 

coating the binder and subsequently breaking larger fragments into smaller ones, by  

mechanical action. This study has developed a technique for isolating and observing the 

process. This is the first study to introduce the concept of “breakage” for describing the 

dispersion of a semi-solid binder. Once coated the binder fragments are referred to as 

powder coated binder particles (PCBPs). A method has also been devised for quantify-

ing the layering process by monitoring the variation in the mass, as well as the size of 

the PCBPs with time. 
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Three different materials were investigated including zeolite, and two different sizes of 

sodium carbonate. Results suggest that larger and rougher primary particles will dis-

perse the binder more effectively in a moving bed of powder. A large particle is capable 

of exerting a larger force, leading to permanent deformation and breakage of the coated 

semi-solid binder fragments. A rougher particle is capable of penetrating a binder frag-

ment to a greater extent than a smoother one. 

There is also evidence that suggests the mechanical properties of the PCBPs change 

with time, as a result of changes in their composition. The rate of powder loading into a 

binder particle has a direct influence on the mechanical response it exhibits, and this in 

turn influences the rate of binder breakage. When the rate of powder layering is faster, 

the PCBP exhibits brittle behaviour within a shorter period of time. 

9.3 Modelling binder breakage 

A one dimensional population balance model has been developed to describe the break-

age of PCBPs. This is the first study to develop a model that describes how a semi-solid 

binder undergoes dispersion, through breakage. The key assumptions of this model are 

that breakage is uniform and binary and the total length of the binder particles is con-

served. Other assumptions include a selectivity function for the breakage of binder par-

ticles based on their size, i.e. a longer particle is more likely to break than a shorter one. 

A self-similar solution for the population balance equation was found. The non-

dimensional numerical solution for the population balance equation is                    . 

An expression that predicts the change in the number based size distribution, q0, was 

subsequently determined. There are two parameters that could be changed in the model: 

the initial length of the parent binder particle (l0) and the selection constant (k). The pre-

dicted size distribution is self-similar with time, in other words, the magnitude (  1,0) 

changes but the shape of the distribution does not. In addition to the predicted size dis-

tributions exhibiting self-similarity, other emergent properties include the change in the 

number of particles and the mean size. The number of particles increases linearly with 

time, as          t, whilst the number based mean size decreases with time, as 

      
  

    
.  
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A value for k was determined from the experimental data in order to validate the pro-

posed model. It was found that the k is time dependant. This was attributed to a change 

in the shape of the PCBPs with time. With increasing time, the PCBPs become more 

spherical. In addition, a phase change (i.e. as more solid gets loaded within its structure) 

may alter its breakage dynamics too. The experimental data suggests that breakage 

events, on average, occur once every 2 s. When experiments are conducted using larger 

primary particles or at high impeller speeds, an increase in the value of k is observed. 

Furthermore, the mean length predicted using the model is in good agreement with the 

experimentally determined mean. As the size distribution gets scaled and   1,0 changes, k 

also changes, but at a much slower rate. The system thus behaves as though k is a con-

stant over a period of time. 

This deterministic model is able to predict the change in the number based mean length 

of the PCBPs with time. An advantage of using this model is its simplicity i.e. it can be 

solved analytically to give a closed form solution that can be used to understand and 

quantify the early stages of the binder dispersion process. The breakage process has 

therefore, been successfully modelled using a kinetics approach in this study. 

9.4 Online monitoring of binder dispersion in situ 

This is the first study of its kind to introduce a non-invasive technique (thermal imag-

ing) for online monitoring of binder dispersion in a moving bed of powder. Thermal im-

aging was used to visualise the movement of the binder in a 10 L mixer and study the 

influence of the method of binder delivery. There was a clear difference for the injected 

and preloaded cases, at the lower speed of 200 rpm. This study further confirms that 

better binder distribution can be achieved by injecting the binder. At a higher impeller 

speed of 400 rpm, it was not possible to see individual lumps of binder. However, the 

temperature of the mixer reached a steady state sooner for the injected case. Again, this 

suggests mixing is better when the binder is injected. 

Thermal imaging was also used to visualise dispersion of a reactive binder in a pilot 

scale (32 L) paddle mixer. This technique proved to be very successful in being able to 

trace the movements of individual lumps of binder within the mixer. The impact of both 
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the primary particle size and the impeller speed were investigated and results reveal that 

binder dispersion is enhanced at high impeller speeds or when larger primary particles 

are used. 

9.5 Further work 

The scopes for avenues of further work stemming from this research are discussed in 

this section: 

9.5.1 Understanding the formation of wall make-up 

This study focused solely on the dispersion of a semi-solid binder in a moving bed of 

powder. Experiments were conducted to ensure all the binder comes directly into con-

tact with the powder bed to minimise the amount of binder that adheres to the metal sur-

faces and other moving parts of the mixer. In reality, however, on large scale industrial 

systems, it is more difficult to avoid binder fouling the metal surfaces of the mixer. 

If the fresh paste by-passes the moving bed of powder and comes into direct contact 

with the mixing tools, splashing is likely to occur. It is hypothesised that this could lead 

to the formation of a layer of material (binder and powder) on the surface of the mixer’s 

wall – such a layer is commonly referred to as wall makeup (a form of fouling). This is 

an undesired effect. It is of interest to understand the factors that cause the formation of 

wall-makeup in more detail.  

9.5.2 Online near infrared (NIR) imaging for monitoring binder distribution 

The pharmaceutical industry has lead the way in continuous online monitoring of proc-

esses which enable process inputs to be adjusted in order to obtain the required product 

quality. This mechanism to design, analyse and control manufacturing processes is re-

ferred to as Process Analytical Technology (PAT) (Vudathala et al., 2010). Even though 

the concept was first introduced to improve the product quality in the pharmaceutical 

industry, it is now being adopted by a wide range of other industries in order to improve 

their product quality, maximise process efficiency and reduce wastage too. In detergent 

manufacture, the present study reveals that maximising paste dispersion is critical for 

ensuring proper and timely granule growth. This in turn, will help improve the granula-

tion process by reducing recycle rates. 
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Most commonly employed surfactants contain –CH groups, which can be detected using 

an NIR chemical imager. This in turn could be use to monitor binder dispersion in much 

more detail on a granular scale. Furthermore, for a reactive agglomeration process, the 

NIR chemical imaging technique may also be used to monitor the progress of the reac-

tion with time. Sanders et al. (2007) outline a method for determining the granule size 

distribution online. They refer to their technique as Visual Online Sizing (VOS). If an 

NIR imager can be integrated into VOS, it is then possible to obtain data, in real-time, 

regarding the binder distribution on a granular scale. This in turn, could be used to ad-

just formulation and process variables to vary product quality, in real time, or to deter-

mine the granulation end point during detergent manufacture. 

9.5.3 Uses of the population balance model and further improvements 

Recently, there is developing interest in being able to gain a better understanding of 

how to design and optimise solids processing operations. There are a few commercially 

available packages such as gSOLIDS by Process Systems Enterprise, UK, which could 

be used to make more informed decisions, with regards to process design and optimisa-

tion. The gSOLIDS package for example, predicts granulation operations, on any scale, 

by separating the process into a series of sub processes (for e.g. liquid addition, nuclea-

tion, growth, breakage, layering consolidation, etc.) and includes kernels for each proc-

ess. These kernels could be combined to obtain insights on key process outputs. The 

model that has been developed in this study may be incorporated into such packages to 

enable highly viscous binder dispersion to be predicted. However, as discussed in Sec-

tion 6.10, the application of this model is limited to describing granulation systems in-

volving the use of a highly viscous binder i.e. binders that do not flow in a moving bed 

of powder unless the stresses acting upon them exceed a certain yield value.  

It is common practice to scale up based on either the tip speed or the specific energy 

input (Mort, 2005). The k values can be related to the tip speed or stresses acting within 

system (which depends on the specific energy input), and this could in turn be used to 

predict binder breakage on different scales. It is, however, necessary to conduct experi-

ments on larger scales of equipment in order to assess the validity of the model, and to 

make further recommendations on the scalability. Also in terms of improving this 

model, it is necessary to validate some of the assumptions that were made during its de-
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velopment. It was assumed that the selection constant is proportional to the initial size 

of the binder particle. This needs to be further investigated by conducting experiments 

where l0 is varied.  It was also assumed that breakage is random and binary. The value 

of k suggests that breakage events occur once every 2 s; controlled experiments need to 

be conducted to study how often a binder particle breaks within the granulator, and to 

determine if the breakage is binary.  
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Appendix I  Method for determining porosity from XRT 
 

Figure I-1 is an example of a 16-bit image obtained from the X-ray scanner. The image 

was subsequently converted into an 8-bit format, using the ImageJ software. For an 8-

bit image, the grey scale ranges from 0 to 255.  

Firstly, it is necessary to determine the grey values that represent air within a granular 

sample. A histogram of the number of pixels against the grey scale value was then ob-

tained for the air space surrounding the granule using the ImageJ software. The air 

space is presented by a yellow oval in Figure I-1. 

 

Figure I-1. Slice obtained from the X-ray scanner. Air space is represented by a yellow 

oval. 

 

Figure I-2. Histogram of number of pixels for the 8-bit grey scale image. 
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Figure I-2 is the histogram for air and the grey values range from 0 to 95. Therefore, it 

was reasonable to assume that any components which have a grey value greater than 95 

must be either binder or powder.  

A threshold was applied to binarize the image, whereby components with a grey value 

greater than 95 appear to be white in colour and those below appear to be black (Figure 

I-3). 

 

Figure I-3. Binarised XRT image of the granule. 

 

A contour was carefully drawn around the granular structure shown in Figure I-3, and 

another histogram was generated for that area of interest. However now, after binarising 

all components have been assigned a grey value of either 0 (black pixels representing 

air) or 255 (white pixels representing both powder and binder), and from the relative 

proportion of pixels that are either 0 or 255, it is possible to determine a value for the 

porosity of the sample (Figure I-4). 

 

Figure I-4. Histogram of number of pixels for the binary image. 
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Appendix II  Indentation of PCBPs 

II.1 Zeolite 

 
Figure II-1. Force vs. displacement for zeolite at 15 s. 

 

 
Figure II-2. Force vs. displacement for zeolite at 30 s. 
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Figure II-3. Force vs. displacement for zeolite at 45 s. 

 

 
Figure II-4. Force vs. displacement for zeolite at 60 s. 
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Figure II-5. Force vs. displacement for zeolite at 75 s. 

 

II.2 Ground ash 

 

 

Figure II-6. Force vs. displacement for ground ash at 15 s. 
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Figure II-7. Force vs. displacement for ground ash at 30 s. 

 

 

 

Figure II-8. Force vs. displacement for ground ash at 45 s. 
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Figure II-9. Force vs. displacement for ground ash at 60 s. 

 

 

 
Figure II-10. Force vs. displacement for ground ash at 75 s. 
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II.3 Light ash 

 
Figure II-11. Force vs. displacement for light ash at 15 s. 

 

 
Figure II-12. Force vs. displacement for light ash at 30 s. 
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Figure II-13. Force vs. displacement for light ash at 45 s. 

 

 
Figure II-14. Force vs. displacement for light ash at 60 s. 
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Figure II-15. Force vs. displacement for light ash at 75 s. 
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Appendix III  The Dirac’s Delta function 
 

It is defined by the following property (Toro et al., 2012): 

        
          
         

  

 

Equation III-1 

 

With          
  

  
 

It is an operator that is often used in integrals. At t = 0, the function is infinitely peaked, 

with the total area under the curve being a unity (Figure III-1). 

 

 

 

 

 

 

 

Figure III-1. Graphical representation of the Dirac’s delta function (adapted from 

Grivet-Talocia and Gustavsen, 2015).
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Appendix IV  The moment equation 
 

An expression for the moment equation was derived from Equation 6.25. 

Terms on the left-hand side of Equation 6.25 must be equal to the terms on the right-

hand side (Equation IV-1). 

               Equation IV-1 

 

Therefore the following must also be true: 

 

            
 

 

              
 

 

 Equation IV-2 

 

 

        
  

  
              

 

 

    
  

  
  

 

 

 
 

  
         

 

 

 
   

  
 

Equation IV-3 

 

 

Integrating the right hand side of the PBE gives an expression for the j
th

 moment 

(Equation IV-3): 

 

             
 

 

 
Equation IV-4 

 

 

                         
 

 

        
 

 

 
Equation IV-5 

 

 

Finding an analytical solution for Equation IV-7 in its current form is complicated; a 

transformation was used to simplify the expression. A function f(l,x) (Equation IV-4) 

was converted into a function g(u,v) (Equation IV-5) through the use of appropriate 

substitutions, where f(l,x) = g(u,v). Now consider the planes x and l in  



Appendix IV 

234 

 

Figure IV-1, where l represents the size of the parent fragment. For every value of l 

there will be a corresponding value of x. It is necessary to determine the area under the 

graph to determine the number density of the fragments. x and l were transformed into a 

function of u and v to simplify the integration. 

               
  

 

 

 

 
Equation IV-6 

 

               
Equation IV-7 

 

 

Figure IV-1. Transforming f(l,x) into g(u,v). 

The limits change from l → ∞ to 0 → x after the transformation: 

 

                   
 

 

 

 

               
 

 

 

                    
 

 

 

 
              

 

 
          

 

 

    

   
    

             
 

 
  

 
 

   
     

 

 

                       
 

 

 

Equation IV-8 
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Substituting         

 
         ) to simplify Equation IV-8 gives the moment equa-

tion: 

    

   
 

 

   
            

   

   
      

Equation IV-9 

 


