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Abstract 

 

This thesis examined the mechanisms of how modifying the surface of a cohesive fine 

powder altered the flow behaviours of the fine powder. To this end, a model 

pharmaceutical fine powder (micron-sized glass beads (MGB, 𝑑ହ଴ ൎ 10 µm) was dry 

coated with different amounts of the pharmaceutical lubricant magnesium stearate 

(MgSt) (0.05% to 2% w/w MgSt). The flowability of the powders was evaluated with a 

number of techniques. To understand how the MgSt coating altered powder flow, the 

surface coatings, surface energies and the hydrophobicities of the powders were also 

examined. 

 

Modified MGB flowed better than uncoated MGB. Best flow was obtained with 0.1% 

w/w MgSt to 0.25% w/w MgSt. With 0.05% w/w MgSt, better flow was only possible 

when the powder underwent unconfined flow or confined mechanical flow. Powders 

with excess amounts of MgSt (൒0.5% w/w MgSt) were unable to flow as freely as 

powders with optimal amounts of MgSt. 

 

ToF-SIMS showed the MgSt coating to be dependent on the amount of MgSt used 

and varied from being a partial coating of MgSt (0.05% w/w MgSt) to a near-complete 

coating of MgSt (0.1-0.25% w/w MgSt) to a thicker near-complete coating of MgSt 

(൒0.5% w/w MgSt). XPS measurements suggested the hydrocarbon tail of MgSt was 

likely presented at the surface of the powder. 

 

With a change in the surface of the MgSt coated powders, the surface energies of the 

powers were altered. MgSt coated powders had significantly lower surface energies 

than uncoated MGB. Powders with 0.1% w/w MgSt or more exhibited the same surface 

energies, which coincides well with the results from ToF-SIMS and XPS 

measurements.  

 

Hydrophobicities of the powders were evaluated by measuring the contact angle of 

water to the powders with the liquid intrusion method. The contact angle of water to 

MGB was approximately 80°, thus capillary forces within MGB were weak. 
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Hydrophobicity of MgSt coated powders increased. This eliminated the presence of 

capillary forces. 

 

Modifying the surfaces of cohesive fine powders with MgSt can have a complex effect 

on the flow of MgSt coated powders. The principal mechanism by which MgSt 

improved flow was by significantly lowering the surface energy of the powder, and to 

a lesser extent, eliminating capillary forces. Furthermore, the flow of MgSt coated 

powders was also influenced by the extent and thickness of the coating. Partial 

coatings of MgSt affect the type of contacts that are possible during flow. Thicker 

coatings of MgSt result in small increases in cohesivity as deformation of the coating 

may occur, especially when powders undergo flow processes where powder 

consolidation occurs. 
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 Introduction  

 

 Commentary 

 

Portions of this chapter were published in: Tan G, Morton DAV, Larson I, On the 

methods to measure powder flow, Current Pharmaceutical Design. 21(2015) 5751-65 

and Tan G, Morton DAV, Larson I, Strategies to analyse data obtained from liquid 

intrusion experiments of loose porous materials, J Pharm Biomed Anal. 145(2017) 

711-7.  

 

 Introduction 

 

The flow of fine powders is of particular interest to the pharmaceutical industry as it 

can affect a multitude of processes within the pharmaceutical industry such as 

handling, transporting, blending, fluidising and dispensing [1-3]. Many of these 

processes require good, consistent and predictable flow to ensure efficient and optimal 

manufacturing of quality products. For example, to rapidly manufacture quality and 

satisfactory tablets, the precursor tablet particulate blend has to possess good, 

consistent and reliable flow which allows the consistent filling of the tablet dies [4]. Any 

erratic flow behaviour can have a negative impact on the quality of the resultant 

tablets—that is, some tablets may be out of specification due to over or under filling of 

the tablet die [5]. However, as fine powders are naturally cohesive due to relatively 

strong inter-particle interactions, their inherently poor flowability can often hinder the 

optimal production of pharmaceutical products which results in economic loss [2, 3, 6-

8].  

 

Consequently, numerous strategies have been explored to improve the flow of fine 

powders, including those that modify the surfaces of powders through particle 

engineering such as dry coating. Through dry coating methods such as 

mechanofusion, the flow of fine powders has been improved [9-17]. However, the 

mechanisms of how such improvements occur remain relatively poorly understood and 

deserves further investigation. 
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 Theoretical Background 

 

1.3.1. Powder Flow 

 

The concept of powder flow can be defined as the relative movement of particles 

amongst adjacent particles or along a containing surface [18]. However, in spite of 

this, powders can often flow in a highly complex fashion. In fact, not only can powders 

behave as solids, they can also behave as liquids or even gases depending on the 

state of the powder [19]. Despite the importance and ubiquitousness of powders in 

industries, the flow behaviour of powders remains relatively poorly understood [3]. To 

date, perhaps the most successful attempts to describe the mechanics of powder flow 

are those where the bulk powder is viewed as a solid body undergoing elastic/plastic 

deformation (see, for example, [20-25]) and mechanical failure (see, for example, [26-

28]). 

 

As a force is applied to a bulk powder material, the initial reaction of the bulk powder 

is to deform. If the applied force is removed and the material returns to its original 

position, the powder is said to have undergone elastic deformation [22]. However, 

such elastic deformation of bulk powders does not play a critical role in powder flow 

as particles do not move relative to one another. Instead, if the magnitude of the 

applied force increases beyond the elastic point of the bulk powder, the particles 

pressing against one another will slip past one another and the bulk powder is 

described to have undergone plastic deformation. At this point, a shear failure plane 

is formed leading to powder flow. From this point onwards, deformation of the bulk 

powder is completely plastic and powder flow occurs from layers of particles slipping 

over other layers where contacts are continuously breaking and reforming dynamically 

[6, 22, 29]. 

 

 Adhesive and Cohesive Contacts 

 

The cohesiveness of fine powders results from inter-particle interactions which are a 

collection of concurrently acting attractive forces that keep particles in contact with one 
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another to form agglomerates [2, 30]. These contacts are referred to as adhesive and 

cohesive contacts. Adhesion is defined as the attractive forces between dissimilar 

materials, while cohesion is defined as the attractive forces between similar materials 

[31]. 

 

 Inter-particle interactions 

 

The inter-particle interactions are primarily comprised of: van der Waals interactions, 

the capillary force, solid bridging, electrostatic forces and mechanical interlocking [22]. 

 

1.5.1. Van der Waals Interactions 

 

Johannes D. van der Waals first hypothesised the existence of attractive molecular 

interactions in his doctoral thesis in 1873 after observing the non-ideality of gases. 

Another five decades past before the attractive interactions were shown to comprise 

of three different interactions: dipole-dipole interactions, first described by Keesom 

(1921) [32]; dipole-induced dipole interactions, first described by Debye (1920) [33]; 

and dispersive (London) interactions, first described by London (1930) [34]. 

Collectively, these three different interactions are now termed van der Waals 

interactions and are innate interactions as they stem from the electron densities of 

molecules. That is, the van der Waals interactions are always present between 

molecules that are in close proximity to one another. 

 

In 1937, Hamaker developed a model for determining the strength of the van der 

Waals interaction between two macroscopic bodies by summing all the molecular van 

der Waals forces within the two macroscopic bodies [35]. The attractive force of the 

van der Waals interaction between two spherical bodies with radius 𝑟ଵ and 𝑟ଶ as a 

function of their separation distance 𝑧଴, where 𝑟ଵ and 𝑟ଶ ≫ 𝑧଴ and 𝑧଴ ് 0, is described 

by Equation (1.1) [35]: 
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𝐹௩ௗௐ ൌ െ ஺ಹ௥భ௥మ

଺ሺ௥భା௥మሻ୸బ
మ  (1.1) 

 

where 𝐴ு is the Hamaker constant which is dependent on the molecular properties of 

the two bodies. 

 

The significance of the Hamaker model for van der Waals interactions between 

macroscopic bodies is that the strength of the van der Waals force is proportional to 

𝑧଴
ିଶ as opposed to the molecular van der Waals interaction, which is proportional to 

𝑧଴
ି଻ [36]. Consequently, for macroscopic bodies, the van der Waals interactions does 

not diminish as rapidly over increasing distances; thus, van der Waals interactions can 

be considered long ranged forces when dealing with macroscopic bodies [37]. 

However, it must be noted that the Hamaker model only holds true when particles are 

separated by a finite non-zero distance—that is, when the particles are not in contact. 

 

When the particles are in contact, however, the strength of the van der Waals 

interaction is equivalent to the pull-off force as described in contact mechanics such 

as JKR (Johnson–Kendall–Roberts) or DMT (Derjaguin–Muller–Toporov) Theory 

provided that no other attractive forces are present [38-40]. Here, contact mechanics 

describes the adhesive force (that is, the pull-off force) between contacting surfaces 

as a function of the surface energy of the contacting surfaces. For two contacting 

spherical particles with radius 𝑟ଵ and 𝑟ଶ and without external loading (that is, the 

particles are not externally pushed together), the pull-off force is given by Equation 

(1.2) [38, 41]: 

 

𝐹௣௢ ൌ െn𝜋𝑤஺𝑅∗ (1.2) 

 

where 𝑤஺ ൌ 𝛾ଵ ൅ 𝛾ଶ െ 𝛾ଵଶ and is termed the work of adhesion, 𝑅∗ ൌ ௥భ௥మ

௥భା௥మ
  and is termed 

the reduced radius. 𝛾ଵ and 𝛾ଶ are the surface energies of materials 1 and 2, 

respectively, and 𝛾ଵଶ is the interfacial energy between materials 1 and 2. 𝑛 is a 

constant that is either equal to 
ଷ

ଶ
 for the JKR Theory or is equal to 2 for the DMT Theory. 
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It should be noted, if the contacting materials are similar, the work of cohesion, 𝑤௖, is 

used instead where 𝑤௖ ൌ 2𝛾ଵ. 

 

1.5.1.1. Surface Energy 

 

As seen above, the surface energy of powders plays an important role in the 

adhesive/cohesive forces and therefore, theoretically, powder flow. So, what is this 

surface energy? Johnson, Kendall and Roberts simply defined it as: “the energy 

required to create unit area of new surface” [38]. It arises from the net inward 

intermolecular force exerted by the molecules found at the surface of materials and is 

analogous to the surface tension of liquids [31]. 

 

The surface energy, 𝛾௦, comprises two major interactions [42]. The first being the 

innate dispersive (London) interaction which is present between all molecules. The 

second is the polar interaction (sometimes referred to as the acid-base interaction or 

the “specific interaction” as it is only evident when an acidic moiety interacts with a 

basic moiety and vice versa) [42, 43]. Therefore, the surface energy of any material 

can be split into two major components—a dispersive component, 𝛾௦
஽, which is always 

present and a polar (specific) component, 𝛾௦
௉, which only arises when acid-base 

interactions are present [44]. 

 

In order to further analyse the influences of the components of surface energy on the 

adhesive contacts of particles, the work of adhesion, 𝑤஺, and the work of cohesion, 

𝑤஼, can also be written in their surface energy component form [37, 45, 46]: 

 

𝑤஺ ൌ 2 ቀඥ𝛾ௌଵ
஽ 𝛾ௌଶ

஽ ൅ ඥ𝛾ௌଵ
௉ 𝛾ௌଶ

௉ ቁ (1.3) 

 

𝑤஼ ൌ 2 ቀඥ𝛾ௌଵ
஽ 𝛾ௌଵ

஽ ൅ ඥ𝛾ௌଵ
௉ 𝛾ௌଵ

௉ ቁ (1.3a) 

 

where subscripts 1 and 2 represent solids 1 and 2, respectively. 
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For powders with a large surface energy, the pull-off force is likely to be high as the 

high surface energy would result in larger work of adhesion/cohesion. Therefore, 

powders with large surface energies would, in theory, be poorer flowing. In contrast, 

powders with lower surface energies, the pull-off force is likely to be lower as the low 

surface energy would result in lower work of adhesion/cohesion. Thus, powders with 

lower surface energies would, in theory, be better flowing. 

 

1.5.2. Capillary Forces 

 

Voids between neighbouring particles act as very fine capillaries in which moisture 

from the atmosphere can condense even at low relative humidity (RH) and ambient 

temperatures, as illustrated in Figure 1-1. This phenomenon is explained with the 

Kelvin equation [47], which relates the equilibrium vapour pressure of a liquid to the 

curvature of the liquid-vapour interface at different temperatures. 

 

Figure 1-1: Liquid bridging between two spherical bodies. 

 

The capillary force is always attractive as the force stems from the surface tension of 

the liquid and the negative pressure as a result of a concave curvature on the liquid-

vapour interface [48]. The strength of the capillary force for two smooth spherical 

particles of radius, 𝑟ଵ and 𝑟ଶ (see Figure 1-1) can be determined by Equation (1.4) [49]: 

 

 

 

𝑟ଵ 𝑟ଶ 

𝜃ଶ 𝜃ଵ 

Liquid bridge
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𝐹௖ ൌ െ2𝜋𝛾௟𝑅∗ሺcos 𝜃ଵ ൅ cos 𝜃ଶሻ (1.4) 

 

where 𝛾௟ is the surface tension of the liquid and 𝜃ଵ and 𝜃ଶ are the angles the liquid 

makes to the surface of each particle. 

 

As can be seen, the strength of the capillary force is dependent on the wettability (or 

hydrophilicity/hydrophobicity when water is considered) of powders where the 

maximum capillary force occurs when the liquid perfectly wets the powder, that is, 

when 𝜃 ൌ 0°. Moreover, the capillary force is generally considered as a relatively 

strong force that can potentially dominate other adhesive forces [48]. However, unlike 

the van der Waals interactions, the capillary force is not always present—it cannot 

exist without the presence of a liquid bridge between adjacent particles [48]. 

 

1.5.3. Solid Bridging 

 

If a liquid bridge exists, the surfaces of the particles can dissolve until the solubility of 

the material is reached. If drying subsequently occurs, perhaps due to small changes 

in relative humidity, recrystallization of the solute can physically link adjacent particles 

[2]. Such links are depicted in Figure 1-2 and are referred to as solid bridges. Thus, it 

is not uncommon to find the presence of solid bridges following liquid bridging [50]. 

However, similar to the capillary force, solid bridging is not always present, for instance 

when the particles are insoluble in the liquid. 

 

 

Figure 1-2: Solid bridge between two spherical particles. 

  

Solid bridge 
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1.5.4. Electrical Interactions 

 

When two charges approach one another, the charges will either attract one another 

in the case of opposite charges or repel one another in the case of similar charges. 

Macroscopic bodies may carry charge due to triboelectrification where dissimilar 

initially uncharged surfaces are rubbed against one another [51]. Such charges will 

either cause the macroscopic bodies to repel or attract depending on the nature of 

their charge. The amount of charge at the two surfaces determines the overall strength 

of the electrical force. 

 

However, the amount of charge on the surfaces of particles does not remain constant 

over time, the charge diminishes, thus resulting in reduced electrical forces. In 

addition, if either of the contacting materials are conductive or if water is present in the 

voids, the charge will also decay resulting in reduced electrical forces [48, 52]. 

Therefore, with suitable storage conditions and adequate storage periods, the 

electrical force may be considered negligible. 

 

1.5.5. Mechanical Interlocking 

 

Real surfaces are rarely truly smooth—there will always be some form of asperity, 

even if it is on a nanometre scale. When two surfaces are in contact the peak of one 

surface may align directly in the trough of the other surface as depicted in Figure 1-3. 

This is known as mechanical interlocking which hinders the relative movement of 

adjacent particles and thus inhibits powder flow [52]. 
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Figure 1-3: Mechanical interlocking between two rough surfaces. 

 

 Flow–No Flow Postulate 

 

As inter-particle interactions act concurrently to hinder powder flow by keeping 

particles in contact with one another [2, 30], these interactions must be overcome 

before powder flow is possible. Consequently, the flow of powders is the result of an 

imbalance of two opposing forces: the flow promoting force, 𝐹௣, which is any force that 

acts to cause powder flow, and the cohesive force, which results from the presence of 

the inter-particle interactions, 𝐹௜௣ [3, 6, 18, 22, 29, 31].  

 

Thus, powder flow occurs when 𝐹௣ ൐ 𝐹௜௣ is satisfied, while powders do not flow when 

𝐹௣ ൑ 𝐹௜௣ is satisfied. 

 

where 𝐹௜௣ ൌ 𝐹௩ௗௐ ൅ 𝐹௖ ൅ 𝐹௦ ൅ 𝐹௘ ൅ 𝐹௜. 𝐹௩ௗௐ is the force due to van der Waals 

interactions, 𝐹௖ is the capillary force, 𝐹௦ is the force due to solid bridging, 𝐹௘ is the 

electrostatic force and 𝐹௜ is the force due to mechanical interlocking. 

 

 External Factors Influencing the Flow of Powders 

 

In addition to the inter-particle interactions, the flow of powders is also influenced by a 

multitude of external factors such as the shape of the particles, their size and size 

Particle 1

Particle 2 

Mechanical interlocking 
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distribution, the hardness of the particles, the consolidation (or aeration) state of the 

powder, the surface geometry of the containing walls and the relative humidity of the 

surrounding environment. 

 

1.7.1. Particle Shape, Size and Distribution 

 

Pharmaceutical particles are rarely spherical in shape. They can be elongated such 

as needles and rods, prismatic with defined geometric parameters, flat such as plates 

or even irregularly shaped. For all but the simplest shape, it is difficult to determine the 

exact influence that particle shape has on flowability. Generally, however, as the 

particles become more rounded, the flow tends to improve, that is, spherical particles 

generally flow more easily than elongated or plate-like particles [53-55]. 

Particle size can have a substantial effect on the flowability of bulk powders. Small 

particles are often poor flowing as they are typically more cohesive than larger particles 

[31, 55]. This is because the weight of smaller particles is often insufficient to overcome 

the relatively strong inter-particle interactions. 

 

It is also important to recognize that powders are rarely monodispersed, there is 

always some level of distribution in the size of the particles. This distribution can have 

a significant impact on flow, the flow can either improve or worsen depending on the 

size distribution of the particles. For instance, Liu, 2008 [56] observed poorer powder 

flow for samples with a smaller particle size and wider size distribution. Alternatively, 

Danish, 1971 [57] showed a more complex relationship between size distribution and 

flow. These authors found that increasing the fines content increased the flowability of 

the powder to a finite level before the flowability was observed to worsen with further 

increase in fines content [57]. 

 

1.7.2. Hardness (or Softness) of Particles 

 

As powders consolidate, the constituent particles compress against one another. This 

compression can cause the contacting particles to deform and flatten around their 

contact points, thereby effectively increasing the contact area between adjacent 
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particles [58]. With more of the surface in contact, more inter-particle interactions, such 

as van der Waals interactions, can occur between the contacting surfaces. The larger 

amounts of inter-particle interactions result in an increase in the overall cohesiveness 

of the powder, which translates to poorer powder flowability. Consequently, softer 

particles are likely to flow more poorly than harder particles as softer particles are likely 

to deform more easily than harder particles. 

 

1.7.3. Consolidation (or Aeration) State of Powders 

 

Powder flow is not only dependent on the constituting particles, but also the state at 

which the powder is in, especially its state of consolidation. For instance, with the 

exception of a few cases, as powders consolidate, their flowabilities typically decrease. 

The decrease in flowability can be so severe that powders are unable to flow out of 

hoppers [27]. This decreased flowability occurs because of an increase in the average 

number of contacts between adjacent particles [8, 59]. Consequently, there are more 

inter-particle interactions, thus increasing the overall cohesive force [8, 59]. 

Alternatively, when aerated, powders can behave as a liquid or when suspended in a 

gas, powders can behave as a gas  [19]. Consequently, the consolidation (or aeration) 

state of powders can have dramatic effects on how powders behave [3]. 

 

1.7.4. Surface and Geometry of Containers 

 

The flow of powders is also influenced by the surfaces on which they are to slide over 

as well as the geometry of the surfaces [3, 60]. For example, the same powder may 

flow easily and steadily in one hopper and show erratic and uncontrollable flow in a 

different hopper [3]. 

 

1.7.5. Relative Humidity 

 

The effect of relative humidity (RH) on the flow of powders is not necessarily simple. 

In the previous section (Chapter 1: Section 1.5.2), it was discussed that liquid bridges 

can form and thus lead to capillary forces. Typically, this results in the immobilisation 
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of the particles and thus decrease flow [61-64]. On the other hand, the adsorption of 

a molecularly thin layer of water onto the surfaces of particles may improve powder 

flow as the water acts as a lubricant [65]. Alternatively, the water can indirectly affect 

the flow of powders by altering the surface energy of the powder or altering the 

localised crystallinity of the surfaces of the particles [61, 62]. The presence of water 

may even soften the particles, which, as discussed in Chapter 1: Section 1.7.2, makes 

them easier to deform, which ultimately increases the cohesiveness of the powder and 

thus results in poorer flow [7, 66]. Furthermore, the relative humidity may also expedite 

the decay of any electrostatic charge that may be present on the powder, thus 

removing the effect of the electrostatic force [67], thereby improving flowability. 

 

 Measuring the Flow of Powders 

 

Although there are numerous methods available to assess the flow of powders, they 

can be very broadly categorised as: confined, unconfined or consolidated flow. 

Confined flow occurs when powders start from an unconsolidated (or low 

consolidated) state and powder flow results in significant increases in powder 

consolidation, while unconfined flow occurs when the flow of powders does not result 

in significant increases in powder consolidation. In contrast to confined flow, when 

powders are already in a consolidated state, due to a consolidating stress, and flow 

occurs while the powders are still under consolidation, then consolidated flow is said 

to have occurred. These types of flow can be further subcategorised into gravitational 

or mechanical flow depending on whether the flow inducing force is due to gravity or 

a mechanically exerted force, respectively. 

 

1.8.1.  Powder Densities and their Indices 

 

When a powder is poured into a container, it will occupy a volume termed the initial 

volume, 𝑉଴. This initial volume is dependent on the spatial arrangement of the 

individual particles. That is, the resulting powder bed consists of both particles and 

void spaces, see Figure 1-4a, which result from a variety of factors including inter-

particle interactions [54, 68, 69]. The ratio of the mass of powder to the initial volume 
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(𝑉଴) is known as the bulk density, 𝜌௕ (or the initial or poured density). If the container 

is disturbed by, for instance, tapping, the energy applied from the taps (provided the 

energy is sufficient) will break and re-form the cohesive contacts between the 

constituent particles of the powder. The result is the powder forms a more consolidated 

state and the volume will consequently decrease to a new volume, 𝑉௡, where 𝑛 is the 

number of taps.  As 𝑛 increases, the volume of the powder reaches a minimum as no 

further consolidation occurs [70, 71], as depicted in Figure 1-4b. Because the mass of 

the powder remains constant, a new density is obtained, which is termed the tapped 

density, 𝜌௧, or the final density. 

 

 

Figure 1-4: Spatial arrangement of cohesive particles in a confined space. (a) Before 

tapping and (b) after tapping. 

 

There are a number of methods available to measure the bulk and tapped density of 

powders. The United States Pharmacopeia (USP38-NF33 Chapter 616) [71], for 

example, recommends the use of a graduated cylinder, such as a calibrated volumetric 

cylinder, or a 100 ml cylindrical container of specific dimensions to measure the bulk 

density of powders. For the determination of tapped densities, automatic tapping 

apparatus are normally used. These are normally designed to conform to standards 

such as the those outlined in the United States Pharmacopeia (USP38-NF33 Chapter 

Void space 

    
(a) (b) 
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616) [71]. Examples of such apparatus include the Autotap™ by Quantachrome 

Instruments, USA and the Tapped Density Testers Series JV by Copley Scientific Ltd., 

UK [72, 73]. 

 

In the case of cohesive powders, the packing efficiency of the particles is poor, that is, 

there are many large voids because of relatively strong inter-particle interactions that 

exist between neighbouring particles that dominate over the gravitational force. A 

loosely packed powder bed is formed. Conversely, for free-flowing powders, the inter-

particle interactions are not dominant over the gravitational force. The individual 

particles will flow and slide past one another when poured to form a powder bed with 

a higher packing efficiency. 

 

Bulk and tapped densities are not indicators of powder flow [70]. However, in 1965  

Carr [70] noted a relationship between the bulk density, 𝜌௕, and the tapped density, 

𝜌௧, of bulk powders and their flowability. He described this relationship in the form now 

commonly known as the Carr index, 𝐶𝐼, (sometimes expressed as a percentage) which 

is defined as: 

 

𝐶𝐼 ൌ ఘ೟ିఘ್

ఘ೟
 (1.5) 

 

Similarly, Hausner in 1967 [68] noticed the same relationship and defined the quotient 

of the tapped density and the bulk density as the Hausner ratio, 𝐻𝑅: 

 

𝐻𝑅 ൌ ఘ೟

ఘ್
 (1.6)  

 

Because tap density measurements result in powders consolidating with each tap 

(provided that powder flow occurs) and the flow inducing force is gravity, Carr indices 

and Hausner ratios can be considered examples of indirect measurements of confined 

gravitational flow. The advantages of the Carr index and Hausner ratio are: they are 

quick, simple and cost-effective methods to indirectly assess the relative strength of 

inter-particle interactions of bulk powders. Limitation of both the Carr index and 

Hausner ratio includes their inability to take into account the effect of powder 
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consolidation on the flow of powders and they are not suitable to assess the flow of 

highly cohesive powders that are very poor flowing (see below). 

 

For poor flowing powders, the difference between the bulk and tapped densities is 

usually larger than those for free-flowing powders, thus resulting in larger Carr indices 

and larger Hausner ratios. As a general guide, the transition between free-flowing and 

poor flowing powder is in the region of approximately 𝐶𝐼 = 0.2, which results in an 

equivalent Hausner ratio of around 1.25 [68-70]. Table 1-1 provides a qualitative 

description of powder flowability as measured by the density indices [70]: 

 

Table 1-1: Qualitative description of flow properties of powders as measured by both 

the Carr index and the Hausner ratio. 

Carr index Hausner ratio Flow Property 

≤0.10 1.00-1.11 Excellent 

0.11-0.15 1.12-1.18 Good 

0.16-0.20 1.19-1.25 Fair 

0.21-0.25 1.26-1.34 Passable 

0.26-0.31 1.35-1.45 Poor 

0.32-0.37 1.46-1.59 Very poor 

>0.38 1.60 Very, very poor 

 

However, care must be taken when using density indices to evaluate the flow of 

powders. This is because for some very poor flowing and highly cohesive powders, 

the energy applied from tapping is insufficient to disrupt the relatively strong inter-

particle interactions between adjacent particles (see below) [74]. Consequently, there 

is little change between the initial density (bulk density) and final density (tapped 

density), thus providing misleadingly small Carr indices and Hausner ratios which can 

be misinterpreted as good flowing powders. 

 

As mentioned earlier, the United States Pharmacopeia (USP38-NF33 Chapter 616) 

[71] provides guidelines to measure both the bulk and tapped densities. However, 

because these guidelines recommend either the use of relatively large amounts of 
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sample, at least 100 g, or to fill relatively large containers, the smallest of which is 25 

cm3, these guidelines may not be readily suitable for applications where only relatively 

small amounts of samples are available such as when investigating novel 

pharmaceutical systems. 

 

To overcome such hurdles, some have developed modified methods for measuring 

the densities of powders [14, 75-78]. For example, Hughes et al., 2015 [78] compared 

the bulk density (measured through the method outlined in the United States 

Pharmacopeia (USP36-NF31 Chapter 616) [79]) and the “conditioned bulk density” 

(CBD) from a commercially available powder rheometer (see below). The authors of 

[78] concluded that the CBD from the powder rheometer was comparable to the USP 

standard methods and would be suitable for early development of APIs (active 

pharmaceutical ingredient). 

 

Additionally, Thalberg et al., 2004 [75],  used a “compressed density” of dry powder 

inhaler (DPI) formulations in place of the traditionally measured tapped density. This 

was achieved by compressing a known mass of powder with a known force. The 

authors of [75] claimed that there were no significant differences between the 

“compressed density” and the traditionally measured tapped density when 

investigating carrier particles alone. This was not true, however, when measuring 

ordered mixtures as the new method resulted in slightly higher density values than the 

traditionally measured tapped density [75]. The authors of [75] attributed this to the 

fact that the new method used a piston to compress the powder and thus was able to 

compress the entire length of the powder bed, while in the traditional method of 

measuring the tapped density there is a pressure gradient along the powder bed as a 

result of the weight of powder above. 

 

Interestingly, methods such as the one described by Thalberg et al., 2004 [75] may be 

useful in overcoming the limitations of the density indices, specifically in regards to 

evaluating very poor flowing highly cohesive powders where tapping may not provide 

sufficient energy to consolidate the powder bed. In cases where a mechanical force is 

exerted to induce compression of powder beds, these methods of flow assessments 
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can be considered examples of indirect measurements of confined mechanical flow. 

The advantages of these methods are: they are relatively simple methods to assess 

flow and they are able to assess the flowability of highly cohesive powders that are 

very poor flowing. The limitation of compressibility measurements is that these 

measurements also are not able to account for the consolidation effect on powder flow. 

 

1.8.2.  Powder Avalanche 

 

Measuring powder avalanching is most commonly carried out in a rotating cylinder 

type apparatus with either a photocell array behind the rotating cylinder or a digital 

camera to detect avalanches [80, 81], while some novel apparatus use a load cell 

located underneath the rotating cylinder to detect each avalanche [82]. Examples of 

such instruments include the Revolution Powder Analyser by Mercury Scientific Inc., 

USA, the AeroFlow by TSI Inc., USA and the GranuDruM by APTIS, Belgium. 

 

In the ideal scenario when a constant volume of powder is placed in a sealed cylinder 

and rotated (see Figure 1-5) the powder is transported upwards and will reach a stage 

where it can just maintain its structure (see Figure 1-5b). The angle of the free surface 

of the powder structure to the horizontal is known as the maximum angle of stability, 

𝛼௦, sometimes referred to as the avalanche angle. Upon further rotation of the cylinder, 

the powder will avalanche under gravitational forces to create a new stable surface, 

sometimes referred to as the post avalanche position (see Figure 1-5c) [83]. As the 

cylinder continues to rotate this process repeats until the end of the experiment.  

 

 

Figure 1-5: Ideal stages of a powder avalanching experiment. 

 

(a) (b) (c) 

Starting position Critically stable Post avalanche position 

𝛼௦ 
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However, in reality there are a number of possible flow patterns a powder can have 

within a rotating cylinder: slipping, slumping, rolling, cascading and cataracting which 

are depicted in Figure 1-6 [84, 85]. 

 

 

Figure 1-6: Possible flow behaviours of a powder within a rotating cylinder. Adapted 

from Boateng et al., 1996 [85]. 

 

The slipping flow pattern occurs when the powder bed, as a whole, slips along the 

contacting wall of the rotating cylinder. The slumping flow pattern occurs when the 

powder bed is transported upwards along the rotating wall and becomes unstable, fails 

and slips, or “slumps” down the wall. Both of these flow patterns indicate that the inter-

particle interactions within the powder are greater than the wall friction of the 

contacting surface of the cylinder. Therefore, neither of these flow patterns are useful 

in evaluating powder flow. This can, however, be remedied by increasing the 

contacting wall friction by, for instance, applying a metal sieve-like mesh or sand paper 

on the inner wall of the rotating cylinder [75]. The rolling flow pattern, in contrast, is an 

indication of very good powder flow and is also a desirable flow pattern for blending 

(a) 

Slumping 

(b) 

Rolling 

(c) 

Cascading 

(d) 

Cataracting 

(e) 

Slipping 
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as this pattern promotes good particle mixing [85]. The cascading and cataracting flow 

patterns are both signs of poor powder flow. 

 

Due to the chaotic nature of avalanching, it is not possible to predict the magnitude of 

each avalanche. Instead, the time (or weight) of each avalanche is, like with many 

chaotic processes, often presented as the so-called “strange attractor plot”, where 𝑡௡  

(or 𝑊௡) forms the abscissa, while 𝑡௡ାଵ (or 𝑊௡ାଵ) forms the ordinate as depicted in 

Figure 1-7. Here, the points for the time (or mass) of consecutive avalanches are 

recorded and joined together until the end of the experiment ([𝑡ଵ, 𝑡ଶ], [𝑡ଶ,𝑡ଷ], 

[𝑡ଷ, 𝑡ସ]…[𝑡௡,𝑡௡ାଵ]) [80]. 

 

 

Figure 1-7: Simplified representation of the construction of a strange attractor plot 

during an avalanching experiment where the time of each avalanche is recorded. (a) 

Shows the construction of the first three data points of a strange attractor plot and (b) 

strange attractor plot of twenty avalanches. Adapted from Kaye et al., 1995 [80]. 

 

In such a plot, the centroid of the plot is equivalent to the Mean Time to Avalanche 

(MTA), sometimes referred to as the avalanche time, while the two-dimensional scatter 

of the plot represents the regularity of the powder flow behaviour, which may be 

represented as a so-called “avalanche standard deviation”. The flowability of a powder 

is therefore described by both the MTA and the “deviation” of the strange attractor plot. 

Generally, for a good flowing powder, a small scatter along with a small MTA value is 
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obtained, while the opposite is true for poor flowing powders where a large MTA value 

and a large deviation is obtained. 

 

However, such simplistic analysis of powder flow behaviour from powder avalanching 

can be misleading. For example, powder flow behaviours that involve slipping or 

slumping may produce low MTA values and low deviation values and thus can be 

misinterpreted as good, consistent flow behaviour. To resolve this, Lee et al., 2000 

[86] proposed a dual approach to evaluating powder flow via avalanching by taking 

both the numerical data and factoring the type of powder flow pattern that was 

observed during the avalanching experiment. As powder avalanching does not result 

in significant powder consolidation and avalanches occur from gravitational forces, the 

avalanching method can be considered an example of indirect measurements of 

unconfined gravitational flow. Limitations of the avalanching method are that the flow 

pattern of powders in a revolving cylinder can be influenced by the rate of revolution 

of the cylinder, the powder is susceptible to segregation and agglomeration and 

aeration can occur which can potentially alter the flow behaviour of the powder. The 

advantage of the powder avalanche method is that it is able to identify a range of 

powder flow behaviours in a dynamic manner. 

 

1.8.3.  Angle of Repose 

 

Imagine pouring a powder from a height onto a flat horizontal surface resulting in a 

cone-like “pile” as depicted in Figure 1-8. The angle of repose (AOR), sometimes 

referred to as the “repose angle”, is defined as the inner angle measured from the 

horizontal to the free sloping edge of the cone-like pile [70]. There are a number of 

different experimental methods with which to measure the angle of repose [87]. These 

can be loosely categorised into two types: static and dynamic. 

 

The static angle of repose is so named due to the static nature of the experiment. 

Perhaps, the most commonly used static methods are the “fixed funnel and free-

standing cone” method and the “fixed base cone” method which are recommended in 

the United States Pharmacopeia (USP38-NF33 Chapter 1174) (see Figure 1-8) [69]. 
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In the “fixed funnel and free-standing cone” method, the powder is poured through a 

funnel that is at a fixed height above the surface. The pile is built up until its apex just 

reaches the bottom of the funnel. The base of the pile is free to spread horizontally 

across the flat surface. Alternatively, in the “fixed base cone” method, the powder is 

poured through a funnel that is raised as the apex of the pile builds up to its maximum 

height. The pile base is fixed as a result of a lipped horizontal surface. In both cases, 

the internal angle of the free sloping edge to the horizontal surface is known as the 

angle of repose, 𝛼, and can be calculated from Equation (1.7): 

 

tan 𝛼 ൌ ௛

௥
 (1.7) 

 

where ℎ is the vertical distance between the base of the pile to the apex and 𝑟 is the 

radius of the base of the pile. 

 

 

Figure 1-8: Schematic of a pile of powder on a flat surface. (a) The “fixed and free-

standing cone” method and (b) the “fixed bed cone” method. 

 

As the angle of repose is the angle of the free sloping edge of a pile, significant powder 

consolidation does not occur. Consequently, the angle of repose can be considered 

an example of indirect measurements of unconfined gravitational flow. The angle of 

repose is also an indirect indicator of the relative strength of competing forces—those 

that promote the flow of powders and thus the collapse of the powder pile, namely 

gravity, and those that prevent powder flow, that is the inter-particle interactions [2]. In 
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other words, it is related to the powder’s resistance to movement between adjacent 

particles. Therefore, in general, a smaller angle of repose is associated with free-

flowing powders, while a larger angle of repose is associated with poor-flowing 

cohesive powders [27, 54, 69, 87]. Table 1-2 provides a qualitative description of 

powder flowability as measured by the angle of repose [70]. 

 

Table 1-2: Qualitative description of the flow property of powders as measured by 

angle of repose. 

 

  

However, in spite of the different methods to measure the angle of repose, they all 

suffer from the same limitations, in particular, they may not be suitable for measuring 

highly cohesive powders with very poor flow [69]. The angle of repose also does not 

take into consideration the consolidation effect on powder flow [27] and segregation 

can result, especially for samples with a wide particle size distribution.  

 

The angle of repose is likely to be dependent on factors such as the experimental 

setup, operator and method. Consequently, the reproducibility of such measurements 

is poor [87, 88] and difficulties may also arise when comparing data as they are highly- 

dependent on manual handling and slight variation in experimental setups [89]. Brown, 

1961 [90] showed that the flow of powders through different apertures can be highly 

different and thus incomparable. However, with the introduction of standard methods, 

for example ASTM D6393-14: Standard Test Method for Bulk Solids Characterization 

by Carr indices, and instruments designed to conform to such standards, these 

limitations may be mitigated. Examples of such instruments that are manufactured to 

Flow property Angle of repose (°) 

Excellent 

Good 

Fair (aid not needed) 

Passable (material may hang up) 

Poor (must agitate, vibrate) 

Very poor 

Very, very poor 

25-30 

31.35 

36-40 

41-45 

46-55 

56-65 

>66 
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comply with standards include the Micron Powder Characteristics Tester by Hosokawa 

Micron Corp., Japan and the Flowability Tester BEP2, Copley Scientific Ltd., UK [91, 

92]. 

 

The “dynamic angle of repose” is so named due to the dynamic nature of the 

experiment. Perhaps the most common of these dynamic methods is through powder 

avalanching (see above) measured by the “rotating cylinder” method (see Figure 1-5). 

Upon further rotation of the cylinder beyond the critically stable position (see Figure 

1-5b), the critically stable powder will avalanche to create a new stable surface (see 

Figure 1-5c) [83]. As the cylinder continues to rotate, the angle of the new surface of 

the powder structure to the horizontal will change (see Figure 1-5c), this angle is then 

defined as the dynamic angle of repose, 𝛼ௗ. Thus, measurements of powder flow via 

powder avalanching is regarded as dynamic measurements of flow [83]. 

 

The advantages of the angle of repose are it is one of the quickest, easiest and most 

cost-effective method to evaluate the flow of powders and thus is commonly used to 

differentiate between powders [89, 93-95]. The limitation of this method is its inability 

to account for the consolidation effect on the flow of powders. 

 

1.8.4.  Flow Through an Orifice and the Critical Orifice Diameter 

 

Within the pharmaceutical industry there are many examples where powders are 

required to flow through an orifice such as flow out of hoppers and into feed 

mechanisms of tabletting or capsule filling machines [54]. Flow through an orifice was 

traditionally measured discretely by measuring either the time required for a given 

mass/volume of powder to flow through an orifice or the mass/volume of powder to 

flow through an orifice in a given time period [96, 97]. The mean flow rate can then be 

calculated either as mass or volume per unit time. The greatest limitation of such 

measurements is the inability to profile any inconsistent flow patterns of the powder  

[98]. To rectify this, Gold et al. in 1966 [98] proposed the use of an electronic powder 

flowmeter which utilized a calibrated electronic strain gauge connected to a chart 

recorder. This is the basis of several modern apparatus. However, today, such 
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apparatus utilise an electronic balance to register the mass of powder flowing through 

the orifice. From this the mean flow rate can also be calculated. Examples of such 

apparatus include the Granulate Flow Tester by Erweka GmbH, Germany and the 

Flowability Tester BEP2 by Copley Scientific Ltd., UK [92, 99]. 

 

Advantages of this method are that it can be a quick and simple experiment to conduct 

and it usually requires very little training. Additionally, this method can be a more 

sensitive measurement of flow for powder and lubricant and/or glidant mixtures than 

other methods to evaluate powder flow, for example the angle of repose [88, 100]. 

However, care must be taken as the flow of powders through an orifice is highly 

dependent on a number of factors which not only includes the particles themselves 

but also the setup. Factors such as orifice geometry (size and shape), geometry of the 

container used (eg. funnel, hopper, cylinder etc.), as well as the material it is 

constructed of need to be considered. This being the case, there are two main ways 

in which flow through an orifice experiment can be conducted. The first is utilising a 

standardized setup. For instance, the United States Pharmacopeia (USP38-NF33 

Chapter 1174) [69] recommends a flat bottom cylindrical shaped container with a 

circular orifice with a diameter at least six times greater than the particle diameter while 

the diameter of the cylinder is at least twice the diameter of the orifice. The second 

way is to use a setup which closely simulates the real-world application where the 

powder flow will occur. For example, if a tablet blend is to be dispensed from a 

stainless steel hopper into a tablet feed mechanism, it may be useful to conduct the 

flow through an orifice experiment with a hopper constructed of the same material as 

the processing equipment and with similar geometries [54, 69]. The data provided from 

such a setup can be quite useful as the flow rate of the powder through a specific 

diameter orifice may be a useful guide for various processes, for instance, filling a 

specific capsule size or producing specific tablet sizes at a specified rate [54]. 

 

Due to the dependency on the setup of powder flow through an orifice, comparisons 

between different setups can be difficult [69, 90]. Additionally, the use of this method, 

like the angle of repose, does not take the consolidation effect on powder flow into 

consideration and is also limited to relatively free-flowing powders [69] despite there 
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being a range of setups such as the use of vibrating hoppers to aid in the flow of 

cohesive powders [98]. When gravity is the force inducing flow, measurements of flow 

rate can be considered examples direct measurements of unconfined gravitational 

flow. The advantages of the flow through an orifice method includes it being a simple 

and quick method to assess powder flow. Limitations of this method include it not being 

suitable for highly cohesive powders and the effect of consolidation on powder flow 

cannot be accounted for [101]. 

 

To aid in continuously measuring the flow of cohesive powders directly, a Finnish 

group, Intelligent Pharmaceutics Oy, recently released the FlowPro (Intelligent 

Pharmaceutics Oy, Finland). It consists of an inbuilt analytical balance interfaced to a 

computer for data acquisition and a motor to vertically tap a flat bottomed cylindrical 

stainless steel cuvette with a circular orifice diameter of 3.0 mm. The vertical tapping 

is believed to provide sufficient energy to break the cohesive inter-particle interactions 

of the cohesive powder and thus promote the flow of the powder [102]. What 

distinguishes the FlowPro from other related instruments is that it is possible to 

measure the flow of poor flowing cohesive powders with only a small amount of powder 

[102-105]. This is helpful in scenarios where only small amounts of sample are 

available. 

 

With the availability of hoppers with various sized apertures, the determination of the 

critical orifice diameter—the minimum orifice diameter required for satisfactory powder 

flow through the orifice—can be measured. Such apparatus, for example the Flodex™ 

by Hanson Research Corp., USA, consist of a container with interchangeable bases 

with a hole in the centre of various sizes [106]. Unlike the flow through an orifice 

method, the critical orifice diameter is not a direct measure of powder flow; rather it is 

a measure of the cohesive and adhesive forces of the bulk powder and the ability of 

the powder to form an arch. That is, the minimum orifice diameter is a direct measure 

of the overall attractive forces found in the bulk powder [26, 54, 107]. 
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1.8.5.  Powder Rheometer 

 

A number of dynamic systems claim to measure the apparent “rheological” properties 

of powders.  These increasingly popular systems are known as “powder rheometers”. 

Since their introduction, the concept of measuring the rheological properties of 

powders has gained much interest [108-112]. Rheological measurements on powders 

were conducted as early as the mid-1900s on fluidised powder systems [113-116]. 

These measurements were performed on fluidised powder systems so that the powder 

was more likely to behave with fluid-like properties where a “resistance to flow” exists 

[117]. This “resistance to flow” is the result of inter-particle interactions and resembles 

the concept of viscosity when describing the rheology of liquids [113-116]. 

 

This measured “resistance to flow” was extended to powders in the condensed state 

(non-fluidized powders) [118]. Here, Cole [118], used a propeller-shaped stirrer blade 

to measure the cohesiveness of powders by measuring the resistance of the powder 

bed to the rotating blade. Automated commercial powder rheometers such as the 

Powder Flow Analyser by Stable Micro Systems, UK and the FT4 Powder Rheometer® 

by Freeman Technology, UK are now available. Such instruments essentially consist 

of a vessel and a propeller type blade attached to a motor which is capable of rotating 

the blade in either direction (clockwise or counter-clockwise) whilst also lowering or 

raising the blade—all movements at a controlled rate. 

 

In the example of the FT4 Powder Rheometer®, a helical blade is used. The instrument 

continuously measures the required torque to rotate the blade at a constant rate as 

the blade is moved through the powder either in the downward or upward direction. In 

general, the more cohesive the powder, the more torque is required to continuously 

rotate the blade at a constant rate through the powder. This is because cohesive 

powders contain stronger inter-particle interactions between adjacent particles; ergo, 

the powder provides more resistance to flow. The opposite is true for free-flowing 

powders. That is, free-flowing powders have weaker inter-particles forces between 

adjacent particles and thus require less torque to cause the powder to flow. 
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Rotating the blade in either the downward and upward direction allows the instrument 

to measure the behaviour of the powder flowing in a confined space or an unconfined 

space. In the downward direction, the rotating blade has a bulldozing-like effect on the 

powder, pushing it downwards into a confined space, thereby consolidating the 

powder. As it does so, it is expected that the work required to rotate the blade at a 

constant rate will increase. This required work is referred to as the “basic flowability 

energy” (BFE) [119] and can be considered an example of indirect measurements of 

confined mechanical flow. Conversely, in the upward direction, the rotating blade lifts 

the powder into an open space; therefore, it is expected that the work required to rotate 

the blade at a constant rate reduces. This is referred to as the “specific energy” (SE) 

[119] and can be considered an example of indirect measurements of unconfined 

mechanical flow. Additionally, as the powder is being lifted upwards, there is a resulting 

effect on the powder bed, an aeration effect, which acts to condition the powder to 

remove previous powder history and consolidation [119]. These two tests together 

measure powder flow in a dynamic manner. 

 

One of the advantages claimed for the FT4 system is the automated pre-conditioning 

of the sample prior to testing [119] in which the movement and vessel design allows 

for the reproducible formation of a powder bed. As the pre-conditioning stage of the 

measurement is intended to remove sample history and to allow for uniform packing 

and consolidation of the sample powder, a significant source of variability is reported 

to be eliminated [119].  

 

In attempts to address the complexity of powders and their flow behaviours [119, 120], 

powder rheometer systems can be supplied with a wide variety of different 

attachments intended to support a variety of measurements designed to probe the 

different aspects of powder flow. For example, if one is interested in the stability of 

powder flow when the powder is continuously made to flow, the rheometer is capable 

of repeatedly testing the sample powder during a number of test cycles [119]. This 

may be of interest, for instance, from a quality control perspective where there may be 

difficulty in producing acceptable quality products. Tests also include quantitative 

investigation of the compressibility and air permeability of the sample powder. 
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The advantage of such instruments is they are capable of dynamically measuring a 

range of bulk powder flow behaviours in a repeated and continuous fashion. The 

limitation of such instruments is their lack of standardisation and thus difficulties may 

arise when comparing differing powders unless all measurements were conducted on 

the same instrument using the same method. Additionally, a common criticism of 

powder rheometers, in general, is the empirical nature of the measurements [121]. 

That is, the stresses applied to powders during measurements are not defined and are 

poorly understood and so a range of measurements are performed empirically [121]. 

Although, it should be noted that attempts to understand the stress fields of loosely 

packed powders when agitated by a rotating blade are ongoing [122-124] and these 

may provide valuable insights into the dynamic measurements that are performed by 

powder rheometers. 

 

Nonetheless, it appears that powder rheometers are filling a growing need to measure 

the bulk properties of powders in a dynamic manner and so can be an invaluable 

instrument to powder technologists and scientists alike. 

 

1.8.6.  Shear Cells 

 

Jenike recognised the importance of the consolidation effect on powder flow and also 

the lack of flow measurements that took such considerations into account. To remedy 

this, Jenike in 1961 [27, 125] developed a translational shear cell (now known as the 

Jenike shear cell) to characterise the mechanical properties of powder flow from a 

consolidated state. The shear cell essentially consists of three main parts: a stationary 

well which forms the base of the shear cell, a shear ring which sits directly above the 

base to complete a split cell system and the last component is a lid upon which carrier 

weights can be loaded to produce a known normal stress, as depicted in Figure 1-9. 

This forms the benchmark for all other shear testers [126]. 
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Figure 1-9: Translational shear cell. 

 

The base with the shear ring is filled with the test powder and the lid is put in place. A 

known weight is added to the lid to consolidate the test powder. The minimum force 

required to translate the upper portion of the shear cell horizontally is recorded. The 

experiment is then repeated for a number of different normal stresses. Unfortunately, 

such translational shear cells are generally challenging and labour-intensive to operate 

and require a large amount of sample as fresh sample must be used for each 

measurement [107]. 

 

Over the years there have been a number of different shear cells developed such as 

the annular shear cell, ring shear cell, uniaxial, biaxial and triaxial testers [127-132], 

all of which work on the same principle. For a comprehensive description of such 

testers, the reader is invited to read Schwedes, 2003 [133]. Only the rotational type 

shear testers will be covered in this chapter. 

 

Some rotational type shear testers such as the annular shear cell, for example the 

Schulze ring shear tester, the Powder Flow Tester by Brookfield Engineering, USA or 

the FT4 Powder Rheometer® by Freeman Technology, UK with a shear head 

attachment are reported to be easier to operate than translational shear cells. The 

principal advantage of the rotational shear testers over the translational shear testers 
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is that the shear displacement is not limited by the apparatus (as the displacement is 

in a circular path) [132, 134]. Consequently, the need for fresh sample is greatly 

reduced as all shear tests at each normal stress can be performed on the one sample. 

These testers work by measuring the amount of torque required to shear the powder 

for a given set of normal stresses to give a complete yield locus on a normal stress 

versus shear stress plot (see Figure 1-10) [131, 132]. From this plot, parameters to 

quantify powder flow (flow function, cohesion coefficient and angle of internal friction) 

can be determined, refer to Figure 1-10 [134, 135]. 

 

 

Figure 1-10: Typical normal stress versus shear stress plot of a cohesive powder 

showing the definition of failure properties. 𝑂 is the origin, 𝜏஼ is the cohesion, 𝜙 is the 

angle of internal friction, 𝜎௖ is the unconfined yield strength, 𝜎ଵ is the major principal 

stress and point E is the end-point of the yield locus. Adapted from Thomson, 1997 

[136]. 

 

The flow function, 𝑓𝑓௖, is defined as the ratio of the major principal stress, 𝜎ଵ, to the 

unconfined yield strength, 𝜎௖, refer to Equation (1.8). 
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The flow function can be used as a measure of powder flowability where larger values 

corresponds to easier flowing powders with the general guide as follows: 𝑓𝑓௖<1 = non-

flowing, 1<𝑓𝑓௖<2 = very cohesive, 2<𝑓𝑓௖<4 = cohesive, 4<𝑓𝑓௖<10 = easy flowing and 

𝑓𝑓௖>10 = free flowing [14, 27, 137, 138]. The cohesion coefficient, 𝜏஼, sometimes 

referred to as the cohesion, is the shear stress intercept (𝜏-axis) of the yield locus. As 

the cohesion coefficient is the intercept of the 𝜏-axis of a 𝜎,𝜏 plot, that is 𝜎 = 0, the 

cohesion coefficient can be thought of as the minimum amount of shearing stress 

required to cause a powder to flow in a hypothetical zero consolidating stress 

environment. A larger cohesion coefficient would represent a poorer flowing powder 

and vice versa [136]. The angle of internal friction (AIF), 𝜙, Figure 1-10 is the angle of 

the yield locus to the horizontal and represents the strength of the inter-particle 

interactions of the powder under consolidation [134, 139]. For poorer flowing powders, 

the angle of internal friction tends to be higher [135, 136]. Parameters derived from 

shear cell testing can be considered as examples of indirect measurements of 

consolidated flow as pre-shearing is performed prior to each shear measurement.  

 

An advantage of recent shear tester designs [140-143] is that the shear testing stage 

and the pre-shearing stage can be automated. This may help in reducing the overall 

time needed to perform an experiment. However, criticisms of rotational type shear 

testers are that, in general, a relatively large amount of sample is still required and due 

to the high dependency of powder flow on the state of consolidation/aeration of the 

powder and the fact that moderate to large consolidating pressures are used, the bulk 

performance of the sample may have been altered. Consequently, samples that have 

undergone shear testing are not recommended to be re-used. Additionally, there is a 

realistic lower limit to how little consolidation shear testers can apply during shear 

testing [144, 145]. In the ideal case, the lower limit of the shear cell would go down to 

0 Pa so that an accurate cohesion value, for example, can be determined. 

Furthermore, at low consolidation shear testing, results may be prone to higher 

degrees of errors [144]. 

 

Nevertheless, despite the complexity of the theory or the shear testers themselves, 

users should not avoid such a test because shear cells provide valuable data on the 
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properties of a powder, specifically shear cell measurements provide information on 

the flow of powders under the effects of consolidation. With these data, specifically 

designed equipment such as hoppers and silos is possible; thus, these tests are said 

to be far more useful and informative to engineers for real world applications than tests 

such as angle of repose [27]. 

 

 Improving the Flow of Powders 

 

The poor flow of fine powders can often present significant challenges to optimal 

pharmaceutical manufacturing, thus leading to economic loss [2, 3, 7, 8]. To alleviate 

some of the complications faced with working with cohesive fine powders, a number 

of strategies to improve the flow of powders have been developed. 

 

A widely used method to improve flow is through size enlargement such as 

granulation, especially in the case of low-dose oral solid dosage forms [146]. 

Granulation is a process where small particles are formed into substantially larger 

masses (granules) whilst keeping the initial particles identifiable [147]. As the particles 

are formed into substantially larger masses, the flow promoting force is substantially 

increased. Therefore, the flow of the bulk material is improved making it easier to 

handle [100, 148, 149]. Although effective in improving flowability, granulation can be 

a complex multistep process that can be time consuming and costly, especially wet 

granulation [150-152]. Alternatively, formulation strategies where cohesive fine 

powders are blended with excipients such as lubricants or flow aids, for instance, 

magnesium stearate (MgSt) and fumed silica, have been shown to be effective in 

improving the flow of fine powders [97, 100, 153-155]. However, for highly cohesive 

powders, blending may not be effective in improving flow as the blending process may 

not be sufficiently energetic to overcome the relatively strong inter-particle interactions. 

Therefore, blending may not effectively mix the excipients with the fine powder [12]. 
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1.9.1. Surface Modification 

 

An alternate route to improve the flow of fine powders is through particle engineering. 

As explained above, the surfaces of fine powders are intimately linked to the flow 

behaviour of fine powders [29], therefore, modification of the surfaces appears to be a 

logical approach to improve flowability. Solvent based coating methods such as spray 

drying, fluid bed coating or pan coating are commonly used to modify the surfaces of 

powders [156-159]. However, as these methods are typically time consuming and 

costly (due to the need for a drying step) and may also require the use of organic 

solvents that could be harmful to the environment, solvent based coating may not 

always be suitable [159, 160]. 

 

1.9.1.1. Intensive Mechanical Dry Coating 

 

In contrast to solvent based surface modification, dry coating offers the ability to modify 

the surfaces of powders without the use of liquids. There are various systems available 

to modify the surfaces of powers via dry coating such as the mechanofusion system 

(Hosokawa Micron Powder Systems, Japan), the Nara Hybridization System (NHS) 

(Nara Machinery Co., Ltd., Japan), the Magnetically Assisted Impact Coater (MAIC) 

(Aveka, Inc., USA) and the theta composer (Tokuju Corp., Japan) as well as processes 

that subject powders to high stresses, such as co-milling and high shear blending [159-

162]. The dry coating method that is of particular interest to this study is the 

mechanofusion system as it offers the ability to modify the surfaces of powders without 

significantly effecting other aspects of the powder, for instance particle size and size 

distribution which may otherwise alter the flow of the powder [10, 14, 163]. 
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Surface modification through mechanofusion (dry coating) is achieved by subjecting 

both a host powder (powder of interest) and a guest powder (surface modifier) to high 

shear and compaction stresses [14, 164]. Guest powders are typically smaller and/or 

softer than the host powder. The high stresses can be sufficiently energetic to 

deagglomerate both the host and guest powders as well as delaminate, smear and/or 

spread the softer guest powders such as MgSt on the host particles [14, 15, 165, 166]. 

In doing so, mechanofusion is able to coat host particles with guest particle, see Figure 

1-11, more effectively than processes such as traditional blending, thereby enabling a 

greater portion of the host particles to be coated [12]. 

 

 

Figure 1-11: Schematic of dry coating a host powder with a guest powder to coat the 

host particles with the guest powder. 

 

The flow of cohesive fine powers has been shown to improve after dry coating [9-13]. 

For instance, dry coating 20 µm α-lactose with 1% w/w MgSt was effective in improving 

the flow of the lactose, while the flow of 7 µm salbutamol sulphate was improved after 

dry coating with 5% w/w MgSt and the flow of 43 µm ibuprofen was also observed to 

have improved after dry coating with 1% w/w MgSt [14-16]. 
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The improvement in the flow of fine powders dry coated with MgSt has largely been 

attributed to the very thin MgSt coating altering the surface energy of the powder [157, 

166-169]. Indeed, as discussed in Chapter 1: Section 1.5.1.1, a reduction in the 

surface energy is likely to result in lowering the pull-off force required to break the 

cohesive contacts between contacting particles, thereby enhancing powder flow. 

However, other mechanisms may also contribute to the improved flow of MgSt coated 

powders. For instance, the hydrophobicity of the host powder may increase. 

Consequently, as discussed in Chapter 1: Section 1.5.2, the magnitude of the capillary 

force could decrease, thus lowering the magnitude of the inter-particle interaction. 

Overall, the mechanisms of how surface coatings such as MgSt alter the flow of 

surface modified powders remain relatively poorly understood and deserve further 

investigation. 

 

 Surface Property Measurements 

 

As discussed in Chapter 1: Section 1.5, both surface energy and wettability (or 

hydrophilicity/hydrophobicity when referring to water) can affect the magnitude of inter-

particle interactions. The wettability of powders is characterised by the contact angle 

liquid makes on the surfaces of the particles. A poorly wettable (or hydrophobic) 

surface is characterised by a large contact angle. 

 

1.10.1. Wettability Measurement 

 

1.10.1.1. Liquid Intrusion 

 

The liquid intrusion method is commonly used to measure the wettability of powders. 

The method takes advantage of the natural intrusion of a liquid into a bed of a powder, 

provided that the liquid makes a contact angle less than 90°. The principal attraction 
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of this method is that the powder does not require modifying, it remains in its bulk 

powder form as opposed to being compressed to form compacts or adhered to a 

scaffold with adhesives. In addition, especially with the introduction of automated 

instruments, the liquid intrusion method is relatively quick and simple to perform. 

 

Collectively, voids within powder beds act as small capillaries that liquids can intrude. 

The intrusion rate of liquids into powder beds is related to the contact angle of the 

liquid as described by Washburn in 1921 [170]. 

 

𝑙ଶ ൌ ௥೎ఊಽ ௖௢௦ ఏ

ଶఎ
𝑡 (1.9) 

 

where 𝑙 is the intruded distance of the liquid front at time,𝑡; 𝛾௅ is the surface tension of 

the liquid, 𝑟௖ is the effective capillary radius of the powder bed, 𝜃 is the contact angle 

of the liquid and 𝜂 is the viscosity of the liquid. 

 

However, due to difficulties in accurately visualising the liquid front as the experiment 

progresses, it is often more convenient to measure the mass of the intruded liquid 

rather than the intruded distance. For a cylindrical powder bed, the relationship 

between the mass of the intruded liquid and the distance of the liquid is given by [171]: 

 

𝑚 ൌ 𝜋𝑅௖
ଶ𝑙𝜌𝜀 (1.10) 

 

where 𝑚 is the mass of the intruded liquid, 𝑅௖ is the internal radius of the cylindrical 

column, 𝜌 is the density of the liquid and 𝜀 is the porosity of the powder bed. 

 

Substituting Equation (1.10) into Equation (1.9) gives the “modified” Washburn 

equation: 
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𝑚ଶ ൌ ஼ఘమఊಽ ୡ୭ୱ ఏ

ఎ
𝑡 (1.11) 

 

where 𝐶 ൌ ௥೎

ଶ
ሺ𝜋𝑅௖

ଶ𝜀ሻଶ and is termed the material constant. This parameter reflects the 

packing geometry of the particles in the powder bed. As can be noted, a plot of mass 

squared versus time would result in a straight line. The gradient of this line can be 

used to determine the contact angle of the liquid. 

 

However, as there are two unknown variables in Equation (1.11)—the material 

constant, 𝐶, and the contact angle, 𝜃—the contact angle of the liquid cannot be 

determined directly with one liquid only. Consequently, another liquid must be used to 

determine the material constant. This is achieved by using a perfectly wetting liquid, 

which means having a contact angle of 0° to the powder, to act as the reference liquid, 

indicated by subscript 𝑟. Thus, Equation (1.11) can be reduced to: 

 

௠ೝ
మ

௧ೝ
ൌ ஼ೝఘೝ

మఊಽೝ

ఎೝ
 (1.11a) 

 

where 𝑐𝑜𝑠𝜃௥ ൌ 1 as 𝜃௥ ൌ 0°. 

 

For a probe liquid, indicated by subscript 𝑝, it follows that: 

 

௠೛
మ

௧೛
ൌ

஼೛ఘ೛
మఊಽ೛ ୡ୭ୱ ఏ೛

ఎ೛
 (1.11b) 

 

As liquid intrusion experiments require the powder bed to be completely wetted by the 

liquid, powder beds can only be used once. Therefore, additional powder beds must 

be prepared for each liquid. If the powder beds consist of the same powder material 

and are prepared by a standardised packing procedure, it is usually assumed that the 

material constants of the powder beds are identical—that is, 𝐶௣ ൌ 𝐶௥ [172-177]. 

Therefore, substituting Equation (1.11a) into Equation (1.11b) gives: 

 

cos 𝜃௣ ൌ
ఘೝ

మఊಽೝఎ೛

ఘ೛
మఊ೛ఎೝ

⋅
௠೛

మ ௧ೝ

௠ೝ
మ௧೛

 (1.12) 
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which can be simplified to the following equation: 

 

cos 𝜃௣ ൌ 𝐹௟ ⋅
ீ௥௔ௗ௜௘௡௧೛

ீ௥௔ௗ௜௘௡௧ೝ
 (1.13) 

 

where 𝐹௟ ൌ
ఘೝ

మఊಽೝఎ೛

ఘ೛
మఊ೛ఎೝ

 and is termed the liquid factor. 

 

Also, as powders must come in contact with the probe and reference liquids during 

liquid intrusion experiments, powders may potentially dissolve, thereby altering the 

surfaces of the constituting particles (even if only a small amount of the powder 

dissolves). Consequently, the liquid intrusion method is only suitable for powders that 

do not dissolve in both the probe and reference liquids. 

 

 Surface Energy Measurements 

 

As discussed earlier (Chapter 1: Section 1.5.1.1), the surface energy of powders 

affects the adhesive/cohesive forces that exist between two surfaces. Consequently, 

the ability to measure the surface energy of pharmaceutical powders is of great 

interest. Here, two methods are discussed on how this can be achieved: the contact 

angle method and inverse gas chromatography (IGC). 

 

1.11.1. Contact Angles 

 

The contact angle of liquids is governed, in part, by the surface energy of the solid, as 

described by Young’s equation [178, 179]. Thus, a selection of liquids can be used to 

probe powders to determine their surface energies. To determine the dispersive 

component, a completely apolar liquid should be used, while polar liquids need to be 

used to determine the polar component. With the contact angles of these different 

liquids known, the surface energy can be determined through one of the following 

methods: 
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1.11.1.1. Zisman’s Method: the Critical Surface Tension 

 

Fox and Zisman introduced the concept of the critical surface tension, 𝛾௖, for wetting 

of solids, where liquids with surface tensions greater than 𝛾௖ will not wet the solid 

surface [180]. By determining the contact angle of a range of liquids on the solid 

sample surface, Zisman and co-workers showed that a plot of cos 𝜃 vs. 𝛾௅ fell close to 

a linear line or within a narrow rectangular band [181]. The corresponding 𝛾௅ value that 

intercepts the cos 𝜃 ൌ 1 line is noted as the critical surface tension [181]. However, 

Zisman cautioned the use of critical surface tensions as a measure of surface energies 

as 𝛾௖ is only an empirical value [180]. Nevertheless, 𝛾௖ provides useful information 

regarding the wetting of liquids and the energetics of solids [181]. 

 

Although Zisman’s method appears to be relatively simple and straight forward, this 

method is better suited for non-polar liquids wetting low-energy solids [180, 182, 183]. 

The critical surface tension only describes the dispersive component of the surface 

energy of a solid surface [184]. 

 

1.11.1.2. Fowkes’ Method 

 

In 1964, Fowkes [37] used the geometric mean method, first proposed by Girifalco and 

Good [45], to split the different components of the interfacial tension between two 

surfaces and proposed the following equation: 

 

𝛾ௌ௅ ൌ 𝛾ௌ ൅ 𝛾௅ െ 2ඥ𝛾ௌ
஽𝛾௅

஽ (1.14) 

 

By substituting Young’s equation into Equation (1.14), the following equation is known 

as the Young-Fowkes equation: 

 

cos 𝜃 ൌ െ1 ൅ 2ඥ𝛾ௌ
஽ ቆටఊಽ

ವ

ఊಽ
ቇ (1.15) 
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The dispersive component of the surface energy, 𝛾ௌ
஽, can then be calculated through 

the transposition of Equation (1.15). As can be seen, the use of the Young-Fowkes 

equation also only applies to systems where only non-polar interactions occur. It 

should be stated that the Fowkes method is better suited for high surface tension 

liquids on low-energy solids such as polymers [37]. 

 

1.11.1.3. Owens-Wendt: the Two Components Method 

 

Following on from Fowkes, Owens and Wendt [46] added a polar component to give 

the following Owens-Wendt equation: 

 

1 ൅ cos 𝜃 ൌ 2ඥ𝛾ௌ
஽ ቆටఊಽ

ವ

ఊಽ
ቇ ൅ 2ඥ𝛾ௌ

௉ ቆටఊಽ
ು

ఊಽ
ቇ (1.16) 

 

In order to determine the dispersive component, 𝛾ௌ
஽, and the polar component, 𝛾ௌ

௉, of 

the surface energy, two probe liquids with known dispersive and polar surface 

tensions, that is, known values for 𝛾௅
஽ and 𝛾௅

௉, must be used. The values of 𝛾ௌ
஽ and 𝛾ௌ

௉ 

can then be determined. The total surface energy, 𝛾ௌ
், is then found through the 

summation of 𝛾ௌ
஽ and 𝛾ௌ

௉. 

 

1.11.1.4. Wu’s Harmonic Mean Method 

 

In 1971, Wu proposed an alternative method for determining the surface energy of 

surfaces [185]. Instead of utilising the geometric mean approach originally proposed 

by Girifalco and Good [45], Wu utilised a harmonic mean approach to give the following 

equation: 

 

𝛾௅ሺ1 ൅ cos 𝜃ሻ ൌ ସఊೄ
ವఊಽ

ವ

ఊೄ
ವାఊಽ

ವ ൅ ସఊೄ
ುఊಽ

ು

ఊೄ
ುାఊಽ

ು (1.17) 

 

It should be noted that in Wu’s method two possible values can be obtained for 𝛾ௌ
஽ and 

𝛾ௌ
௉. Determining which of the two values is the real surface energy can often be difficult 
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but may simply involve logical thinking, especially if a negative number is obtained 

[186]. 

 

1.11.1.5. Good-van Oss: the Three Components Method 

 

The approach that Good, van Oss and Chaudhury took is to split surface energy into 

three components—a dispersive interaction, 𝛾஽, an acidic interaction, 𝛾ௌ
ା, and a basic 

interaction, 𝛾ௌ
ି [44, 187-189]. These acid-base interactions are otherwise referred to 

as “polar” or “specific” interactions [61, 173, 190-192]. The authors proposed the 

following which is known as the Good-van Oss equation: 

 

𝛾௅ሺ1 ൅ cos 𝜃ሻ ൌ 2 ቀඥ𝛾ௌ
஽𝛾௅

஽ ൅ ඥ𝛾ௌ
ା𝛾௅

ି ൅ ඥ𝛾ௌ
ି𝛾௅

ାቁ (1.18) 

 

where, 𝛾ௌ
ା and 𝛾ௌ

– are the Lewis acid and Lewis base parameters of surface energy, 

respectively, while 𝛾௅
ା and 𝛾௅

– are the Lewis acid and Lewis base parameters of surface 

tension, respectively. 

 

In order to determine the values of 𝛾ௌ
஽, 𝛾ௌ

ା and 𝛾ௌ
ି, three probe liquids with known 𝛾௅

஽, 

𝛾௅
ି and 𝛾௅

ା must be used. This forms three equations which can be solved 

simultaneously to determine the surface energy of the sample where the specific 

energy, 𝛾௉, of the sample is determined with the following equation [44]: 

 

𝛾ௌ
௉ ൌ 2ඥ𝛾ௌ

ା𝛾ௌ
ି (1.19) 

 

The total surface energy, 𝛾ௌ
், can then be calculated by the summation of 𝛾ௌ

஽ and 𝛾ௌ
௉. 

 

1.11.2. Inverse Gas Chromatography 

 

In the late 1960’s, the development of a chromatographic method provided material 

scientists with the ability to measure the surface energy of solids [193]. This method 

is known as inverse gas chromatography (IGC). Similar to conventional gas 

chromatography (GC), IGC employs a stationary phase and a mobile phase. However, 
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in IGC, the stationary phase of an IGC is the sample of interest such as a powder, 

while the mobile phase comprises a series of known vapour probes [194, 195]. 

 

IGC can be performed under infinite dilution conditions, or “zero surface coverage”, 

where very small amounts of vapour probes are introduced to the stationary phase. 

Hence, Henry’s Law is obeyed and the so-called probe-probe interactions are 

considered to be negligible, thereby leaving only the probe-sample interactions 

present [195, 196]. Vapour probes introduced to the stationary phase will 

predominantly interact with certain sites on the surface of the sample. That is, 

dispersive probes, such as n-alkanes, predominantly interact with non-polar sites on 

the surface through dispersive interactions. Lewis acid and Lewis base vapour probes 

predominantly interact with basic and acidic sites on the surface, respectively, 

predominantly through specific interactions (electron-acceptor/donor interactions) 

and, to a lesser extent, through dispersive interactions as these interactions are innate 

[43]. 

 

The affinity of the vapour probes to these sites determines the retention volume of the 

probe (the volume of mobile phase required to elute the probe through the stationary 

phase). The net retention volume (the retention volume minus the hold-up volume), 

𝑉ே, of the dispersive probe is related to the free energy of desorption and adsorption, 

and the dispersive energy component of the total surface energy by [197]: 

 

Δ𝐺஽
୭ ൌ െΔ𝐺஺

୭ ൌ 𝑅𝑇 ln 𝑉ே ൅ 𝐶 ൌ 2𝑁஺ඥ𝛾ௌ
஽𝑎ඥ𝛾௅

஽ ൅ 𝐾 (1.20) 

 

where Δ𝐺஽
୭ and Δ𝐺஺

୭ are the free energy of desorption and adsorption, respectively, 𝑅 

is the ideal gas constant, 𝑇 is the temperature in Kelvin, 𝑎 is the cross-sectional area 

of the vapour probe molecule, 𝑁஺ is Avogadro's number, 𝛾ௌ
஽ is the dispersive energy 

component of the solid, 𝛾௅
஽ is the dispersive energy component of the probe in the 

liquid state and 𝐾 is a constant 
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If a plot of 𝑅𝑇 ln 𝑉ே versus 𝑎ඥ𝛾௅
஽ is constructed for the dispersive probes, the n-

alkanes, a straight line is obtained, termed the alkane line (see Figure 1-12). From 

this, the slope of the alkane line can be used to determine 𝛾ௌ
஽: 

 

𝛾ௌ
஽ ൌ ቀ௦௟௢௣௘

ଶேಲ
ቁ

ଶ
 (1.21) 

 

Figure 1-12: Typical plot of 𝑅𝑇 ln 𝑉ே vs. 𝑎ሺ𝛾௅
஽ሻ

భ
మ where data from the dispersive probes 

(○) falls within a straight line, while data from specific probes (□) lies above the alkane 

line. Image adapted from [197]. 

 

Because polar probes interact with both specific and dispersive interactions and the 

two interactions are additive, data from these probes will lie above the alkane line (see 

Figure 1-12) [44, 197]. The difference of ordinates between the alkane line and the 

data point corresponding to the given polar probe is known as the specific free energy, 

Δ𝐺ௌ௉, and is given by the left hand side of Equation (1.22) [197]. This value provides 

a measure of the strength of the interaction between the specific probe and the surface 

of the sample. However, the specific free energy is in units of energy per mole (kJ/mol), 

while the dispersive energy component, 𝛾ௌ
஽, is in units of energy per square meter 
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(mJ/m2). This not only makes it difficult to directly compare the two quantities but it is 

also difficult to obtain the overall surface energy of the surface. In order to rectify this, 

harmonization of the units is achieved through the use of Avogadro's number and the 

cross-sectional area of the vapour probe molecule. The specific free energy is related 

to the polar components of the surface energy by the equation proposed by Good-van 

Oss [188] (right hand side of Equation (1.22)): 

 

𝑅𝑇 ln ௏ಿ

௏ಿೝ೐೑ ൌ Δ𝐺ௌ௉ ൌ 2𝑎𝑁஺ൣඥ𝛾௅
ା𝛾ௌ

ି ൅ ඥ𝛾௅
ି𝛾ௌ

ା൧ (1.22) 

 

where 𝑉ே
௥௘௙ is the retention volume corresponding to a dispersive probe, 𝛾௅

ା is the 

electron-acceptor parameter of the acidic probe molecule, 𝛾ௌ
ି is the electron-donor 

parameter (basic site) of the solid’s surface, 𝛾௅
ି is the electron-donor parameter of the 

basic probe molecule and 𝛾ௌ
ା is the electron-acceptor parameter (acidic site) of the 

solid’s surface 

 

In order to determine the values of 𝛾ௌ
ା and 𝛾ௌ

ି for the sample material, it is necessary 

to utilise a Lewis base and a Lewis acid with known values of 𝛾௅
ି and 𝛾௅

ା for each 

probe. The polar component of the surface energy, 𝛾ௌ
௉, can then be calculated with 

Equation (1.19). 

 

However, criticism of infinite dilution measurements arises from the fact that only very 

low concentrations of the vapour probes are used [198]. Therefore, according to gas 

adsorption theories [199, 200], the frequency of occupancy of vapour probes are much 

more prevalent on higher energy sites than sites with lower surface energies. That is, 

only the highest surface energy sites are probed, which is estimated to be less than 

0.1% of the total surface [201]. The disadvantage of measurements at infinite dilution 

is obvious, they are unlikely to provide a complete representation of the entire 

energetics of the total surface of the sample. 

 

Alternatively, IGC can also be performed under finite concentration conditions where 

higher amounts of probe vapour are introduced to the stationary phase. By doing so, 

a larger portion of the surface may be probed, thus allowing for a distribution of surface 
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energies to be measured [198, 202]. Although IGC at finite concentration may provide 

more information about the distribution of the surface energies of the sample, it is, 

however, less well defined as the probe-probe interactions may become increasingly 

prominent at higher probe concentrations. 

 

 Thesis Statement 

 

Dry coating, such as mechanofusion, is an attractive approach to improve the flow of 

fine powders by altering the surfaces of the powders. Although dry coating fine 

powders with MgSt via mechanofusion has been shown to be effective in improving 

the flow of fine powders, the mechanism of how flow is improved remains relatively 

poorly understood. The improvement has largely been attributed to the MgSt coating 

decreasing the surface energy of the powder, thereby lowering the pull-off force to 

break the cohesive contacts. However, as the powders are now coated with a 

hydrophobic material, the contact angle of water to the surface modified powders may 

have also increased. With larger contact angles, the magnitude of capillary forces 

within the powders are expected to decrease, which may contribute to the 

improvement in the flow of the fine powders. To date, there has been little research 

exploring the influence of the MgSt coating on the hydrophobicity of MgSt coated 

powders and its contribution to the improved flow of the powders. This thesis aims to 

provide further insights into the mechanisms involved in the improvement of powder 

flow as a result of dry coating cohesive fine powders with the pharmaceutical lubricant 

MgSt. 

 

 Aims and Objectives 

 

1. To modify the surfaces of a fine powder with magnesium stearate through 

mechanofusion. 

2. To measure the flowability of the fine powder as well as the surface modified 

powder. 

3. To measure the surface energy of the fine powder as well as the surface 

modified powder. 
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4. To measure the surface hydrophobicity of the fine powder as well as the surface 

modified powder. 

5. To evaluate the relationship of the surface energy and hydrophobicity of the 

powders to the flowability of the powders. 
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 Surface Modification and Physical 

Characterisation of a Model Pharmaceutical Powder 

 

 Commentary 

 

A core objective of this thesis was to measure the hydrophobicity of powders (thesis 

objective 4). This can be achieved by measuring the contact angle of water to the 

powder via the liquid intrusion method. However, as this method requires the powder 

to come in contact with both water and a reference liquid, the powder may potentially 

dissolve which would likely alter the surfaces of the powder. To overcome this 

challenge, micron-sized glass beads (MGB) were selected to be a model 

pharmaceutical powder as they were not likely to dissolve in water or liquids that may 

be used as the reference liquid. Furthermore, an additional advantage of using MGB 

as a model pharmaceutical powder is that it is possible to alter the surfaces of the 

powder whilst keeping other aspects of the powder, such as its morphology, particle 

size and size distribution, unchanged. Consequently, any changes to the flowability of 

the engineered powders would due to their modified surfaces. 

 

The method of coating the surfaces of MGB with magnesium stearate using 

mechanofusion is described in this chapter. Also included is the physical 

characterisation of the dry coated powder.  

 

 Materials 

 

Micron-sized glass beads (Cospheric LLC, CA, USA) were used as a model 

pharmaceutical powder. Magnesium stearate NF (MgSt), was obtained from 

Mallinckrodt Baker Inc. (NJ, USA). Milli-Q water was produced from a Direct-Q® 3 UV 

Water Purification System (Merck KGaA, Hesse, Germany). All materials were used 

as received. 
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 Methods 

 

2.3.1. Particle Engineering via Dry Coating 

 

Dry coating of MGB with MgSt was achieved with an AMS-Mini mechanofusion system 

(Hosokawa Micron Powder Systems, Osaka, Japan). Prior to dry coating, 

approximately 20 g of MGB with varying levels of MgSt (0.05, 0.1, 0.175, 0.25, 0.5, 

0.75, 1 and 2% w/w) was blended in a tumble mixer (Turbula® T2F, Glen Mills Inc., 

NJ, USA) at 101 rpm (revolutions per minute) for 10 mins. The blended samples were 

then dry coated at 500 rpm for 2 mins and then 3000 rpm for another 10 mins with a 

Nobilta angled blade process head. Water (22±2° C) was circulated through the built-

in water jacket to prevent the temperature within the processing chamber from 

exceeding 25° C. The dry coated samples were noted as M-MGB-X, where X is the 

weight percentage of the MgSt level. 

 

2.3.2. Laser Diffraction 

 

The particle size and size distribution of the samples were measured via laser 

diffraction (Mastersizer® 2000, Malvern Instruments, Worcestershire, UK) equipped 

with a sample dispersion unit (Hydro 2000S, Malvern Instruments, Worcestershire, 

UK). Approximately 100 mg of sample powder was sonicated in approximately 10 ml 

of Milli-Q water for 10 mins prior to particle sizing. Sample dispersion was achieved 

with a stirrer speed of 2000 rpm and ultrasound at 100% with an obscuration range of 

5-10%. Particle size analysis was calculated with a reference refractive index of 1.33 

for Milli-Q water and 1.51 for the sample powders (Cospheric LLC, CA, USA) [1]. The 

particle size distribution was described by the volume median diameter (VMD), 𝑑ଵ଴ 

(diameter at 10% under size), 𝑑ହ଴ (diameter at 50% undersize) and 𝑑ଽ଴ (diameter at 

90% undersize). Averages were calculated from replicates of three. 
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2.3.3. Scanning Electron Microscopy 

 

The morphology of the powders was investigated via scanning electron microscopy 

(SEM) (Phenom™, Phenom-World, Eindhoven, The Netherlands). Each sample was 

prepared by slowly pouring a small amount of powder onto double-sided carbon tape 

mounted on a sample holder. Any excess powder not adhered to the tape was gently 

blown off with a stream of compressed air. Samples were sputter coated with gold 

(Emitech K550X, Quorum Technologies Ltd., Kent, UK) with a coating current of 25 

mA for 6 minutes. 

 

2.3.4. Statistical Analysis 

 

Statistical analysis was achieved with a one-way analysis of variance (ANOVA) with a 

Tukey’s post hoc analysis where a significant difference was obtained if 𝑝 < 0.05 (IBM 

SPSS Statistics v23, IBM Corp., NY, USA). 

 

 Results 

 

2.4.1. Observations 

 

Visual observations of MGB readily showed that the powder typically existed as 

relatively large agglomerates. M-MGB-0.05, however, typically formed substantially 

smaller agglomerates. Samples dry coated with higher levels of MgSt no longer 

showed obvious signs of agglomerate structures. 

 

2.4.2. Particle Size Analysis 

 

The data obtained from the laser diffraction investigation, presented in Figure 2-1 and 

Table 2-1, shows that the uncoated glass powders had a 𝑑ହ଴ of approximately 10 µm 

with a 𝑑ଵ଴ and a 𝑑ଽ଴ of approximately 6 µm and 17 µm, respectively. Furthermore, it is 

also observed that dry coating the glass particles with different amounts of MgSt does 

not significantly (𝑝 > 0.05) alter the particle size nor the size distribution of the powder. 
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Figure 2-1: Average particle size distribution of uncoated and coated MGB. 𝑛 = 3. 
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Table 2-1: Particle size distribution of MGB and M-MGB-X. Parenthesis represent 

standard deviation. 𝑛 = 3. 

Sample Particle size (µm) Span 

 𝒅𝟏𝟎 𝒅𝟓𝟎 𝒅𝟗𝟎  

MGB 5.7 (0.1) 9.9 (0.1) 16.7 (0.4) 1.1 (0.04) 

M-MGB-0.05 5.9 (0.3) 10.0 (0.4) 16.4 (0.7) 1.0 (0.04) 

M-MGB-0.1 5.9 (0.3) 10.0 (0.5) 16.7 (0.8) 1.1 (0.01) 

M-MGB-0.175 5.9 (0.1) 10.1 (0.1) 16.8 (0.1) 1.1 (0.01) 

M-MGB-0.25 5.9 (0.2) 10.3 (0.01) 17.5 (0.3) 1.1 (0.04) 

M-MGB-0.5 5.9 (0.3) 10.2 (0.3) 17.1 (0.4) 1.1 (0.1) 

M-MGB-0.75 5.8 (0.1) 10.2 (0.1) 17.3 (0.5) 1.1 (0.04) 

M-MGB-1 5.7 (0.1) 10.2 (0.3) 17.3 (0.8) 1.1 (0.04) 

M-MGB-2 5.7 (0.1) 10.2 (0.1) 17.5 (0.2) 1.2 (0.003) 

 

2.4.3. Powder Morphology 

 

Representative SEM images of the samples are presented in Figure 2-2. It can be 

observed that the uncoated glass particles were spherical. Additionally, it was also 

observed that dry coating the glass powders does not alter their morphology. 
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Figure 2-2: Representative SEM of: (a) MGB, (b) M-MGB-0.05, (c) M-MGB-0.1, (d) M-

MGB-0.175, (e) M-MGB-0.25, (f) M-MGB-0.5, (g) M-MGB-0.75, (h) M-MGB-1 and (i) 

M-MGB-2. All images are at 3000x magnification. 

 

 Conclusions 

 

Surface modification of micron-sized glass beads (MGB) with a 𝑑ହ଴ of approximately 

10 µm was achieved by dry coating MGB with varying amounts of magnesium stearate 

(MgSt) via mechanofusion. Particle size analysis showed that dry coating MGB with 

(e) 

(a) (b) (c) 

(d) (f) 

(g) (h) (i) 
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MgSt did not significantly alter the particle size or size distribution of the engineered 

powders, while SEM analysis showed that the morphology of the host powder was 

spherical. 
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 Development of New Experimental Methods 

 

 Commentary 

 

One of the core objectives of this thesis was to evaluate the importance of both the 

surface energy and hydrophobicity of engineered powders (Thesis Objective 3 and 

Thesis Objective 4, respectively). The surface energies of the samples were measured 

by inverse gas chromatography. However, when using MGB that had been dry coated 

with MgSt, the inverse gas chromatography over-pressured which prevented the 

surface energy of the samples to be measured. To resolve this, a new method was 

developed to decrease the pressure drop across the stationary phase of the inverse 

gas chromatography system, thereby allowing the surface energy to be measured. 

The first part of this chapter presents a publication detailing this new method [1]. 

 

The hydrophobicity of the samples was measured via the liquid intrusion method. For 

this method, two liquids are required: the probe liquid (in this case water) and a 

perfectly wetting liquid as a reference liquid. The standard approach of selecting the 

reference liquid is selecting a liquid with a low surface tension and assume that this 

liquid will perfectly wet the samples. However, this assumption does not always hold 

true. Additionally, the analysis of data obtained from the liquid intrusion method 

requires division of a set of intrusion rates of the probe liquid with a set of intrusion 

rates of the reference liquid. However, from the literature, there does not appear to be 

a standardised way of doing this. The second part of this chapter presents a 

publication that proposes a new experimental approach for the selection of a reference 

liquid [2]. It also describes ways to divide the rates of intrusion of the probe liquid with 

the rates of intrusion of the reference liquid. 

 

This chapter was published in: Tan G, Qu L, Morton DAV, Larson I, A strategy to 

evaluate the surface energy of high packing efficiency fine powders via inverse gas 

chromatography, Powder Technol. 320(2017) 470-3 and Tan G, Morton DAV, Larson 

I, Strategies to analyse data obtained from liquid intrusion experiments of loose porous 

materials, J Pharm Biomed Anal. 145(2017) 711-7. 
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 Part I: A Strategy to Evaluate the Surface Energy of High Packing Efficiency 

Fine Powders via Inverse Gas Chromatography 

 

3.2.1. Introduction 

 

Determination of the surface energy of a fine powder is of particular interest to many 

material applications, as this energy is directly related to their cohesive inter-

particulate interactions. Thus, the surface energy can influence the bulk performances 

of powders, such as powder flow out of a hopper and into a tablet die during 

pharmaceutical tablet manufacturing [3-7]. One of the most common methods to 

measure the surface energy of bulk powders is through inverse gas chromatography 

(IGC) [8-14]. Similar to conventional gas chromatography (GC), IGC consists of a 

stationary phase and a mobile phase. However, unlike GC methods, the stationary 

phase of IGC is the sample of interest, in this case a powder, while the mobile phase 

comprises a series of known vapours [15, 16]. However, not all powders are suitable 

for IGC analysis. For example, the porosity or the packing efficiency of a powder bed 

can be a critical factor in determining whether the powder is suitable to form the 

stationary phase of an IGC. 

 

Generally, powders that either consist of relatively large particle sizes or that are highly 

cohesive tend to have packing efficiencies that are likely to produce appropriately 

porous powder beds [7]. Accordingly, the pressure drop across the stationary phase 

is likely to be within measurable limits and thus over-pressuring of the system is 

unlikely. Conversely, powders with high packing efficiencies, for instance free-flowing 

fine powders, are likely to produce powder beds with low porosity [7]. The mobile 

phase can then experience a much higher resistance while passing through the 

stationary phase; thus, the pressure drop across the stationary phase can exceed the 

upper measurable limit: the system over-pressures. This can be problematic to surface 

energy determination as accurate retention volumes for the vapour probes cannot be 

determined, where the compression of the mobile phase within the column cannot be 

corrected for [17]. Clearly, a robust methodology to determine the surface energy of 

high packing efficiency powders which otherwise produce over-pressuring is required. 
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Anecdotal evidence suggests that blending free-flowing fine powders with large carrier 

particles may aid in increasing the porosity of the resultant powder bed; thus, in theory, 

reduce the likelihood of the system over-pressuring. However, the concern here is that 

a foreign surface is introduced. This may, therefore, influence the surface energy 

determination as the vapour probes could potentially probe the surface of the carrier 

particles instead of the sample of interest and thus provide misleading surface energy 

data. However, this could be resolved for carrier particles with silanized surfaces, for 

instance larger-sized silanized glass powders, as their surface energy is expected to 

be low. Consequently, as the probes are assumed to interact primarily with the highest 

energy sites [18-21], it is expected that the surface of such carrier particles can be 

considered inert. Additionally, because the carrier particles are much larger than the 

powders of interest, the total surface area presented by the carrier particles would be 

significantly smaller than the surface area of the powder of interest. Thus, in theory, 

the large carrier particles should not interfere to any meaningful extent with the surface 

energy analysis. 

 

The purpose of this paper is to evaluate the suitability of blending larger-sized silanized 

glass particles with free-flowing fine powders to reduce the pressure drop across the 

stationary phase, thereby decreasing the likelihood of over-pressuring the system. 

Additionally, this paper aims to determine whether the introduction of carrier particles 

influences the measurement of the surface energy (including its components) of a fine 

powder. 

 

3.2.2. Materials and Methods 

 

3.2.2.1. Materials 

 

The model pharmaceutical active used for surface energy measurements was micron-

sized glass beads (MGB), 𝑑ହ଴ = 10 µm, which was procured from Cospheric LLC (CA, 

USA). Magnesium stearate NF (MgSt) was obtained from Mallinckrodt Baker Inc. (NJ, 

USA). The carrier particles used were commercially available 250 µm pre-silanized 

glass beads, which were obtained from Sigma-Aldrich Co. LLC. (MO, USA). All 
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silanized glass wool and pre-silanized glass columns were purchased from Surface 

Measurement Systems Ltd. (London, UK). GC grade decane, nonane, octane, 

heptane, hexane, dichloromethane and toluene were obtained from Sigma-Aldrich Co. 

LLC. (MO, USA). All materials were used as received. 

 

3.2.2.2. Dry Coating 

 

Dry coating of MGB with MgSt was achieved in an AMS-Mini mechanofusion system 

(Hosokawa Micron Corp., Osaka, Japan). Prior to dry coating, approximately 20 g of 

MGB with 0.1% w/w MgSt was blended in a tumble mixer (Turbula® T2F, Glen Mills 

Inc., NJ, USA) at 101 rpm (revolutions per minute) for 10 mins. The blended samples 

were then dry coated at 500 rpm for 2 mins and then 3000 rpm for another 10 mins 

with a Nobilta angled blade process head. Water (22±2° C) was circulated through the 

built-in water jacket to prevent the temperature within the processing chamber from 

exceeding 25° C. The dry coated samples are noted as M-MGB-0.1. 

 

3.2.2.3. Blending Fine Powders with Carrier Particles 

 

Blends of MGB with carrier glass beads (CGB) and M-MGB-0.1 with CGB was 

achieved by gentle agitation using a smooth-surface mortar and pestle for 

approximately 2 mins with MGB:CGB and M-MGB-0.1:CGB proportions as described 

in Table 3-1. 
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Table 3-1: Mass and blend proportion of MGB and CGB. 

Sample ID Mass of 

MGB (g) 

%CGB 

(w/w) 

Estimated Relative 

Surface Area (MGB:CGB)‡ 

MGB_0.2-0 0.2 0  

MGB_0.6-0 0.6 0  

MGB_0.7-0 0.7 0  

MGB_1.2-0 1.2 0  

MGB_1.5-0 1.5 0  

MGB_2.3-0 2.3 0  

M-MGB-0.1_1.2-0 1.2 0  

MGB_0.2-95 0.2 95 822 

MGB_1.5-50 1.5 50 15625 

MGB_0.7-50 0.7 50 15625 

MGB_0.7-70 0.7 70 6696 

MGB_0.7-80 0.7 80 3906 

M-MGB-0.1_1.2-70 1.2 70 6696 

‡Calculation based on monodisperse spherical particles with a diameter of 250 µm for 

CGB and 10 µm for both MGB and M-MGB-0.1. 

 

3.2.2.4. Surface Energy Measurements 

 

The surface energy of MGB and M-MGB-0.1 was determined with the use of an 

inverse gas chromatography instrument (iGC 2000, Surface Measurement Systems 

Ltd., London, UK) at infinite dilution. 

 

The powder samples and blended samples (see Table 3-1) were packed into pre-

silanized glass columns (300 x 4 mm ID). Both ends of the column were loosely 

stoppered with silanized glass wool to prevent sample movement. Packed columns 

were then gently tapped manually until no visible signs of voids, cracks, or channels. 

 

Prior to surface energy measurements, the samples were first pre-conditioned with a 

stream of helium at a flow rate of 10 sccm (standard cubic centimetre per minute) for 
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a period of 120 mins at 303.15 K and 0% RH (relative humidity). To measure the 

surface energy, helium at 10 sccm was used to carry a series of n-alkane probes (GC 

grade decane, nonane, octane, heptane and hexane) and specific probes 

(dichloromethane and toluene) through the stationary phase to determine the 

dispersive surface energy, 𝛾ௌ
஽, and the specific free energy, Δ𝐺ௌ௉, respectively. The 

concentration used for all probes was at 0.03 𝑝/𝑝଴ (where 𝑝 is the partial pressure and 

𝑝଴ is the saturation vapour pressure) and the system was kept at 303.15 K and 0% 

RH. Dead volumes were based on the elution time of methane gas at 0.03 𝑝/𝑝଴; 

detection of the probes was achieved with a flame ionization detector (FID). Results 

were analysed via SMS-iGC analysis software v1.3 (Surface Measurement Systems 

Ltd., London, UK). Replicates of 3 were conducted for all samples. 

 

𝛾ௌ
஽ of the sample and Δ𝐺ௌ௉ of both dichloromethane and toluene was calculated with 

the Schultz method [22]. However, through this method, Δ𝐺ௌ௉ is obtained in units of 

energy per mole (kJ/mol), while 𝛾ௌ
஽ is in units of energy per area (mJ/m²). The 

harmonization of these units was achieved through the use of Avogadro’s number and 

the cross-sectional area of the vapour probe (refer to Table 3-2) [9, 17, 23, 24]. Δ𝐺ௌ௉ 

is related to the polar surface energy through the concept presented by Good-van Oss 

[25], Equation (3.1): 

 

Δ𝐺ௌ௉ ൌ 2𝑎𝑁஺൫ඥ𝛾௅
ା𝛾ௌ

ି ൅ ඥ𝛾௅
ି𝛾ௌ

ା൯ (3.1) 

 

where 𝑎 is the cross-sectional area of the probe, 𝑁஺ is Avogadro’s number, 𝛾௅
ା is the 

electron-acceptor parameter of the acidic probe, 𝛾ௌ
ି is the electron-donor parameter 

of the sample surface (basic site), 𝛾௅
ି is the electron-donor parameter of the basic 

probe and 𝛾ௌ
ା is the electron-acceptor parameter of the sample surface (acidic site). 
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Table 3-2: The electron-acceptor parameter, 𝛾௅
ା; electron-donor parameter, 𝛾௅

ି; and 

cross-sectional area, 𝑎, of dichloromethane and toluene (Surface Measurement 

Systems Ltd., London, UK). 

Probe 𝜸𝑳
ା (mJ/m²) 𝜸𝑳

ି (mJ/m²) 𝒂 (x10-19 m2) 

Dichloromethane 5.20 0 2.45 

Toluene 0 2.30 4.60 

 

As described in the work presented by van Oss et al., 1998 [26], the polar surface 

energy, 𝛾ௌ
௉, was calculated with Equation (3.2): 

 

𝛾ௌ
௉ ൌ 2ඥ𝛾ௌ

ା𝛾ௌ
ି (3.2) 

 

The total surface energy, 𝛾ௌ
், of the sample is the additive components of 𝛾ௌ

஽ and 𝛾ௌ
௉ 

[26]. 

 

3.2.2.5. Statistical Analysis 

 

Statistical analysis was achieved with a one-way analysis of variance (ANOVA) with a 

Tukey’s post hoc analysis where a significant difference was obtained if 𝑝 < 0.05 (IBM 

SPSS Statistics v23, IBM Corp., NY, USA). 

 

3.2.3. Results and Discussions 

 

To understand the effect of sample mass on the measurement of surface energy, 

varying masses of MGB were analysed. The results are presented in Figure 3-1. 
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Figure 3-1: Surface energy of MGB with varying amount of MGB. 𝑛 = 3, error bars 

represent SD. 

 

It appears that the sample mass can have an effect on the measurement of surface 

energy. At the lowest amount tested, approximately 0.2 g, the total surface energy was 

measured to be approximately 181±17 mJ/m². With 0.6 g of MGB, however, the 

surface energy increased significantly (𝑝 < 0.05) to approximately 238±20 mJ/m². 

However, once the sample mass was at 0.7 g or above, it appears that the sample 

mass no longer influence the measurement of surface energy with no significant 

differences (𝑝 > 0.05) with increasing sample mass. 

 

To further analyse the effect sample mass had on surface energy measurements, the 

surface energy was split into its components—the dispersive, 𝛾ௌ
஽, and the specific (or 

polar), 𝛾ௌ
௉ (refer to Figure 3-1). It appears that the dispersive surface energy of MGB 

is only slightly influenced by the sample mass as the only significantly different (𝑝 < 

0.05) samples found were between MGB_1.5 and the two lowest sample masses (0.2 
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and 0.6 g), respectively, where the difference, however, was only very minor. All other 

samples were not significantly different (𝑝 > 0.05) from one another. 

 

The polar surface energy, in contrast, appears to be affected by the amount of sample 

present. Increasing the mass of MGB from 0.2 g to 0.6 g, increased the polar surface 

energy from 140±16 mJ/m² to 197±19 mJ/m². However, with larger amounts of MGB 

(with at least 0.7 g of MGB), the sample mass did not give significantly different (𝑝 > 

0.05) values in the measurement of the surface energy. Therefore, this work 

demonstrates the importance of having sufficient sample within the IGC column, which 

appears logical as the sample forms the stationary phase in an IGC system. Increasing 

the amount of sample beyond a critical amount would ensure there is sufficient surface 

area for the IGC probes to interact with. For this specific case, the critical mass of 

sample required was found to be 0.7 g of MGB (for convenience, the ‘mass’ was used 

even though the critical amount of sample actually depends on surface area). 

 

To determine what effect the introduction of large carrier particles, in the form of 250 

µm silanized glass beads, has on the determination of the surface energy of a powder, 

varying amounts of MGB:CGB were prepared and analysed with an IGC. The results 

are presented in Figure 3-2. 
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Figure 3-2: Surface energy of different masses of MGB and different proportion of 

CGB. 𝑛 = 3, error bars represents SD. 

 

Consistent with the results presented above, the change in the total surface energy 

was largely the result of a change in the polar surface energy, while the dispersive 

surface energy was not observed to significantly change (𝑝 > 0.05) with the addition 

of CGB. As observed, the introduction of 250 µm silanized glass beads can influence 

the surface energy determination of the sample of interest (MGB), where the surface 

energy was underestimated. This only occurred with the lowest amount of sample 

powder, 0.2 g of MGB, where the polar surface energy decreased significantly from 

140±16 mJ/m² with no CGB to 91±7 mJ/m² with 95% w/w CGB. 

 

However, increasing the MGB mass to 1.5 g, the addition of 50% w/w CGB did not 

significantly influence (𝑝 > 0.05) the measurement of the surface energy of MGB. 

Moreover, even when the MGB mass was decreased to 0.7 g, blending MGB with 

varying proportions of CGB did not significantly alter (𝑝 > 0.05) the measured surface 

energy, even with the addition of 80% w/w CGB. This may suggest that the actual 

sample mass within the column, or more specifically, the surface area of the sample 
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in the column, is more a critical factor than the amount of carrier particles. These 

results are in good agreement with the findings of Hadjittofis et al., 2017 [27]. 

 

To investigate the effect of CGB on the pressure drop across a stationary phase 

composed of free-flowing fine powder, the pressure drop across columns packed with 

MGB and M-MGB-0.1 with and without CGB, respectively, was measured, and is 

reported in Figure 3-3. 

 

 

Figure 3-3: Pressure drop across the stationary phase composed of MGB:CGB and 

M-MGB-0.1:CGB. 𝑛 = 3, error bars represents SD. *The pressure drop across the 

stationary phase composed of 1.2 g of M-MGB-0.1 with no CGB was too high to be 

measured (above 1800 Torr, which is the upper measurable limit on the instrument). 

 

The pressure drop across columns packed with MGB alone was approximately 

107±23 Torr—within the measurable limit. Interestingly, blending 70% w/w CGB with 

MGB increased the pressure drop across the columns to approximately 355±88 Torr. 

The observed increase in pressure drop was likely due to the tighter packing of the 
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MGB:CGB blends within the 4 mm ID column. As the bulk volume of the MGB:CGB 

blend was relatively large (compared to the volume of the IGC column), it was 

necessary to tap the column more frequently so that the entire sample would fit within 

the column. Despite the slight increase in the pressure drop across these columns, 

however, it is important to note that the pressure drop across these columns remained 

within the measurable limit. Consequently, the small increase in the pressure drop is 

not expected to influence the measurement of the surface energy. 

 

Alternatively, not surprisingly, columns packed with M-MGB-0.1 alone over-pressured 

during IGC analysis (the pressure drop was above 1800 Torr, which is the upper 

measurable limit of the iGC 2000). However, blending 1.2 g of M-MGB-0.1 with 70% 

w/w CGB decreased the pressure drop to measurable limits where it was 

approximately 1086±114 Torr—thus successfully preventing the system from over-

pressuring.  

 

3.2.4. Conclusions 

 

Measurements of the surface energy of powders with high packing efficiencies through 

inverse gas chromatographic methods can be challenging as excessive pressure build 

up can occur. To alleviate this, the powder can be blended with large carrier particles 

such as 250 µm silanized glass beads. The results presented here show that the mass 

of the sample within the stationary phase is more important than the amount of 

silanized glass carrier particles added. Therefore, provided that the sample mass is 

above the critical mass required, the addition of large silanized glass carrier particles 

does not significantly interfere with the measurement of the surface energy of the 

sample powder. Additionally, blending free-flowing fine powder (M-MGB-0.1) with 70% 

w/w 250 µm silanized glass beads was successful in preventing over-pressuring of the 

system. Therefore, blending larger-sized carrier particles with powders with high 

packing efficiencies may be a quick and simple solution to overcome excessive 

pressure build up during surface energy analysis with inverse gas chromatography. 
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Although this paper specifically focused on the suitability of blending fine powders with 

large silanized carrier particles for the measurement of the surface energy via IGC at 

infinite dilution, future research extending to varying surface coverages could provide 

significant insights to a complementary side of IGC analysis, especially for the 

measurement of the surface energetics of powders with high packing efficiencies.  
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 Part II: Strategies to Analyse Data Obtained from Liquid Intrusion 

Experiments of Loose Porous Materials 

 

3.3.1. Introduction 

 

The characterization and understanding of how liquids wet powders has significant 

importance to many processes within a range of industries. The contact angle, 𝜃, is 

often used as a measure of wettability [1]. For example, within the pharmaceutical 

industry, wet granulation is a commonly used unit operation to prepare powders for 

tabletting [2]. This process involves the addition of a liquid to the powder material to 

aid in the formation of agglomerates. The contact angle of the liquid to the powder can 

affect the granulation process and the overall quality of the granules and thus may 

affect the overall quality and production of pharmaceutical tablets [3, 4].  

 

Additionally, with the dissolution of fine powders, the contact angle of the dissolution 

media to the powder plays a critical role as the initial stages of dissolution (wetting of 

the powder by the liquid and subsequent liquid penetration into the powder) are highly 

influenced by the contact angle [5]. In such cases, smaller contact angles may aid in 

the dissolution of the powder [6].  

 

Furthermore, as the contact angle represents the equilibrium of energies at the solid-

liquid-vapour interface, information regarding the surface energy of a solid can be 

obtained from contact angle data [1, 7]. 

 

3.3.1.1. Measurement of Contact Angles 

 

Although there are numerous methods to measure the contact angle of liquids to 

smooth, flat surfaces [8, 9], the methods available for the measurement of contact 

angles of liquids to powders is, however, limited and typically fraught with challenges 

[10]. 
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To overcome the challenges, some researchers have compressed powders to form 

dense compacts with relatively flat surfaces [11, 12]. Sessile drops on these compacts 

are used to measure the contact angle. Alternatively, the powder can be compacted 

into thin rectangular plates, which are used as Wilhelmy plates [13]. However, the use 

of compacted powders suffers from a number of recognised limitations. One of which 

is that in order to form a compact, the powder must undergo some change, such as 

plastic deformation, that may alter the properties of the powder [9, 12, 14]. In addition, 

as reported by Neumann and Good, 1979 [8], capillaries could exist in the compacts 

which may lead to unstable sessile drops as the liquid penetrates into the compact. 

 

To bypass the need to form compacts, some researchers have adhered a thin layer of 

powder onto thin solid supports (with the use of adhesives), which can then be used 

as Wilhelmy plates [15]. The major limitation in this approach is the potential for the 

adhesive to spread over the particles and thus come in contact with the liquid, thereby 

affecting the measured contact angle [15]. 

 

3.3.1.1.1. Liquid Intrusion 

 

The liquid intrusion method is a commonly used method to measure the contact angle 

of liquids to powders. The method takes advantage of the natural intrusion of a liquid 

into a bed of a powder, provided that the liquid makes a contact angle less than 90°. 

The principal attraction of this method is that the sample does not require modifying: 

it remains as its bulk powder form. In addition, especially with the introduction of 

automated instruments, the liquid intrusion method is a relatively quick and simple 

method to perform. 

 

3.3.2. Background 

 

Within a bed of powders, there are voids. Collectively, these voids act as a bundle of 

small capillaries that liquids can intrude. The rate at which a liquid intrudes into a 

powder bed is related to the contact angle of the liquid as described by Washburn in 

1921 [16]. 
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𝑙ଶ ൌ ௥೎ఊಽ ௖௢௦ ఏ

ଶఎ
𝑡 (3.3) 

 

where 𝑙 is the intruded distance of the liquid front at time,𝑡; 𝛾௅ is the surface tension of 

the liquid, 𝑟௖ is the effective capillary radius of the powder bed, 𝜃 is the contact angle 

of the liquid and 𝜂 is the viscosity of the liquid. 

 

However, due to difficulties in accurately visualising the liquid front as the experiment 

progresses, it is often more convenient to measure the mass of the intruded liquid 

rather than the intruded distance. For a cylindrical powder bed, the relationship 

between the intruded liquid mass and the distance of the liquid is given by [17]: 

 

𝑚 ൌ 𝜋𝑅௖
ଶ𝑙𝜌𝜀 (3.4) 

 

where 𝑚 is the mass of the intruded liquid, 𝑅௖ is the internal radius of the cylindrical 

column, 𝜌 is the density of the liquid and 𝜀 is the porosity of the powder bed. 

 

Substituting Equation (3.4) into Equation (3.3) gives the “modified” Washburn 

equation: 

 

𝑚ଶ ൌ ஼ఘమఊಽ ୡ୭ୱ ఏ

ఎ
𝑡 (3.5) 

 

where 𝐶 ൌ ௥೎

ଶ
ሺ𝜋𝑅௖

ଶ𝜀ሻଶ and is termed the material constant. This parameter reflects the 

packing geometry of the particles in the powder bed. As can be noted, a plot of mass 

squared versus time would result in a straight line. The gradient of this line can be 

used to determine the contact angle of the liquid. 

 

However, as there are two unknown variables in Equation (3.5)—the material 

constant, 𝐶, and the contact angle, 𝜃—the contact angle of the liquid cannot be 

determined directly with one liquid only. Consequently, another liquid must be used to 

determine the material constant. This is achieved by using a reference liquid, indicated 
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by subscript 𝑟, that is “perfectly wetting”, which means having a contact angle of 0° to 

the powder. Thus, Equation (3.5) can be reduced to: 

 

௠ೝ
మ

௧ೝ
ൌ ஼ೝఘೝ

మఊಽೝ

ఎೝ
 (3.5a) 

 

where 𝑐𝑜𝑠𝜃௥ ൌ 1 as 𝜃௥ ൌ 0°. 

 

For a probe liquid, indicated by subscript 𝑝, it follows that: 

 

௠೛
మ

௧೛
ൌ

஼೛ఘ೛
మఊಽ೛ ୡ୭ୱ ఏ೛

ఎ೛
 (3.5b) 

 

As liquid intrusion experiments require the powder bed to be completely wetted by the 

liquid, powder beds can only be used once. Therefore, additional powder beds must 

be prepared for each liquid. If the powder beds consists of the same powder material 

and are prepared by a standardised packing procedure, it is often assumed that the 

material constant of each powder bed are identical—that is, 𝐶௣ ൌ 𝐶௥ [18-23]. 

Therefore, substituting Equation (3.5a) into Equation (3.5b) gives: 

 

cos 𝜃௣ ൌ
ఘೝ

మఊಽೝఎ೛

ఘ೛
మఊ೛ఎೝ

⋅
௠೛

మ ௧ೝ

௠ೝ
మ௧೛

 (3.6) 

 

which can be simplified to the following equation: 

 

cos 𝜃௣ ൌ 𝐹௟ ⋅
ீ௥௔ௗ௜௘௡௧೛

ீ௥௔ௗ௜௘௡௧ೝ
 (3.6a) 

 

where 𝐹௟ ൌ
ఘೝ

మఊಽೝఎ೛

ఘ೛
మఊ೛ఎೝ

 and is termed the liquid factor. 

 

This is the current established approach for determining the contact angle of a liquid 

to a powder sample [18]. 
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3.3.2.1. The Reference Liquid 

 

In theory, the reference liquid must be a perfectly wetting liquid with a contact angle of 

0° to the powder, thereby making it possible to determine the material constant of the 

powder bed. However, in reality, it is often a major challenge to demonstrate that a 

liquid shows a contact angle of 0° [24]. Instead, in practice, it is common to use a low 

surface tension liquid and assume its contact angle to the powder is 0° [25, 26]. If the 

reference liquid does not, in practice, make a contact angle of 0° with the powder, the 

calculated contact angle for the probe liquid will be incorrect. 

 

Consequently, it is important for the selected reference liquid to possess a contact 

angle as close to zero as possible (if not exactly zero) to improve the accuracy of the 

calculated contact angle of a probe liquid. This may be achieved by the use of a low 

surface tension liquid, thereby increasing the likelihood of the liquid spreading over the 

surface of the powder. Historically, a liquid with a low surface tension commonly used 

is n-hexane [17, 20, 25]. Other commonly used reference liquids include: cyclohexane, 

short chain alcohols and other short chain n-alkanes [7, 10, 26, 27]. The choice of a 

low surface tension liquid may be justified by the spreading coefficient, 𝑆, [28]:  

 

𝑆 ൌ 𝛾ௌ െ ሺ𝛾ௌ௅ ൅ 𝛾௅ሻ  (3.7) 

 

where 𝛾௦ is the surface energy of the solid and 𝛾ௌ௅ is the interfacial energy of the 

solid/liquid interface. Spreading of the liquid occurs when 𝑆 ൒ 0—in other words, a 

liquid is more likely to spread over a surface when the surface tension of the liquid is 

lower than the surface energy of the solid [1]. 

 

However, in practice, a lower surface tension liquid may not necessarily be a better 

wetting liquid, perhaps due to the chemistry of the liquid and surface of the solid. 

Therefore, as noted by Buckton et al., 1985 [29], the choice of the reference liquid 

should preferably be based on experimental evidence. 
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3.3.2.2. Analysis of Multiple Measurements 

 

Despite the use of the same standard packing procedure to prepare each powder bed, 

it is unlikely that different powder beds will possess identical material constants [17, 

18]. Thus, in reality, the liquid intrusion method when studying powders is not a 

perfectly matched system. In other words, the material constant of the powder beds 

used with the probe liquid, 𝐶௣, and those used with the reference liquid, 𝐶௥, are not 

identical—that is, in reality 𝐶௣ ് 𝐶௥. The non-identical nature of 𝐶௣ and 𝐶௥ can be a 

source of error in the calculated contact angle of the probe liquid. 

 

This is further complicated if replicate experiments are performed for the probe liquid 

and another set of replicate experiments for the reference liquid. As the material 

constant of the powder beds for the two liquids are not perfectly matched, there is no 

established methodology to pair the probe gradient with the reference gradient. In 

other words, there are multiple ways to divide the gradient of the probe liquid with the 

gradient of the reference liquid. Consequently, this provides a lack of control in data 

analysis as there are multiple combinations in which the data can be analysed. The 

simplest approach is to average the gradients of the probe liquid and the gradients of 

the reference liquid, Equation (3.6a) can then be used to calculate the contact angle 

of the probe liquid. However, the problem with that approach is that only a single value 

of the contact angle is obtained. Thus, to determine the variability in the obtained 

average contact angle, the variability of both the average gradients of the probe and 

reference liquid must be propagated through to the average contact angle, which is 

most likely to be a conservative estimate of the variability of the contact angle. This 

paper is targeted at this limitation and to the search for a more robust approach. 

 

This paper aims to address some of the limitations of liquid intrusion experiments: 

1. Selecting the most appropriate reference liquid and 

2. Analysing multiple sets of reference and probe liquid data for which the material 

constant of each powder bed may not, necessarily, be identical. 
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3.3.3. Materials and Methods 

 

3.3.3.1. Materials 

 

Glass beads (𝑑ହ଴ = 10 µm with a span of 1.1±0.04) were used as a model 

pharmaceutical active which was obtained from Cospheric LLC (CA, USA). n-Hexane 

(GC grade), absolute ethanol and acetone were purchased from Merck KGaA, Hesse, 

Germany. Milli-Q water was produced from a Direct-Q® 3 UV Water Purification 

System (Merck KGaA, Hesse, Germany). All materials were used as received. 

 

3.3.3.2. Selecting the Most Appropriate Reference Liquid 

 

For the case of two different liquids, indicated by subscript A and subscript B, intruding 

into a powder bed where the theory presented by Washburn (1921) [16] holds true, 

the rate of liquid intrusion by the two liquids can be expressed as Equation (3.5c) and 

Equation (3.5d), respectively: 

 

௠ಲ
మ

௧ಲ
ൌ ஼ಲఘಲ

మ ఊಽಲ ୡ୭ୱ ఏಲ

ఎಲ
 (3.5c) 

 

௠ಳ
మ

௧ಳ
ൌ ஼ಳఘಳ

మ ఊಽಳ ୡ୭ୱ ఏಳ

ఎಳ
 (3.5d) 

 

For the case where the material constant of the powder beds are identical (or assumed 

to be identical), the division of Equation (3.5c) and Equation (3.5d) gives: 

 

ீ௥௔ௗ௜௘௡௧஺

ீ௥௔ௗ௜௘௡௧஻
ൌ 𝐹௟ ⋅ ୡ୭ୱ ఏಲ

ୡ୭ୱ ఏಳ
 (3.8) 

 

For the specific case where both liquids wet the solid to the same extent—that is, when 

𝜃஺ ൌ 𝜃஻—Equation (3.8) can be simplified to: 
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𝑄஺஻ ൌ 𝐹௟ (3.8a) 

 

where 𝑄஺஻ ൌ ீ௥௔ௗ௜௘௡௧஺

ீ௥௔ௗ௜௘௡௧஻
 

 

Thus, for any case where 𝑄஺஻ ് 𝐹௟, it naturally follows that both liquids do not wet the 

solid to the same extent: one of the two liquids (either liquid A or liquid B) must be a 

poorer wetting liquid, hence having a larger contact angle compared to the other liquid. 

That is, if 𝑄஺஻ ൐ 𝐹௟, then liquid B must be the poorer wetting liquid with a larger contact 

angle (when compared to liquid A), while if 𝑄஺஻ ൏ 𝐹௟, then liquid A must be the poorer 

wetting liquid with a larger contact angle (when compared to liquid B). Therefore, the 

liquid with the lower contact angle should be used as the reference liquid. 

 

To determine whether the calculated 𝑄஺஻ values are significantly different from the 𝐹௟ 

value, an appropriate statistical analysis, such as a one-sample t-test, can be 

performed. 

 

3.3.3.3. Analysing Multiple Sets of Reference and Probe Liquid Data 

 

Table 3-3 presents intrusion rates for both the probe and the reference liquid. Three 

possible methods of analysing data from multiple sets of probe and reference liquid 

intrusion rates are presented below: 
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Table 3-3: Example of five intrusion rates for a reference liquid and five intrusion rates 

for a probe liquid. The magnitude of the gradients’ corresponding material constant, 

denoted by superscript (𝐴-𝐸), is ranked in order of: 𝐴 > 𝐵 > 𝐶 > 𝐷 > 𝐸. 

Collection 

Order 

Gradient 

Reference (Liquid A) Probe (Liquid B) 

1 𝑅ଵ
஻ 𝑃ଵ

஺ 

2 𝑅ଶ
஽ 𝑃ଶ

஻ 

3 𝑅ଷ
ா 𝑃ଷ

ா 

4 𝑅ସ
஺ 𝑃ସ

஽ 

5 𝑅ହ
஼ 𝑃ହ

஼ 

Average 𝑅 ൌ ோభାோమା...ାோఱ

ହ
  𝑃 ൌ ௉భା௉మା...ା௉ఱ

ହ
  

Standard 

Deviation 
𝜎ோ ൌ ඩ

1
4

෍൫𝑅௜ െ 𝑅ധ൯
ଶ

ହ

௜ୀଵ

 𝜎௉ ൌ ඩ
1
4

෍൫𝑃௜ െ 𝑃ധ൯
ଶ

ହ

௜ୀଵ

 

 

Method 1 – Averaged Gradients: 

The contact angle of the probe liquid is calculated based on the averaged gradients of 

both the probe liquid, 𝑃, and the reference liquid, 𝑅. 

1. Average the gradients of the probe liquid and the gradients of the reference 

liquid. 

2. Calculate the standard deviation of the gradients of both the probe and the 

reference liquid. 

3. From the averaged gradients of the probe, 𝑃ത, and reference, 𝑅ത, liquid, calculate 

the contact angle of the probe liquid with Equation (3.6a) or 𝑄஺஻ with Equation 

(3.8). 

4. Estimate the error of the calculated averaged contact angle or 𝑄஺஻ through 

Propagation of Error Theory, Equation (3.9) and Equation (3.10), respectively: 

  

σ஘ ൌ
ඨ൬ି

ಷ೗ುഥ

ೃഥమ ஢ೃ൰
మ

ାቀ
ಷ೗
ೃഥ

஢ౌቁ
మ

ඨଵି൬
ಷ೗ುഥ

ೃഥ
 ൰

మ
 (3.9) 
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𝜎ொಲಳ
ൌ |𝑄஺஻|ටቀఙಲ

஺̅
ቁ

ଶ
൅ ቀఙಳ

஻ത
ቁ

ଶ
 (3.10) 

 

Method 2 – Data Collection Order: 

The pairing of the intrusion rate of the probe liquid to the intrusion rate of the reference 

liquid is based on the sequence the data was collected. 

1. Calculate the 𝑄஺஻ for each replicate with Equation (3.8) or divide the gradient 

of the probe liquid by the gradient of the reference liquid based on the order the 

data was collected (𝑃ଵ/𝑅ଵ, 𝑃ଶ/𝑅ଶ, …, 𝑃ହ/𝑅ହ). 

2. Calculate the contact angle of the probe liquid of each quotient with Equation 

(3.6a). 

3. Calculate the average contact angle of the probe liquid or the 𝑄஺஻. 

 

Method 3 – Rank of the Material Constants: 

To minimise the error associated with the non-identical nature of 𝐶௣ and 𝐶௥, the division 

of the gradient of the probe liquid by the gradient of the reference liquid should be 

done in such a way that the pore structure of the respective powder beds are as closely 

matched as possible. That is, to pair the probe gradient with the reference gradient 

based on their respective material constants. This can be achieved through the rank 

order of the material constants; thereby, the powder beds with the largest pore 

structure are more likely to be paired together, while powder beds with the smallest 

pore structure are more likely to be paired together. 

 

1. To obtain the rank order of the material constant of the powder beds used with 

the probe liquid, 𝐶௣, first calculate 𝐶௣ by fixing the contact angle of the probe 

liquid, 𝜃௣, to an arbitrarily value between 0° and 90°. Use Equation (3.5b). Rank 

𝐶௣ from smallest to largest. 

2. Sort the gradients of the probe liquid based on the rank order of 𝐶௣ (smallest to 

largest). 

3. Calculate the material constant of the powder beds, 𝐶௥, used with the reference 

liquid with an assumed 𝜃௥ ൌ 0°. Use Equation (3.5a). Rank 𝐶௥ from smallest to 

largest. 
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4. Sort the gradients of the reference liquid based on the rank order of 𝐶௥ (smallest 

to largest). 

5. Calculate 𝑄஺஻ with Equation (3.8) or divide the gradient of the probe liquid by 

the gradient of the reference liquid based on the new order (𝑃ଷ
𝑬/𝑅ଷ

𝑬, 𝑃ସ
𝑫/𝑅ଶ

𝑫, …, 

𝑃ଵ
𝑨/𝑅ସ

𝑨). 

6. Calculate the contact angle of the probe liquid of each quotient with Equation 

(3.6a). 

7. Calculate the average contact angle of the probe liquid or the average 𝑄஺஻. 

 

3.3.3.4. Case Study 

 

Liquid intrusion studies were performed with an automated tensiometer (Sigma 700, 

Attension, Biolin Scientific, Stockholm, Sweden), refer to Figure 3-4 for details. 

 

 

Figure 3-4: Schematic of a liquid intrusion setup. 1. Glass column, 2. Powder bed (un-

wetted), 3. Powder bed (wetted), 4. Glass frit, 5. Liquid reservoir and 6. Mobile stage. 
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Powder beds were prepared by pouring approximately 1.24 g of glass beads through 

a funnel at a fixed height into a custom made borosilicate glass column (50 mm x 10 

mm ID) with a POR 2 borosilicate sintered glass frit (pore size of 40-100 µm) as a base 

to retain the powder (Monash Scientific, Melbourne, Australia). In order to ensure the 

integrity of the glass frit, 1 layer of filter paper (pre-cut 10 mm diameter Whatman 

Grade 1 filter paper, Whatman PLC., Kent, UK) was placed in the column prior to 

loading of the sample. The column was cleaned prior to each experiment by washing 

and rinsing with Milli-Q water, ethanol and acetone. The column was then dried with a 

stream of dry compressed air. 

 

Packing of the powder beds were achieved by tapping the filled columns 200 times 

with an automatic tapping instrument (AUTOTAP™, Quantachrome Instruments, FL, 

USA). The tapper operated with a 3.18 mm vertical tap at a tapping speed of 260 

taps/min. 

 

Tapped columns were suspended over the liquid reservoir and the liquid was raised 

until it just contacted the base of the column. All liquid intrusion studies were performed 

at 25±2° C with freshly packed powder beds. Replicates of five were performed for all 

samples with all liquids. Table 2 presents the liquid properties (density, viscosity and 

surface tension) of all liquids used at 25° C. 

 

Table 3-4: Liquid properties of n-hexane, ethanol and water at 25° C [30]. 

Liquid 
Density 

(kg/m³) 

Viscosity 

(Pa∙s) 

Surface tension 

(N/m) 

n-Hexane 654.466 0.000300 0.01789 

Ethanol 784.855 0.001074 0.02197 

Water 997.047 0.000890 0.07199 

 

After the construction of the mass squared versus time plots, the linear region of 

interest (LROI) was identified. To ensure robust data analysis, a simple guideline was 

developed to identify the LROI of mass squared versus time plots. The LROI was 

identified as the linear region before the plateau, refer to Figure 3-5. 
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Figure 3-5: Mass squared versus time plot for water intruding into a powder bed of 

glass beads with the LROI highlighted. 

 

The contact angle of the probe liquid was then calculated according to the methods 

described in Chapter 3: Section 3.3.3.3. 

 

3.3.3.5. Statistical Analysis 

 

To determine whether 𝑄஺஻ is significantly different from 𝐹௟, statistical analysis was 

achieved with a one-sample t-test where a significant difference was obtained if 𝑝 < 

0.05 (IBM SPSS Statistics v23.0, IBM Corp., NY, USA). A normal distribution was 

assumed for all cases. 

 

3.3.4. Results and Discussions 

 

Table 3-5 presents the intrusion rates of all test liquids intruding into fresh powder beds 

of glass beads. 
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Table 3-5: Intrusion rates of n-hexane, ethanol and water intruding into powder beds 

of glass beads at 25±2° C. The data is presented in the order of collection.  

𝒏 

Gradient (g²/s) 

n-Hexane Ethanol Water 

1 0.00557 0.00415 0.00473 

2 0.00699 0.00434 0.00441 

3 0.00974 0.00396 0.00493 

4 0.00613 0.00468 0.00514 

5 0.00774 0.00482 0.00474 

Average 0.00724 0.00439 0.00479 

SD 0.00163 0.000362 0.000272 

RSD 22.5 8.2 5.7 

SD = Standard deviation, RSD = Relative standard deviation 

 

It is worth noting the large variation in the intrusion rate of n-hexane into powder beds 

of the glass beads: at approximately 20%. The reason for such a large variation is 

perhaps related to the properties of the liquid, specifically the highly volatile nature of 

n-hexane, though further investigation is needed to provide a more complete 

understanding. Nonetheless, such data is worth including as it reflects some of the 

possible outcomes of liquid intrusion studies. 

 

As can be noted from Table 3-5, n-hexane has a faster intrusion rate than ethanol, 

which, when coupled with the fact that it also has a lower surface tension compared 

to ethanol [30], may suggest that n-hexane is the better wetting liquid with a smaller 

contact angle. However, it is important to note that the intrusion rate of a liquid is 

dependent on three factors—the contact angle of the liquid to the powder, 𝜃; the pore 

structure of the powder bed, 𝐶; and the liquid properties, 𝜌ଶ𝛾௟/𝜂. Consequently, to 

determine which of the two liquids is, in fact, the better wetting liquid, both the intrusion 

rate and the liquid parameters must be taken into account. 

 

Table A.1 (Appendix) present the 𝑄஺஻ values for n-hexane to ethanol calculated 

according to Method 1 and Method 2, while the 𝑄஺஻ value for Method 3 is presented 
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in Table A.2 (Appendix). Table A.3 (Appendix) presents the contact angle of water to 

the glass beads, calculated based on Method 1 and Method 2, while the contact angle 

calculated based on Method 3 is presented in Table A.4 (Appendix). 

 

When 𝑄஺஻ was calculated according to Method 1, a value of 1.648±0.394 was 

obtained. However, when Method 2 was used, a value of 1.666±0.467 was obtained, 

which is not significantly different to a 𝐹௟ value of 2.028 (n-hexane to ethanol at 25° 

C)—suggesting that both n-hexane and ethanol wetted the glass beads to the same 

extend. In contrast, when calculated according to Method 3, the 𝑄஺஻ value was 

1.634±0.237, which is significantly different to a 𝐹௟ value of 2.028. This suggests that 

ethanol is the better wetting liquid for the system used. Given that ethanol is expected 

to wet the glass beads just as well as n-hexane, or better, and the associated health 

risks associated with n-hexane, ethanol was selected as the reference liquid. As 

observed in Table A.3 (Appendix), the contact angle of water when Method 1 was used 

was 80.2±0.02°. When Method 2 was used, the contact angle was found to be 

80.1±1.0°, while calculated through Method 3, a contact angle of 80.1±0.3° was 

obtained. 

 

However, it is worth noting that the three methods used to analyse the liquid intrusion 

data produced similar average 𝑄஺஻ values and contact angles. This is not surprising 

as the calculation of 𝑄஺஻ and contact angles was performed with the same set of 

intrusion rates of n-hexane, ethanol and water. Where they differ is in their advantages 

and limitations. 

 

Notwithstanding the simplicity of Method 1, the major advantage here is that it 

eliminates the need to individually divide the gradients of the probe liquid by that of the 

reference liquid. However, it must be stated that the major caveat of this method is 

that because only a single value of 𝑄஺஻ is obtained, further statistical analysis, for 

instance, to determine whether the 𝑄஺஻ value is significantly different to its 

corresponding 𝐹௟ value, can be difficult—at best, the error associated with the average 

value can only be conservatively estimated through Propagation of Error Theory.  

 



 

Chapter 3: Development of New Experimental Methods 
 

 

109 

Alternatively, the gradients of the probe liquid can be individually divided by that of the 

reference liquid based on the procedures outlined in Method 2 or Method 3. In doing 

so, a distribution of values is obtained, which directly provides information about the 

precision of the experiment. However, the limitation of Method 2 is that the data is 

paired based on the sequence the data was conducted. Consequently, the 

appropriateness and the potential accuracy of the calculated 𝑄஺஻ value or contact 

angles is arbitrarily set. Unlike Method 2, Method 3 aims to pair data rationally based 

on how similar the 𝐶௥ value is to the 𝐶௣ value, that is, the powder beds are matched 

by how likely their pore structures are similar to one another. Consequently, a higher 

precision is expected for Method 3, which was observed in both the calculated 𝑄஺஻ 

and the contact angles. 

 

However, it must be highlighted that as the Washburn equation is non-linear relative 

to the contact angle of a liquid, due to the presence of a cosሺ𝜃ሻ term, the effectiveness 

of these methods of analyses is dependent on the contact angle of the liquids used. 

However, in general, as the difference between the contact angles of the two liquids 

become larger or as the contact angles approach the upper end of the range, that is 

90°, there is less difference in the effectiveness of the different methods of analyses. 

Consequently, the choice of which method to use to analyse liquid intrusion data is 

dependent on the system being studied. Additionally, the non-linear nature of the 

Washburn equation also has an effect on the amount of variability in the calculation of 

contact angles. If the contact angle of a liquid is towards the lower end of the range 

(that is, 0°), the variability in the average contact angle is likely to be larger, measured 

in whole degrees, while the converse is true for contact angles towards the upper 

range, where the variability is likely to be smaller, measured in fractions of a degree. 

This could explain the variability of the contact angle of water to the glass beads being 

less than 1°, especially with Method 1 and Method 3. 

 

One possible criticism with the current experimental analysis is the use of glass beads 

as the spherical particles do not truly represent real powders within the pharmaceutical 

industry. However, the use of non-uniform or irregularly shaped powders is more likely 

to have a greater effect on the liquid intrusion profile, where, for instance, there may 
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be different “regions” within the profile such as step-wise changes in the squared mass 

gain versus time plots. This can make the identification of an LROI difficult. However, 

if a suitable LROI can be identified, the analysis of the data does not change 

regardless of which method was used as all the methods must assume that the 

packing of the powder bed is constant: ergo the term material constant. 

 

3.3.5. Conclusions 

 

This paper addressed three of the major limitations of the current established 

approach to the data analysis of liquid intrusion experiments for powders: 

1. the selection of the reference liquid, 

2. pore structure of different powder beds and 

3. dealing with multiple sets of replicate experiments for probe and reference 

liquids. 

 

It is proposed that the selection of the reference liquid should be based on 

experimental data where both the real world intrusion rate and the properties of the 

liquid are taken into account. In such an analysis, the liquid with the lower contact 

angle should be selected as the reference liquid. 

 

In practice, the pore structure of different powder beds are not likely to be identical, 

that is 𝐶௣ ് 𝐶௥. This can lead to difficulties in data analysis where multiple replicate 

experiments are conducted for the probe and the reference liquid. Here, three methods 

of data analysis are proposed. The quickest and simplest method (Method 1) is to 

average the gradients of both the probe and reference liquid. The contact angle is then 

calculated based on the two averaged gradients. However, in doing this, a single 

contact angle is obtained. The variability associated with the average value, is 

estimated through the Propagation of Error Theory. The second method (Method 2) 

pairs the gradients based on the sequence the data was collected. The third method 

(Method 3) aims to rationally pair the data based on how similar the pore structure of 

the powder beds were based on the rank order of the respective material constants.  
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The selection of which method to use to pair data is dependent on the obtained data. 

The advantage of pairing data via Method 2 and Method 3 is that a distribution in the 

contact angle is obtained, which is not the case for Method 1. The advantage of 

Method 3 is that because the pairing of data is performed based on matching how 

similar the pore structure of the powder beds were (as measured by the material 

constants), the error associated in the calculation of the contact angle as a result of 

the non-identical nature of 𝐶௣ and 𝐶௥ is expected to be minimised. 
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 Evaluating the Flow of Surface Modified Fine 

Powders with Varying Amounts of Magnesium Stearate 

Through Different Flowability Tests 

 

 Commentary 

 

In this chapter, Objective 2 “To measure the flowability of the fine powder as well as 

the surface modified powder” is addressed. The effect on the flowability of a fine 

powder (micron-sized glass beads) when dry coated with varying amounts of a 

pharmaceutical lubricant (magnesium stearate) was investigated. The flow behaviours 

of both uncoated and magnesium stearate coated micron-sized glass beads were 

evaluated and the results are discussed. Additionally, a comparison of the different 

techniques to assess the flow of the powders was made. 

 

 Abstract 

 

Dry coating cohesive fine powders with a pharmaceutical lubricant can be an effective 

approach to improve the flow of poor flowing fine powders. In this study, micron-sized 

glass beads (MGB) were dry coated with varying amounts of magnesium stearate 

(MgSt). The flowability of the resultant powders was evaluated with different 

techniques: density measurements (expressed as the Carr index), compressibility, 

basic flowability energy, measurements of flow rate via the FlowPro and shear cell 

testing (cohesion, flow function and angle of internal friction). 

 

The flow of the powders was dependent on both the amount of MgSt used as well as 

the method used. The minimum amount of MgSt required to improve flow was 0.1% 

w/w. Optimal flow was observed for powders with 0.1-0.25% w/w MgSt. With 0.05% 

w/w MgSt, the flow of the powder was observed to be complex. These powders were 

only able to flow better than MGB when undergoing unconfined flow or mechanically 

induced flow. Large amounts of MgSt increased the cohesiveness of the powder which 

resulted in suboptimal flowing powders. 
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 Introduction 

 

Fine powders are commonly used in the pharmaceutical industry largely due to their 

inherent advantages such as enhanced dissolution rates. However, their use can often 

present significant challenges, many of which can be attributed to their cohesive 

properties. For instance, the continuous, efficient and optimal manufacturing of quality 

pharmaceutical dosages such as tablets and capsules may not always be possible as 

many fine powders are inherently poor flowing. Consequently, production can come 

to a halt as pipes and hoppers can clog until manual intervention occurs to restore flow 

[1, 2]. Unsurprisingly, the poor flow of fine powders can ultimately lead to economic 

losses [2-5]. 

 

Furthermore, with the introduction of the Pharmaceutical Quality for the 21st Century 

initiative by the US Food and Drug Administration (FDA), which encompasses a 

Quality by Design (QbD) framework, along with guidelines from other regulatory 

bodies such as the International Conference on Harmonization on Technical 

Requirements (ICH) [6, 7], there is a greater emphasis on pharmaceutical 

manufacturers to better understand their manufacturing processes. Consequently, 

manufacturers need to determine which factors are important in determining the 

Critical Quality Attributes (CQA) of their final products and then monitor and control 

these factors to ensure the production of quality products. Among the important factors 

that impact the CQA of tablets and capsules is powder flow. Therefore, a practical 

method to improve and evaluate the flow behaviours of fine powders is of substantial 

importance. 

 

Powder flow occurs as a result of an imbalance of two opposing forces: the flow 

promoting force and the cohesive force  [2, 4, 8-11]. The flow promoting force, as its 

name suggests, is a force that acts to promote the flow of powders, for instance gravity 

[1]. Conversely, the cohesive force is an attractive force that results from the existence 

of inter-particle interactions such as van der Waals interactions and capillary forces 

between contacting surfaces. These inter-particle interactions limit the movement of 

particles and thus flow [1, 8, 12, 13]. In order for powders to flow, the flow promoting 
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force must be greater than the cohesive force to break the cohesive contacts, thereby 

allowing particle movement. However, for fine powders, as they are relatively light (due 

to their small size), the inter-particle interactions within the cohesive contacts can often 

overwhelm the flow promoting force, thus reducing powder flow [1, 14]. 

 

Powder flow is also influenced by a multitude of external factors, some of which include 

the hardness of the particles and the state of consolidation (or aeration) of the powder 

[11]. For instance, when powders consolidate and the particles compress against one 

another, the particles can deform and flatten around the regions where they contact 

[15]. As a result of this deformation, the contact area between adjacent particles 

increases. With more surface in contact, more inter-particle interactions can occur, 

which effectively increases the cohesiveness of the powder and thus results in poorer 

flowability [15]. Consequently, as softer particles are able to deform more easily than 

harder particles, particles that are relatively soft are more likely to flow more poorly 

than harder particles. The state of consolidation (or aeration) of powders can also have 

a pronounced effect on the flow behaviour of powders [4, 16]. For instance, a powder 

may show good flow while in a non-consolidated (or low consolidated) state but show 

poor flow under higher consolidation such as when flowing out of a hopper [16, 17].  

With a very few exceptions, as powders consolidate their flow typically becomes 

poorer [18]. This decreased flowability occurs because of an increase in the average 

number of contacts between adjacent particles [3, 19]. Consequently there are more 

inter-particle interactions, thus increasing the overall cohesive force [3, 19]. 

Furthermore, not only can powders behave as solids when consolidated, they can also 

behave as liquids when aerated or even as gases when suspended in a gas [20]. 

 

To improve the flow of fine powders, particle engineering methods, such as the 

mechanofusion system (Hosokawa Micron Powder Systems, Japan), where the 

surfaces of fine powders are modified can be used. By subjecting the fine powder 

(host) and a coating powder (guest) to high stresses in a mechanofusion system, a 

thin coating of the guest particles can form on the surfaces of the host particles thereby 

effectively masking the surfaces of the host particles [21-24]. With a layer of guest 

particles, inter-particle interactions between contacting coated particles are likely to be 
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different to the original host particles. This would, in theory, also alter how the coated 

powder flows. For example, when fine powders were dry coated with magnesium 

stearate via mechanofusion, the fine powders flowed more easily [21, 25-30]. 

 

A practical ability to assess the flow behaviours of powders is also important. However, 

this can be challenging as there are numerous processes within pharmaceutical 

manufacturing where powders are required to flow under different conditions. For 

instance, powder flow occurs during blending and transporting; powders flow out of 

hoppers, silos and bins; and powder flow also occurs when filling tablet dies, capsule 

shells and sachets [5, 8, 31, 32]. Thus, powders may potentially exhibit different flow 

behaviours during the manufacturing process [4, 5, 8, 31, 32]. Consequently, there is 

no single method that is able to assess the various flow behaviours powders can 

potentially exhibit [32, 33]. Thus, to gain a more complete assessment of the flow 

behaviours powders can exhibit, it is often necessary to evaluate powders with a range 

of methods [32, 33]. Although there is no definitive list of what methods are 

recommended, the general guideline is to select a range of methods that closely 

resembles the different flow regimes the powder encounters during the manufacturing 

process [32, 33]. For instance, Carr index may be a useful method to predict potential 

problems with capsule filling in dosator capsuling operations [34]. Alternatively, to 

ensure optimal flow of powders out of hoppers, silos, bins or intermediate bulk 

containers (IBCs), shear cell testing may be performed to determine the optimal 

dimensions of manufacturing, transporting and storage equipment [16, 18]. Operations 

where powders undergo dynamic flow, for instance during blending, may correlate well 

with methods that assess dynamic flow behaviours, such as measuring basic 

flowability energy or powder avalanching [35]. Alternatively, dynamic flow 

measurements such as basic flowability energy may be a useful and practical method 

to aid in the determination of wet granulation end-point [36-39]. 

 

Despite the many different types of powder flow, the flow of powders can be very 

broadly categorised as confined, unconfined or consolidated flow. Confined flow 

occurs when powders start from an unconsolidated (or low consolidated) state and the 

flow of the powders results in significant increases in powder consolidation, while 
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unconfined flow occurs when the flow of powders does not result in significant 

increases in powder consolidation. In contrast to confined flow, when powders are 

already in a consolidated state, due to the presence of a consolidating pressure, and 

flow occurs while the powders are still under consolidation, then consolidated flow is 

said to have occurred. 

 

Although there are a large number of available techniques to assess powder flow, only 

the most commonly used techniques to assess powder flow are used in this study and 

are briefly discussed below (for a more comprehensive discussion refer to Chapter 1: 

Section 1.8 Measuring the Flow of Powders and [2, 8, 33, 40]). 

 

When poor flowing powders are freshly poured into containers, the powders naturally 

form powder beds with large voids and thus small bulk densities. The large voids result 

from relatively strong cohesive forces that prevent the particles from flowing passed 

one another to fill the voids below [40-42]. Upon disturbances, for instance, from 

tapping, the supplied energy from each tap may be sufficient to break the relatively 

strong cohesive forces and allow the particles to flow past one another under the 

influence of gravity [8]. Consequently, the particles rearrange themselves to fill the 

voids below, thus consolidating the powder bed and increasing the density of the 

powder bed. This consolidated density is termed the tapped density. 

 

The bulk and tapped densities of powders can be used to calculate their 

compressibility as described by Equation (4.1), this is known as the Carr index (𝐶𝐼) 

[43]: 

 

𝐶𝐼 ൌ ఘ೟ିఘ್

ఘ೟
  (4.1) 

 

where 𝜌௕ and 𝜌௧ are the bulk and tapped densities of powders, respectively. 

 

Because the flow of powders during density measurements results in powders flowing 

downwards into a confined space (as there are no openings at the bottom of the 

container) with each tap, the flowing powder will inevitably consolidate and because 
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powder flow occurs due to gravitational forces, Carr indices can be considered indirect 

measurements of confined gravitational flow. The advantages of the Carr index are: it 

is a quick, simple and cost-effective method to assess the relative strength of inter-

particle interactions of powders. Limitations of this method includes its inability to take 

into account the effect of powder consolidation on powder flow and it is not suitable to 

assess the flow of highly cohesive powders that are very poor flowing. 

 

As a rule, poor-flowing powders typically possess large Carr indices due to large 

increases in density after tapping. The exception to this are powders that are so 

cohesive that tapping is not energetic enough to break the strong cohesive force [44]. 

The small Carr indices calculated for highly cohesive powders misleadingly suggest 

good powder flow. More forceful methods to compress the powder bed, such as a 

mechanically driven piston, may overcome the limitation from tapping [45]. Such 

methods are referred to as compressibility measurements. Compressibility 

measurements can be considered indirect measurements of confined mechanical flow 

as the powders are mechanically made to flow into a confined space. The advantages 

of the compressibility measurements are: they are relatively simple methods to assess 

flow and are likely a suitable method to assess the flow of highly cohesive powders 

that are very poor flowing. The limitation of this method is that the consolidation effect 

on powder flow is also not taken into account. 

 

An increasingly common method to evaluate flow is through the use of a powder 

rheometer such as the FT4 Powder Rheometer (Freeman Technology Ltd., UK). In 

the case of the FT4 Powder Rheometer, a motorised twisted blade (see Figure 4-1) is 

rotated through the powder bed at a controlled and constant speed [46].  
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Figure 4-1: Image of the twisted blade used with the FT4 Powder Rheometer (Freeman 

Technology Ltd., UK). 

 

Flow is measured as the energy required to maintain constant rotation of the blade as 

the blade continuously moves down through the powder. This energy is termed the 

basic flowability energy (BFE). More flowable powders are expected to present less 

resistance to the rotating blade, thus requiring less energy to maintain the constant 

rotation of the blade, thereby resulting in lower BFE [46]. As there is a “bulldozing” 

effect on the powder while the twisted blade moves down through the powder, BFE 

measurements can be considered dynamic measures of confined mechanical flow. 

The advantage of this method is that the flow is assessed in a dynamic manner. The 

limitation of the BFE measurement is that such measurements are limited only to other 

measurements based on the FT4 Powder Rheometer thus difficulties may arise when 

comparing data from other instruments. 
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Measurements of the flow rate of powders through an orifice of a container per unit 

time are also dynamic measurements of flow [47-49]. Not surprisingly, more flowable 

powders typically have faster flow rates. As powders are able to flow out of the 

container through the orifice, significant increases in powder consolidation does not 

occur; thus, flow rate measurements can be considered as direct measurements of 

unconfined flow. Traditionally, measuring the flow of powders through an orifice has 

been limited to powders that are relatively flowable [42]. However, to aid in measuring 

the flow of cohesive powders, Intelligent Pharmaceutics Oy recently released the 

FlowPro (Intelligent Pharmaceutics Oy, Finland) [50]. In brief, it operates by vertically 

tapping a sample cuvette to induce powder flow of cohesive fine powders which is 

then measured via an inbuilt balance. Early studies have shown good promise in 

measuring the flow of cohesive powders [49-52]. However, it must be noted that 

measurements of the flow of powders through an orifice is often dependent on the 

experimental setup and thus measurements with the FlowPro may not necessarily be 

comparable with other instruments. 

 

As the effect of consolidation on powder flow is of significant relevance to the handling 

of bulk powders in the pharmaceutical industry, shear cell testing is an important 

method to evaluate the flowability of powders [16, 45]. For example, powders at the 

bottom of bulk storage containers (hoppers, bins and silos) can experience high 

consolidation pressures [16]. Consequently, if the flow of a powder is susceptible to 

the effect of consolidation, the powder may show unsatisfactory flow out of bulk 

storage containers or even cause a blockage [17]. Thus, shear cell testing provides 

invaluable information on how powders flow especially when designing equipment for 

bulk powder storage and handling [16]. 

 

By measuring the shear stress required to cause powder flow whilst the powder is 

under varying levels of consolidation, mechanical properties such as the cohesion 

coefficient (or simply cohesion), flow function coefficient (or simply flow function, 𝑓𝑓௖) 

and the angle of internal friction (AIF) can be determined. Typically, larger 𝑓𝑓௖ values 

correspond to better flowing powders with the general guidelines: 𝑓𝑓௖
 < 1 = non-

flowing, 1 < 𝑓𝑓௖
 < 2 = very cohesive, 2 < 𝑓𝑓௖

 < 4 = cohesive, 4 < 𝑓𝑓௖
 < 10 = easy flowing, 



Chapter 4: Evaluating the Flow of Surface Modified Fine Powders with Varying 

Amounts of Magnesium Stearate Through Different Flowability Tests 
 

 

123 

and 𝑓𝑓௖
 > 10 = free flowing [16, 29, 53, 54]. Large cohesion and AIF values 

corresponds to poorer flowing powders. As powders undergo a pre-shear phase prior 

to each shear measurement (for a more detailed discussion on the shear cell 

procedure, the reader is invited to read [16, 18]), flow measurements from shear cell 

testing assesses the flowability of powders whilst the powder is under consolidative 

pressures. The advantage of shear cell testing is that it is able to take into account the 

effects of powder consolidation on powder flow. The limitation of shear cell testing is 

that it is not a quick nor simple measurement. 

 

 Materials and Methods 

 

4.4.1. Materials 

 

Micron-sized glass beads (MGB) (𝑑ହ଴ = 10 µm) (Cospheric LLC, USA). MGB dry 

coated with varying amounts of magnesium stearate NF (MgSt) (Mallinckrodt Baker 

Inc., USA) (0.05, 0.1, 0.175, 0.25, 0.5, 0.75, 1 and 2% w/w MgSt). For details on the 

dry coating process, refer to Chapter 2: Surface Modification and Physical 

Characterisation of a Model Pharmaceutical Powder Section 2.3.1 Particle 

Engineering via Dry Coating. The dry coated powders are labelled as M-MGB-X where 

X is the weight percentage of the MgSt. 

 

4.4.2. Methods 

 

4.4.2.1. Sample Pre-conditioning 

 

Unless otherwise stated powders were freshly sieved through a 250 µm mesh prior to 

flow measurements to remove the effects of powder history. 

 

4.4.2.2. Powder Densities and their Carr Indices 

 

To determine the Carr index, the bulk density, 𝜌௕, was measured by slowly pouring 

approximately 7-8 ml of freshly sieved powder into a calibrated 10 ml measuring 
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cylinder through a funnel held at a fixed height above the measuring cylinder. The 

mass and volume of the powder within the measuring cylinder were then measured. 

The tapped density, 𝜌௧, of the powder was determined by measuring the new volume 

of the powder bed after 1250 taps with an automated tapping apparatus (AUTOTAP™, 

Quantachrome Instruments, USA). The tapper operated with a 3.18 mm vertical tap 

and a tapping rate of 260 taps/min. Replicates of four were conducted for all powders. 

The Carr index, 𝐶𝐼, for all powders was calculated with Equation (4.1). 

 

4.4.2.3. Compressibility Measurements 

 

The compressibility of the powders was evaluated with the FT4 Powder Rheometer 

(Freeman Technology Ltd., UK) using a vented piston. Details of the method can be 

found elsewhere [33, 46]. Briefly, a 10 ml split vessel was filled approximately 2 mm 

above the split level with freshly sieved powders. The powder was subjected to an 

automated conditioning step performed by the FT4 before the vessel was split to 

produce a powder bed with a flat surface. Compression of the powder bed was 

achieved with a normal stress of 1, 2, 4, 6, 8, 10, 12, and 15 kPa. All tests were 

conducted in triplicate. 

 

4.4.2.4. Basic Flowability Energy 

 

The basic flowability energy (BFE) was measured with a FT4 Powder Rheometer 

(Freeman Technology Ltd., UK) using a 23.5 mm diameter twisted blade and a 25 ml 

split vessel. Details of this test have been described elsewhere [33, 46]. Briefly, the 

split vessel was filled approximately 2 mm above the split level with freshly sieved 

powders. The powder was subjected to an automated conditioning step and the vessel 

was then split to produce a powder bed with a flat surface. The test cycle involved 

passing the twisted blade through the powder bed in a controlled path with a rotational 

speed of 10-100 mm/s. Replicates of three were conducted for all powders. 
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4.4.2.5. Flow Rate 

 

The flow rate of the powders out of an orifice was measured with a FlowPro (Intelligent 

Pharmaceutics Oy, Finland). Details of the instrument can be found elsewhere [33]. 

Briefly, the instrument consists of a balance to measure mass gain with time. Directly 

above the balance is a stainless-steel cylindrical cuvette with an orifice diameter of 3.0 

mm with a vertically tapping motor.  Approximately 1.75 g of powder was slowly poured 

into the cylindrical cuvette through a funnel at a fixed height above the sample cuvette. 

To retain the powder within the sample cuvette until the start of the measurement, the 

base of the sample cuvette was stoppered with parafilm. Analysis of the data was 

achieved with FlowPro software v1.1.1713. Replicates of four were conducted for all 

powders. 

 

4.4.2.6. Shear Cell Testing 

 

Shear cell testing was performed with a FT4 system (Freeman Technology, UK) using 

the 1 ml shear cell module. A detailed description of shear cell testing can be found 

elsewhere [55]. Briefly, approximately 2.5 g of freshly sieved powder was first 

conditioned by the FT4 system. After the conditioning step, the powder was 

compressed to 9 kPa with a vented piston and then the module was split to produce a 

1 ml powder bed with a flat surface. The shear stress was measured with respect to 

each normal stress of 7, 6, 5, 4, and 3 kPa with a pre-shear normal stress of 9 kPa. 

Replicates of five were conducted for each powder. 

 

4.4.2.7. Statistical Analysis 

 

Statistical analysis was achieved with a one-way analysis of variance (ANOVA) with a 

Tuckey’s post hoc analysis where a significant difference was obtained if 𝑝 < 0.05 (IBM 

SPSS Statistics v23, IBM Corp., USA). 
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 Results 

 

Carr indices for the powders are presented in Figure 4-2. The Carr index of MGB was 

approximately 0.42±0.01, indicating that MGB is a poor flowing powder which agrees 

with visual observations of the powder. 

 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

% MgSt (w/w)

C
a

rr
 In

d
e

x

 

Figure 4-2: Carr index of MGB and MGB dry coated with varying amounts of MgSt. 𝑛 

= 4, error bars represent standard deviation. Note that some of the error bars are 

smaller than the symbols. 

 

When MGB was dry coated with MgSt the Carr indices decreased indicating that the 

flow of the dry coated powders improved with a MgSt coating. Optimal flow was 

indicated for M-MGB-0.175 with a minimum Carr index of approximately 0.25±0.01. 

The Carr index of M-MGB-0.25 was not significantly different (𝑝 > 0.05) to the Carr 

index of M-MGB-0.175. Interestingly, the Carr index of M-MGB-0.05 was not 

significantly different (𝑝 > 0.05) to that of MGB, indicating that M-MGB-0.05 did not 

flow differently to uncoated MGB. 
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The Carr index of M-MGB-2 was significantly larger (𝑝 < 0.05) than the Carr indices of 

powders with 0.175-1% w/w MgSt. This indicates that M-MGB-2 flowed more poorly 

than the powders with 0.175-1% w/w MgSt. Similarly, previous studies also reported 

larger Carr indices when pharmaceutical powders were dry coated with large amounts 

of MgSt [27, 30]. For instance, dry coat lactose monohydrate (𝑑ହ଴ ൎ 20 µm) with 2% 

w/w MgSt showed a larger Carr index than that of lactose that had been dry coated 

with 1% w/w MgSt [27]. Alternatively, ibuprofen (𝑑ହ଴ ൎ 44 µm) that had been dry 

coated with 5% w/w MgSt had a larger Carr index than ibuprofen that had been dry 

coated with 1% w/w MgSt [30]. 

 

Figure 4-3 presents the compressibility of the powders. The compressibility of MGB 

was significantly lower after dry coating with MgSt. MGB was very compressible with 

a compressibility of approximately 30.1±0.5%, suggesting that the powder was poor 

flowing. The minimum compressibility occurred for M-MGB-0.175 with a 

compressibility of approximately 5.7±0.5%, thereby indicating that M-MGB-0.175 

flowed best. This is in agreement with the Carr indices of the powders. M-MGB-0.05 

was less compressible than uncoated MGB. 
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Figure 4-3: Compressibility of MGB and MGB dry coated with varying amounts of MgSt 

at a normal stress of 15 kPa. 𝑛 = 3, error bars represent standard deviations. Note that 

some of the error bars are smaller than the symbols. 

 

The compressibilities of the powders with 0.175% w/w MgSt or more remained the 

same until the amount of MgSt used reached at least 1% w/w. With 1% w/w MgSt or 

greater, the compressibilities of the powders were significantly larger (𝑝 < 0.05) than 

that of M-MGB-0.175. This suggests that the powders with 1% w/w MgSt or more 

flowed more poorly than powders with 0.175-0.75% w/w MgSt. 

 

The basic flowability energies (BFE) of the powders are presented in Figure 4-4. The 

BFE of MGB was approximately 81.3±6.6 mJ. Similar to the compressibility results, 

the BFE of M-MGB-0.05 was significantly lower (𝑝 < 0.05) than the BFE of MGB. 
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Figure 4-4: Basic flowability energy of MGB and MGB dry coated with varying amounts 

of MgSt. 𝑛 = 3, error bars represent standard deviations. 

 

The best powder flow was indicated for M-MGB-0.1 with a minimum BFE of 

approximately 43.0±1.0 mJ. The BFE of the powders with 0.175% w/w MgSt or more 

were the same indicating that these powders flowed the same. 

 

The flow rate of the powders was measured with a FlowPro. The results are presented 

in Figure 4-5. MGB was not very flowable with a flow rate of approximately 16.1±1.2 

mg/s. This agrees with the results from the other methods presented above. The low 

flow rate of MGB might also partially be the result of relatively large agglomerates 

(because of strong cohesive forces) that hindered flow through the orifice, especially 

as some of the agglomerates were too large to pass through the orifice. 
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Figure 4-5: Flow rate of MGB and MGB dry coated with varying amounts of MgSt. 𝑛 = 

4, error bars represent standard deviation. 

 

Interestingly, M-MGB-0.05 was significantly more flowable than MGB and M-MGB-0.1 

and M-MGB-0.175. M-MGB-0.05, M-MGB-0.25 and M-MGB-0.5 had the same flow 

rate. Powders with 0.75% w/w or more MgSt were significantly less flowable (𝑝 > 0.05) 

than M-MGB-0.25. 

 

The flowability of the powders under consolidation was evaluated through shear cell 

testing. Figure 4-6 presents the cohesion and flow function of the powders. 
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Figure 4-6: (a) Cohesion and (b) flow function of MGB and MGB dry coated with 

varying amounts of MgSt. 𝑛 = 5, error bars represent standard deviation. 

 

An interesting observation is the high variability in the cohesion and flow function of all 

powders with a MgSt coating. A similarly large variability in the cohesion and flow 

function was also reported for MgSt coated ibuprofen [56]. Consequently, these 

measurements were not very effective in discriminating between the flowabilities of 

the powders other than the largest differences in flow—that is, between the uncoated 

MGB and powders with 0.1-0.25% w/w MgSt. Nonetheless, these results conform with 

the general flow profile observed in the other methods to assess flow. That is, the 

flowability of MGB improved with the addition of small amounts of MgSt before 

decreasing with larger amounts of MgSt. 

 

The angles of internal friction (AIF) of the powders are present in Figure 4-7. The AIF 

data was able to discriminate the flowability of powders with 0.1-0.175% w/w MgSt 

and powders with at least 0.5% w/w MgSt. 
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Figure 4-7: Angle of internal friction of MGB and MGB dry coated with varying amounts 

of MgSt. 𝑛 = 5, error bars represent the standard deviation. 

 

The AIF of MGB was approximately 24°. The AIF of M-MGB-0.05 was not significantly 

different to the AIF of MGB indicating that both MGB and M-MGB-0.05 flowed the 

same while undergoing consolidated flow. Interestingly, slip-stick behaviour (data not 

shown) was observed for M-MGB-0.05 during shear cell testing which occurs when 

the particles repeatedly transition between a lower cohesion state (slip phase) and a 

higher cohesion state (stick phase). This slip-stick behaviour may explain the relatively 

high variability of the AIF of M-MGB-0.05. Importantly, the slip-stick behaviour may 

indicate that MgSt may have only partially covered the surfaces of the MGB host 

particles—that is, the MgSt coating of M-MGB-0.05 was patchy or incomplete. An 

incomplete coating would lead to three different types of contacts: MgSt-MgSt, MgSt-

glass and glass-glass. Transitions between these different contacts during particle 

movement may result in the slip-stick behaviour. 
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The AIF of powders with at least 0.1% w/w MgSt were smaller than the AIF of MGB. 

This suggests that these powders flowed better than MGB. However, powders with at 

least 0.5% w/w MgSt, were less flowable than the powders with 0.1-0.175% w/w MgSt. 

 

 Discussion 

 

Dry coating MGB with a minimum of 0.1% w/w MgSt through mechanofusion was 

effective in improving the flow of MGB. The optimal amount of MgSt was approximately 

0.1-0.25% w/w. However, it should be noted that the optimal amount of MgSt required 

is powder specific, specifically with respect to the specific surface area of the host 

powder [21, 27]. As particle size, size distribution and morphology of the powders 

remained unchanged after dry coating (Chapter 2: Surface Modification and Physical 

Characterisation of a Model Pharmaceutical Powder), the improved flow of the 

powders with 0.1% w/w MgSt was attributed to MgSt lowering the cohesive forces 

between the particles. With a smaller amount of MgSt than 0.1% w/w, MGB-0.05 did 

not flow better than MGB when flow was assessed through Carr index (see Figure 4-2) 

and AIF (see Figure 4-7). This was potentially due to M-MGB-0.05 only having a partial 

coating of MgSt that was unable to significantly diminish the strong cohesive forces 

between the particles. Similar observations from Zhou et al., 2013 [21] were observed 

when studying salbutamol sulphate (SS, 𝑑ହ଴ ൎ 3.3 µm) that had been dry coated with 

0.5% w/w MgSt where it did not flow any better than uncoated SS. 

 

However, flow rate measurements showed that M-MGB-0.05 flowed better than MGB, 

M-MGB-0.1 and M-MGB-0.175 (see Figure 4-5). The high flow rate of M-MGB-0.05 

was attributed to M-MGB-0.05 forming small agglomerates (from visual inspection) 

that could flow through the orifice easily. These small agglomerates were responsible 

for the good flow of M-MGB-0.05. 

 

When flow was assessed through Carr index and compressibility measurements, the 

flowability of M-MGB-2 was poorer than the flowability of powders with 0.175-1% w/w 

MgSt (see Figure 4-2 and Figure 4-3), despite M-MGB-2 having more MgSt. This 

coincides well with other reported studies where powders that had been dry coated 
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with excess amounts of MgSt showed poorer flow than powders with optimal amounts 

of MgSt [21, 27, 30, 57]. For instance, Zhou et al., 2011 [27] studied the flow of lactose 

(𝑑ହ଴ ൎ 20 µm) that had been dry coated with varying amounts of MgSt. The authors of 

[27] reported that the flow of lactose that had been dry coated with 2% w/w MgSt was 

poorer than the flow of the optimal flowing powder (lactose dry coated with 1% w/w 

MgSt). Similarly, in a separate study, the authors of [21] reported that dry coating 

salbutamol sulphate (SS, 𝑑ହ଴ ൎ 3.3 µm) with 10% w/w MgSt flowed significantly poorer 

to SS that had been dry coated with 5% w/w MgSt. The poorer flow observed for M-

MGB-2 may be attributed to the thickness of the MgSt [21]. As MgSt is a relatively soft 

material, the thicker MgSt coating may be able to deform sufficiently, thereby 

increasing the contact area between adjacent particles [15]. Therefore, with more 

surface in contact, more inter-particle interactions can occur between the contacting 

surfaces, which manifests as increased cohesiveness [15].  

 

The flowability of the powders was also influenced by the method used to assess flow. 

In contrast to the indicated poor flow of M-MGB-0.05 from its Carr index (see Figure 

4-2), M-MGB-0.05 was more flowable than MGB when flow was assessed through 

compressibility (see Figure 4-3) and BFE (see Figure 4-4) measurements. This was 

likely attributed to the type of flow that occurred during these different flow 

assessments. As tapped density, compressibility and BFE measurements are all 

examples of confined flow, the flow of powders in these measurements resulted in 

increased powder consolidation as the powder continued to flow. Consequently, with 

more particles closer together, the average number of contact points between adjacent 

particles increased and thus resulted in greater net cohesive forces [3, 19]. Therefore, 

for tapped density measurements of M-MGB-0.05, as the powder consolidates with 

each tap, the increase in the cohesive force can increase to a point where the weight 

of the M-MGB-0.05 agglomerates was no longer sufficient to cause powder flow. 

However, in compressibility and BFE measurements of M-MGB-0.05 the flow of the 

powder was caused by a mechanical force exerted by a motor. As the motor was able 

to exert a mechanical force that was greater than the gravitational force, the flow 

promoting force was able to overcome the increasing cohesive force (due to powder 

consolidation), thereby resulting in greater powder flow. 
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Additionally, although the flow of powders in tapped density and flow rate 

measurements were the result of the gravitational force, M-MGB-0.05 showed different 

flowabilities in these two methods. M-MGB-0.05 exhibited significant improvements in 

flowability when assessed through flow rate measurements (see Figure 4-5), while M-

MGB-0.05 flowed poorly when flow was assessed through Carr indices (see Figure 

4-2). The improved flow of M-MGB-0.05 in flow rate measurements was attributed to 

the fact that flow rate measurements measure the unconfined flowabilities of powders. 

Consequently, during flow of the powder, consolidation of the powder does not occur 

(the powder can flow out of the orifice). Therefore, an increase in the cohesive force 

due to consolidation does not occur, thus allowing the weight of the M-MGB-0.05 

agglomerates to maintain flow throughout the measurement. In contrast, the 

increasing cohesive force during tapped density measurements was able to increase 

to a point where it overwhelmed the weight of the M-MGB-0.05 agglomerates, thereby 

preventing further flow. 

 

Moreover, optimal flow was observed for M-MGB-0.25 in flow rate measurements 

while M-MGB-0.175 showed optimal flow in Carr indices despite these two methods 

assess gravitational flow. This was attributed to flow rate measurements not 

experiencing increases in consolidation during powder flow. Consequently, M-MGB-

0.25 was able to continue to flow throughout the measurement. This was not the case 

in tapped density measurements as significant powder consolidation can occur 

thereby increasing the cohesive force between adjacent particles to the point where it 

was able to overwhelm the weight of M-MGB-0.25 to limit further flow. 

 

 Conclusion 

 

Dry coating MGB via mechanofusion with sufficient amounts of MgSt was able to 

improve the flow of MGB. The measured flow behaviour of the powders was 

dependent on both the amount of MgSt used and the method used to assess powder 

flow. The optimal amount of MgSt was in the range of 0.1-0.25% w/w as these powders 

showed significant flow improvements regardless of the method used to assess 

powder flow. With a sub-optimal amount of MgSt, improvements in the flow of M-MGB-
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0.05 was more dependent on the method of flow assessment. M-MGB-0.05 was only 

able to flow more freely than MGB during unconfined flow (measured by flow rate) or 

confined mechanical flow (measured through compressibility or BFE measurements). 

In contrast, powders with large amounts of MgSt were unable to flow as freely as 

powders having 0.1-0.25% w/w MgSt. This was attributed to the MgSt coating being 

able to deform sufficiently which ultimately resulted in increased cohesion of the 

powder. 

 

Both the Carr index and compressibility measurements were quick and simple 

methods to assess the confined flow of the powders and both showed similar results 

on the flowabilities of the powders. However, as the Carr index was the more cost-

effective and simpler of the two methods, the Carr index is the recommended method 

to assess the confined flow of powders. For powders with a partial coating, such as 

M-MGB-0.05, compressibility measurements are recommended instead of the Carr 

index. BFE measurements were less effective at assessing the flow of the powders 

undergoing confined flow compared to both the Carr index and compressibility. The 

FlowPro was effective at measuring the flow of the powders. In contrast, shear cell 

testing was shown to be highly variable when assessing the flow of MgSt coated 

powders. Consequently, shear cell testing may not necessarily be a suitable method 

to assess the flow of MgSt coated powders. 
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 Characterising the Surface Properties of Surface 

Modified Fine Powders 

 

 Commentary 

 

To better understand how MgSt altered the flowability of the powders, this chapter 

aims to address Thesis Objective 4 “to measure the surface energy of the fine powder 

as well as the surface modified powder” and Thesis Objective 5 “to measure the 

surface hydrophobicity of the fine powder as well as the surface modified powder“. 

 

The surface energy of MGB and MGB dry coated with 0.05% to 0.75% w/w MgSt was 

measured via IGC at infinite dilution. The hydrophobicity of the powders was 

determined by measuring the contact angle of water to the powders via the liquid 

intrusion method. Also included in this chapter is the characterisation of the surface 

composition of the powders to provide further insights into results reported in Chapter 

4. ToF-SIMS experiments were conducted by Dr. John Denman and XPS experiments 

were conducted by Dr. Thomas Gengenbach. 

 

 Abstract 

 

In this study the surfaces of surface modified powders were characterised to better 

understand how the modified surface alters the surface properties of the powders. 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis showed that the 

extent and thickness of the MgSt coating can vary from a thin partial coating to a thin 

near-complete coating to a thicker near-complete coating of MgSt. Additionally, results 

from x-ray photoelectron spectroscopy (XPS) suggested that the hydrocarbon tail of 

MgSt was facing outwards. Inverse gas chromatography (IGC) was used to 

characterise the surface energy of the powders, while the contact angle of water to the 

powders was measured via the liquid intrusion method. The change in the surface 

energy of the powders coincided well with the extent of the MgSt coating. With a 

coating of MgSt, the surface energy of the powders was significantly lower than that 

of uncoated MGB. The contact angle of water to MGB was relatively high with a value 
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of approximately 80°. Thus, the capillary force for MGB was likely to be relatively weak. 

Liquid intrusion did not occur for powders with a MgSt coating, which indicated that 

the contact angle of water to MgSt coated powders was ൒90°. Consequently, a coating 

of MgSt was able to eliminate the presence of capillary forces between powders. 

 

 Introduction 

 

Pharmaceutical manufacturing can often be challenging when using fine powders as 

they are inherently cohesive [1-6]. Thus, fine powders often lack the necessary 

flowability to enable optimal and efficient manufacturing of pharmaceutical dosages 

[2]. The cohesive property of these powders is the result of relatively strong cohesive 

forces between adjacent particles [1-6]. These cohesive forces are a collection of 

attractive inter-particle interactions, such as van der Waals interactions and capillary 

forces, that exist between the contacting surfaces of adjacent particles. Such attractive 

contacts are termed cohesive contacts that act to keep particles in contact with one 

another [1]. Consequently, cohesive forces limit the movement of particles and thus 

reduce powder flow [1, 7-9]. 

 

Contact mechanics describes the pull-off force to be proportional to the surface energy 

of the powder. For the case of two identical spherical particles and without external 

loading (that is, the particles are not pushed together), the pull-off force, 𝐹௣௢, in the 

absence of other forces is given by Equation (5.1): 

 

𝐹௣௢ ൌ െ ଷ

ଶ
𝜋𝑤஼𝑟 (5.1) 

 

where 𝑟 is the radii of the particles and 𝑤௖ ൌ 2𝛾ௌ and is termed the work of cohesion. 

𝛾ௌ is the surface energy of the particles. 

 

The surface energy, 𝛾ௌ, (sometimes specified as total surface energy, 𝛾ௌ
், see below) 

of solids is an intrinsic property of solids as it stems from the net inward intermolecular 

forces exerted by the molecules at the surface and is analogous to the surface tension 

of liquids. Surface energy is defined as the energy required to create a unit area of 
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new surface [1, 10]. The surface energy is comprised of two major interactions [11]. 

The first is the innate dispersive (London) interaction which is present between all 

molecules. The second is the polar interaction (sometimes referred to as the acid-base 

interaction as it is only evident when an acidic moiety interacts with a basic moiety and 

vice versa) [11, 12]. Therefore, the surface energy of any solid material can be split 

into their major components—a dispersive component, 𝛾௦
஽, which is always present 

and a polar component, 𝛾௦
௉, which only arises when acid-base interactions are evident 

and the sum of these components gives the total surface energy (or simply surface 

energy) [13]. 

 

Thus, the work of cohesion, 𝑤஼, can be written in its surface energy component form 

[14-16]: 

 

𝑤஼ ൌ 2ሺ𝛾ௌ
஽ ൅ 𝛾ௌ

௉ሻ (5.2) 

 

For powders with a large surface energy, the pull-off force is large; thus, the powders 

are expected to flow poorly. 

 

The surface energy of powders is commonly characterised via inverse gas 

chromatography (IGC) [17-22]. In this technique, the sample of interest forms the 

stationary phase of the IGC, while the mobile phase carries a series of standard vapour 

probes to characterise the dispersive and polar components of the surface energy of 

the sample [23, 24]. IGC measurements can be performed under two different 

conditions: infinite dilution or finite concentration [23, 25]. In infinite dilution, very small 

amounts of the vapour probes are carried through the stationary phase [23, 25]. Under 

infinite dilution, only the highest surface energy sites are probed; thus, measurements 

of IGC at infinite dilution only provide information on these high energy sites [26-28]. 

To probe a wider range of the surface energy distribution, IGC at finite concentration 

can be used where larger amounts of the probe vapours are carried through the 

stationary phase, thereby probing a wider area of the powder surface [23, 28]. 
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In contrast to van der Waals interactions, capillary forces only exist when there is a 

liquid bridge between adjacent particles. The capillary force is a strong force that can 

potentially dominate the van der Waals interactions [29]. The strength of the capillary 

force is proportional to the cosine of the angle water makes to the particles [29-31]. 

For two identical smooth spherical particles, the capillary force, 𝐹௖, is given by Equation 

(5.3) [30]: 

 

𝐹௖ ൌ െ2𝜋𝛾௟𝑟 cos 𝜃 (5.3) 

 

where 𝛾௟ is the surface tension of the liquid and 𝜃 is the angle the liquid makes to the 

particles. 

 

As the strength of the capillary force is dependent on the hydrophilicity/hydrophobicity 

(in the context of water) of powders, the maximum capillary force occurs when water 

perfectly wets the powder, that is, when 𝜃 ൌ 0°. For powders where water makes larger 

contact angles (that is, more hydrophobic powders), the capillary force is weaker thus 

the powders are expected to flow more freely. 

 

For the case of powders, the contact angle of liquids is traditionally measured through 

methods where powders are adhered to scaffolds to act as Wilhelmy plates or the 

powder is compacted to form dense bodies on which sessile drops can form [32-38]. 

Clearly, neither of these methods are ideal as the powder is no longer in its natural 

form. Alternatively, the liquid intrusion method proposed by Washburn, 1921 [39], 

relates the contact angle of liquids to powders as a function of the rate at which liquids 

intrude into powder beds. For a more detailed discussion on the liquid intrusion method 

as well as some methods to accommodate some of the limitations of the liquid intrusion 

method, refer to Chapter 3: Development of New Experimental Methods – Part II: 

Strategies to Analyse Data Obtained from Liquid Intrusion Experiments of Loose 

Porous Materials. In brief, Washburn showed that the relationship between the 

intrusion rate of liquids and their contact angles to powders is given by Equation (5.4) 

[39, 40]: 
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௠మ

௧
ൌ ஼ఘమఊಽ ୡ୭ୱ ఏ

ఎ
 (5.4) 

 

where, 𝑚 is the mass of the intruded liquid at time, 𝑡. 𝐶 is the material constant and is 

a measure of the pore structure of the powder bed, 𝜌 is the density of the liquid, 𝛾௅ is 

the surface tension of the liquid, 𝜃 is the contact angle of the liquid, and 𝜂 is the 

viscosity of the liquid.  

 

The use of a perfectly wetting (𝜃 ൌ 0°ሻ reference liquid allows the determination of the 

material constant. Assuming that powder beds are composed of the same powder 

material and are prepared by a standardised packing procedure, it is assumed that the 

material constant is just that, constant [41-46]. Consequently, Equation (5.4) can be 

modified to give Equation (5.5): 

 

cos 𝜃௣ ൌ
ఘೝ

మఊಽೝఎ೛

ఘ೛
మఊ೛ఎೝ

⋅
௠೛

మ ௧ೝ

௠ೝ
మ௧೛

 (5.5) 

 

where subscripts 𝑝 and 𝑟 refer to probe and reference liquids, respectively.  

 

With the impact of the surfaces of fine powders on their inter-particle interactions, 

particle engineering through surface modification appears to be a logical approach to 

improve the flow of fine powders [3, 9]. Dry coating methods such as the 

mechanofusion system (Hosokawa Micron Powder Systems, Japan) achieves surface 

modification by subjecting the powder of interest (host powder) and a coating material 

(guest powder) to high shear stresses [47, 48]. As the guest powders are typically 

smaller and/or softer than the host powder, the high stresses exerted by the dry 

coating process can delaminate, smear and/or spread the guest powder over the 

surfaces of the host particles [48-51]. In doing so, a thin coating of the guest particles 

is formed on the host particles thereby effectively masking the surfaces of the host 

particles [49, 52-54]. Consequently, dry coating methods can alter the inter-particle 

interactions and therefore the flowability of fine powders. Thus, the selection of the 

coating material may be strategically selected to optimise the flowability of fine 

powders. 
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In the design of pharmaceutical formulations, pharmaceutical lubricants such as 

magnesium stearate (MgSt) are used to improve the manufacturability of 

pharmaceutical dosages such as tablets [55]. The functionality of MgSt is attributed to 

its ability to not only reduce friction but also the cohesive inter-particle forces [55]. For 

this reason, MgSt has been explored as a coating material to improve the flowability 

of fine powders [52, 56-58]. For instance, the flow of cohesive fine powders has been 

shown to improve significantly after dry coating through mechanofusion with the 

pharmaceutical lubricant magnesium stearate [48, 49, 56, 59-62]. Similarly, 

measurements detailed in the previous chapter (Chapter 4: Evaluating the Flow of 

Surface Modified Fine Powders with Varying Amounts of Magnesium Stearate 

Through Different Flowability Tests) found that dry coating micron-sized glass beads 

(MGB, 𝑑ହ଴ approximately 10 µm) with varying amounts of MgSt (0.05% to 2% w/w) via 

mechanofusion improved the flowability of MGB. 

 

The mechanisms by which surface coatings such as MgSt alter the flow of fine 

powders remain relatively poorly understood. Changes in the flow of fine powders with 

a MgSt coating have largely been attributed to the MgSt lowering the surface energy 

of the fine powder [18, 51, 63-65]. However, other mechanisms may also contribute to 

the improved flow of MgSt coated powders. For example, as the powders are now 

coated with a hydrophobic material (due to the aliphatic hydrocarbon tail of MgSt), the 

contact angle of water to the MgSt coated powder may also have increased. With an 

increased contact angle, the magnitude of the capillary force is decreased and this 

may contribute to the improvement in the flow of the surface modified fine powder. 

 

This study aims to better understand how altering the surface composition of a fine 

powder alters the surface properties of the powder. To this end, a fine powder was dry 

coated with varying amounts of MgSt to form surface modified powders with varying 

amounts of MgSt and their surface compositions, surface energies and 

hydrophobicities were characterised. 
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 Materials and Methods 

 

5.4.1. Materials 

 

Micron-sized glass beads (MGB, 𝑑ହ଴ = 10 µm with a span of 1.1±0.04) were obtained 

from Cospheric LLC (CA, USA) which served as a model pharmaceutical powder. 

Magnesium stearate NF (MgSt) was obtained from Mallinckrodt Baker Inc. (NJ, USA). 

Commercially available 250 µm pre-silanized glass beads were used as carrier 

particles (CGB), which was procured from Sigma-Aldrich Co. LLC. (MO, USA). GC 

grade decane, nonane, octane, heptane, hexane, dichloromethane, and toluene were 

procured from Sigma-Aldrich Co. LLC. (MO, USA). Silanized glass wool and pre-

silanized glass columns were purchased from Surface Measurement Systems Ltd. 

(London, UK). Absolute ethanol and acetone were purchased from Merck KGaA 

(Hesse, Germany). All materials were used as received. Milli-Q water was produced 

from a Direct-Q® 3 UV Water Purification System (Merck KGaA, Hesse, Germany). 

 

5.4.2. Methods 

 

5.4.2.1. Time-of-Flight Secondary Ion Mass Spectrometry 

 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) experiments were 

performed using a Physical Electronics Inc. PHI TRIFT V nanoTOF instrument 

equipped with a pulsed liquid metal 79+Au primary ion gun (LMIG), operating at 30 keV 

energy. Experiments were performed under a vacuum of 5x10-6 Pa or better. 

“Unbunched” Au1 instrumental settings were used to optimise spatial resolution for the 

collection of +SIMS images. Surface analyses were performed at four locations per 

sample using a 50 x 50 µm raster area. 

 

Region-of-interest spectra were extracted from the collected raw data using 

WincadenceN software (Physical Electronics Inc., MN, USA). This resulted in spectra 

collected from the surface of 20 particles per sample. 
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Spectra were calibrated and integrated peak values of selected ions were normalised 

to the total selected secondary ion intensities to correct for differences in total ion yield 

between analyses and samples. The resulting data were then compared qualitatively 

by preparing plots of average normalised counts (with 95% confidence intervals) for 

each species of interest. Chemical maps were also prepared from the raw data to 

show the spatial distribution of species of interest. 

 

5.4.2.2. X-ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra 

DLD spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al 

Kα source at a power of 144 W (12 kV ൈ 12 mA), a hemispherical analyser operating 

in the fixed analyser transmission mode and the standard aperture (analysis area was 

approximately 0.3 x 0.7 mm). The total pressure in the main vacuum chamber during 

analysis was typically between 10-9 to 10-8 mbar. Survey spectra were acquired at a 

pass energy of 160 eV. To obtain more detailed information about chemical structure, 

oxidation states etc., high resolution spectra were recorded from individual peaks at 

40 eV pass energy (yielding a typical peak width for polymers of <1.0 eV). 

 

Each specimen was analysed at an emission angle of 0° as measured from the surface 

normal. Since the actual emission angle is ill-defined in the case of particles (ranging 

from 0º to 90º) the sampling depth ranges from 0 nm to approximately 10 nm. 

 

Data processing was performed using CasaXPS processing software v2.3.15 (Casa 

Software Ltd., Teignmouth, UK). All elements present were identified from survey 

spectra. The atomic concentrations of the detected elements were calculated using 

integral peak intensities and the sensitivity factors supplied by the manufacturer. 

Binding energies were referenced to the aliphatic hydrocarbon C 1s peak at 285.0 eV 

(Appendix: Figure A.1) in order to correct for the shift in peak positions that occurs 

because of sample charging during analysis [66]. Sample charging was compensated 

for using a low-kinetic energy electron flood gun in combination with a magnetic 

immersion lens. The latter directs the electrons from the flood gun towards the sample 
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and generates a uniform and stable electron potential across the sample surface. The 

accuracy associated with quantitative XPS is approximately 10-15%. Precision (that 

is, reproducibility) depends on the signal/noise ratio but is usually much better than 

5%. The latter is relevant when comparing similar samples. 

 

5.4.2.3. Surface Energy Measurements 

 

The surface energy of the powders was determined via inverse gas chromatography 

(iGC 2000, Surface Measurement Systems Ltd., London, UK) at infinite dilution. 

Approximately 1.2 g of MGB were packed into pre-silanized glass columns (300 x 4 

mm ID). As MgSt coated MGB naturally forms high packing efficiency powder beds 

which results in over-pressuring the IGC, it was necessary to blend the MgSt coated 

MGB with 70% w/w MgSt (refer to Chapter 3: Section 3.2 Part I: A Strategy to Evaluate 

the Surface Energy of High Packing Efficiency Fine Powders via Inverse Gas 

Chromatography). Given the volume constraints of the IGC columns, blends of 

approximately 0.7 g of surface MgSt coated MGB with 70% w/w CGB (refer to [67] for 

details on the blending method) were packed into pre-silanized glass columns (300 x 

4 mm ID). It was previously shown that the reduced mass of 0.7 g of MgSt coated 

MGB does not affect the surface energy measurement [67]. Both ends of the columns 

were loosely stoppered with silanized glass wool to prevent powder movement. 

Packed columns were then gently tapped until no visible signs of voids, channels or 

cracks within the powder. 

 

Prior to surface energy measurements, the powders were pre-conditioned with a 

stream of helium at a flow rate of 10 sccm (standard cubic centimetre pre minute) for 

a period of 120 mins at 303.15 K and 0% RH (relative humidity). To measure surface 

energy, helium at 10 sccm was used to carry a series of n-alkanes probes (decane, 

nonane, octane, heptane, and hexane) and specific probes (dichloromethane and 

toluene) through the stationary phase to determine the dispersive surface energy, 𝛾ௌ
஽, 

and the specific free energy, Δ𝐺ௌ௉, respectively. The concentration used for all probes 

was at 0.03 𝑝/𝑝଴ (where 𝑝 is the partial pressure and 𝑝଴ is the saturation vapour 

pressure) and the system was kept at 303.15 K and 0% RH. Dead volumes were 
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based on the elution time of methane gas at 0.03 𝑝/𝑝଴. The detection of the probes 

was achieved through a flame ionization detector (FID). Results were analysed with 

SMS-iGC analysis software v1.3 (Surface Measurement Systems Ltd., London, UK). 

Replicates of three were conducted for all powders. 

 

𝛾ௌ
஽ of the powder and Δ𝐺ௌ௉ of both dichloromethane and toluene was calculated with 

the Schultz method [25]. However, through this method, Δ𝐺ௌ௉ is obtained in units of 

energy per mole (kJ/mol), while 𝛾ௌ
஽ is in units of energy per area (mJ/m²). The 

harmonization of these units was achieved through the use of Avogadro’s number and 

the cross-sectional area of the vapour probe (refer to Table 5-1) [68-71]. Δ𝐺ௌ௉ is 

related to the polar surface energy, 𝛾ௌ
௉, through the concept presented by Good-van 

Oss [13, 72], Equation (5.6) and Equation (5.7): 

 

Δ𝐺ௌ௉ ൌ 2𝑎𝑁஺൫ඥ𝛾௅
ା𝛾ௌ

ି ൅ ඥ𝛾௅
ି𝛾ௌ

ା൯ (5.6) 

 

𝛾ௌ
௉ ൌ 2ඥ𝛾ௌ

ା𝛾ௌ
ି (5.7) 

 

where 𝑎 is the cross-sectional area of the probe, 𝑁஺ is Avogadro’s number, 𝛾௅
ା is the 

electron-acceptor parameter of the acidic probe, 𝛾ௌ
ି is the electron-donor parameter 

of the powder surface (basic site), 𝛾௅
ି is the electron-donor parameter of the basic 

probe, and 𝛾ௌ
ା is the electron-acceptor parameter of the powder surface (acidic site). 

 

Table 5-1: The electron-acceptor parameter, 𝛾௅
ା, electron-donor parameter, 𝛾௅

ି, and 

cross-sectional area, 𝑎, of dichloromethane and toluene (Surface Measurement 

Systems Ltd., London, UK). 

Probe 𝜸𝑳
ା (mJ/m²) 𝜸𝑳

ି (mJ/m²) 𝒂 (x10-19 m2) 

Dichloromethane 5.20 0 2.45 

Toluene 0 2.30 4.60 
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The total surface energy, 𝛾ௌ
், is given by Equation (5.8) [13]: 

 

𝛾ௌ
் ൌ 𝛾ௌ

஽ ൅ 𝛾ௌ
௉ (5.8) 

 

5.4.2.4. Surface Hydrophobicity Measurements 

 

Liquid intrusion experiments were performed with an automated tensiometer 

(Attension Sigma 700, Biolin Scientific, Stockholm, Sweden). 

 

Powder beds of the powders were prepared by pouring approximately 1.24 g of MGB 

or 0.7 g of surface modified powder through a funnel at a fixed height above a custom-

made borosilicate glass column (50 x 10 mm ID) (Platinum Laboratory Services, 

Melbourne, Australia). The column contained a POR 2 borosilicate sintered glass frit 

(pore size of 40-100 µm) to retain the powder. In order to ensure the integrity of the 

glass frit, 1 layer of filter paper (pre-cut 10 mm diameter Whatman Grade 1 filter paper, 

Whatman PLC., Kent, UK) was placed in the column prior to loading the powder. The 

column was cleaned prior to each experiment by washing and rinsing with Milli-Q 

water, ethanol, and acetone before drying with a stream of dry compressed air. 

 

Powder beds of MGB were prepared by tapping the columns 200 times with an 

automated tapping instrument (AUTOTAP™, Quantachrome Instruments, FL, USA). 

To prevent powder beds of surface modified powders from lifting during the liquid 

intrusion experiments, powder beds were prepared by tapping the columns 1250 times 

with an automated tapping instrument before the powder beds were compressed with 

a compressive stress of approximately 152 kPa. The tapper operated with a 3.18 mm 

vertical tap at a tapping rate of 260 taps/min. 

 

All liquid intrusion studies were performed at 25±2° C with freshly prepared powder 

beds. Water was used as the probe liquid, while ethanol was used as the reference 

liquid [73]. Replicates of five were completed for all powders with all liquids, unless 

otherwise specified. Table 5-2 presents the liquid properties (density, viscosity, and 

surface tension) of all liquids used at 25° C. 
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Table 5-2: Liquid properties of water and ethanol at 25° C [30]. 

Liquid 
Density 

(kg/m³) 

Viscosity 

(Pa൉s) 

Surface tension 

(N/m) 

Water 997.047 0.000890 0.07199 

Ethanol 784.855 0.001074 0.02197 

 

The contact angle of the probe liquid to the powders was calculated based on the rank 

order of the material constants (method presented in [73]). 

 

5.4.2.5. Statistical Analysis 

 

Statistical analysis was achieved with a one-way analysis of variance (ANOVA) with a 

Tuckey’s post hoc analysis where a significant difference was obtained if 𝑝 < 0.05 (IBM 

SPSS Statistics v23, IBM Corp., NY, USA). 

 

 Results and Discussion 

 

5.5.1. Surface Composition of MGB After Dry Coating with Varying Amounts of 

MgSt 

 

Both ToF-SIMS and XPS are highly surface specific techniques that provide chemical 

information about the upper-most portion of the surfaces of solids [74-76]. The depth 

resolution for ToF-SIMS is approximately 1-2 nm while the depth resolution of XPS is 

approximately 5-10 nm for flat surfaces [77]. However, due to the spherical 

morphology of MGB, it is very difficult to give an exact depth resolution of both ToF-

SIMS and XPS. Consequently, data from ToF-SIMS and XPS analysis can only be 

used as a qualitative indicator of the relative thickness of the MgSt coatings. 

 

Figure 5-1 presents the normalised counts of Si and Mg signals. The coverage of the 

MgSt coating was qualitatively assessed by spatial distribution maps of Si and Mg as 

a function of the weight percentage of MgSt used, which are presented in Figure 5-2. 

The presence of a Mg signal in the uncoated MGB, see Figure 5-1a, indicates there 
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were sources of magnesium in the glass. Consequently, Mg signals from powders dry 

coated with MgSt may originate from the glass and/or the MgSt. However, the Si 

signal, Figure 5-1b, only originates from glass. 

 

 

Figure 5-1: Normalised counts of (a) Mg and (b) Si signals over the total spectral peak 

of MGB and MGB dry coated with varying amounts of MgSt measured using ToF-

SIMS at a scan area of 50 x 50 µm. 𝑛 = 20 for each powder, error bars represent 95% 

confidence intervals. 

 

Despite the addition of additional sources of magnesium in the form of MgSt, the 

normalised count of Mg in M-MGB-0.05 decreased compared to uncoated MGB. 

However, this small decrease was likely the result of a “matrix effect” as ToF-SIMS is 

highly sensitive to the chemical state of the target surface [74]. The matrix of MGB is 

the uncoated glass particle while for M-MGB-0.05 the matrix is the glass particle plus 

MgSt. 

 

The normalised count of Si decreased significantly (𝑝 < 0.05) with only 0.05% w/w 

MgSt, suggesting there was sufficient amounts of MgSt on the glass particles to cover 

some of the Si. However, there was insufficient amounts of MgSt to “hide” all the Si as 

the normalised count of Si for M-MGB-0.05 remained relatively high. Therefore, the 

MgSt coating of M-MGB-0.05 was likely to be a thin partial coating. 
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Figure 5-2: Representative spatial distribution of Si and Mg of: (a) MGB, (b) M-MGB-

0.05, (c) M-MGB-0.1, (d) M-MGB-0.175, (e) M-MGB-0.25, (f) M-MGB-0.5, (g) M-MGB-

0.75, (h) M-MGB-1, and (i) M-MGB-2. Scale bar equates to 10 µm. Red represents a 

Si signal and green represents a Mg signal. Note: the brightness of the images was 

increased to improve the visibility of the spatial distribution of Si and Mg. 

 

With greater amounts of MgSt (0.1-0.25% w/w), the normalised count of Si was 

significantly lower (𝑝 < 0.05) than M-MGB-0.05 (see Figure 5-1b). However, despite 

this decrease in the normalised count of Si, the normalised count of Mg was not 

significantly different (𝑝 > 0.05) to M-MGB-0.05 (see Figure 5-1a). Furthermore, from 

Figure 5-2c to Figure 5-2e, it was observed that there was an overall increase in the 

(a) (b) (c) 

(f) (e) (d) 

(g) (h) (i) 



 

Chapter 5: Characterising the Surface Properties of Surface Modified Fine Powders 
 

 

155 

distribution of Mg over the surface of the particles while the overall distribution of Si 

over the surface of the particles decreased. Consequently, the MgSt coating on the 

powders with 0.1-0.25% w/w MgSt was likely to be a thin near-complete coating of 

MgSt. The normalised count of Mg significantly (𝑝 < 0.05) increased with increasing 

amounts of MgSt above 0.25% w/w MgSt (see Figure 5-1a) while the normalised count 

of Si decreased (see Figure 5-1b). Consequently, the MgSt coating with a minimum of 

0.5% w/w MgSt was likely a thicker near-complete coating that was able to effectively 

“hide” more of the Si from being detected (see Figure 5-2f to Figure 5-2i). These 

observations indicate that the MgSt coating builds up and becomes thicker as the 

amount of MgSt used during dry coating increases. That is, with increasing amounts 

of MgSt, a new layer of MgSt is added to the previous layer of MgSt. This coincides 

well with the observations from Zhou et al., 2011 [60], where the authors suggested 

that the coating of MgSt on lactose monohydrate (𝑑ହ଴ approximately 20 µm) was 

thicker when the amount of MgSt used increased from 1% w/w to 5% w/w MgSt. 

 

From the spatial distribution maps of Si and Mg of the powders (see Figure 5-2), it 

appears that MgSt might not have necessarily completely coated the entire surface of 

all the particles as a small number of patches where Si was still largely detected, even 

with a MgSt amount as high as 2% w/w, see Figure 5-2i. 

 

XPS was used to determine the Mg and Si composition of the surfaces of the powders. 

The surface compositions of the powders are reported as atomic ratios relative to 

carbon and are presented in Figure 5-3. 
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Figure 5-3: Atomic ratio of Si and Mg relative to carbon for MGB and MGB dry coated 

with varying amounts of MgSt. 𝑛 = 2, error bars represent the deviation from the mean. 

 

The atomic ratio of Si/C was observed to decrease with increasing weight percentage 

of MgSt used. This suggests the MgSt coating increased in thickness with increasing 

amounts of MgSt used, which is in good agreement with the ToF-SIMS analysis. Of 

interest was the atomic ratio of Mg/C for M-MGB-0.05 which was above the theoretical 

atomic ratio of Mg/C for MgSt, which is 0.028. This indicate that additional sources of 

Mg was detected, likely from the MGB host particles, which coincides well with the 

ToF-SIMS data in suggesting that the MgSt coating for M-MGB-0.05 was likely a thin 

partial coating. 

 

Although it was not possible to provide a definitive description of the structure of the 

MgSt coating, XPS analysis does, however, suggest that the MgSt was likely 

orientated so that the Mg/carboxylic acid portion of MgSt was “buried” beneath the 

hydrocarbon tail of MgSt. That is, the hydrocarbon tail of MgSt was likely presented at 

the surface of the MgSt coated powders. This is because the atomic ratios of Mg/C for 
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the powders with 0.1% w/w MgSt or greater were all below the theoretical atomic ratio 

of Mg/C for MgSt, which is 0.028 (see Figure 5-3). Moreover, as ToF-SIMS and XPS 

only probes the upper-most portion of the surface of solids and Si from the MGB host 

particles was still detectable (see Figure 5-1 and Figure 5-3), the coating of MgSt must 

not have been thicker than the depth resolution of both ToF-SIMS and XPS, which 

was estimated to be approximately 10 nm. Consequently, despite the increasing 

thickness of the MgSt coating, the overall thickness of the coating itself was likely to 

be very thin (no more than approximately 10 nm). From previous studies of x-ray 

powder diffraction of MgSt powder the computed d-spacing for the long crystal spacing 

was reported to be approximately 4.8 nm [78]. This may suggest the MgSt coating of 

surface modified powders were likely a multi-laminar structure. Furthermore, as the 

atomic ratios of Mg/C for powders with 0.1-2% w/w MgSt were similar to one another, 

the MgSt was likely orientated in a similar way with increasing amounts of MgSt used. 

One possible structure of the MgSt coating is depicted in Figure 5-4. 

 

 

Figure 5-4: One possible structure of MgSt on the surface of the host particle after dry 

coating where the hydrocarbon tail of MgSt covers the Mg/carboxylic acid portion of 

MgSt. The number of layers of MgSt may vary depending on the amount of MgSt used 

relative to the total surface area of the host powder. Image not to scale. 

 

5.5.2. The Effect of a MgSt Coating on the Surface Energy of MGB 

 

The surface energy of the powders was evaluated via inverse gas chromatography at 

infinite dilution and the results are presented in Figure 5-5. The total surface energy, 

𝛾ௌ
், of MGB was approximately 250±9 mJ/m². 

 

Mg/carboxylic acid head group 

Hydrocarbon tail 

Host particle 
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Figure 5-5: Surface energy of MGB and MGB dry coated with varying levels of MgSt. 

𝑛 = 3, error bars represent standard deviations. 

 

When dry coated with 0.1% w/w MgSt, the 𝛾ௌ
் of M-MGB-0.1 was lowered to 

approximately 94±7 mJ/m². The surface energy of the powders with a minimum of 

0.1% w/w MgSt remained unchanged despite having greater amounts of MgSt than 

0.1% w/w. This indicates that the MgSt coatings for these powders were near-

complete and showed similar chemistry. This is in good agreement with the ToF-SIMS 

and XPS results, which suggested that the hydrocarbon tail was presented at the 

surface of the MGB host particles. As the surfaces of the powders with 0.1% w/w or 

more MgSt were largely covered by MgSt (see Figure 5-2c to Figure 5-2i) and the 

hydrocarbon tail of MgSt was facing outwards (see Figure 5-3), the surface energies 

of M-MGB-1 and M-MGB-2 were therefore likely to be similar to the surface energy of 

the 0.1% w/w MgSt powder. 

 

Not surprisingly, the 𝛾ௌ
் of M-MGB-0.05 was lower than that of MGB but higher than 

the 𝛾ௌ
் of the powders with a minimum of 0.1% w/w MgSt. This was attributed to the 

𝛾ௌ
்  

𝛾ௌ
஽  

𝛾ௌ
௉  
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MgSt coating covering the highest energy sites of the MGB host particles thus 

effectively masking these high energy sites during surface energy measurements via 

IGC at infinite dilution. Consequently, the measured 𝛾ௌ
் of M-MGB-0.05 was between 

the surface energy MGB and 0.1% w/w MgSt coated MGB. 

 

To better understand the change in the total surface energy of the powders, 𝛾ௌ
் was 

split into its components: the dispersive surface energy, 𝛾ௌ
஽, and the polar surface 

energy, 𝛾ௌ
௉, also presented in Figure 5-5. The decrease seen in 𝛾ௌ

் was primarily 

caused by a decrease in 𝛾ௌ
௉. Dry coating MGB with 0.175% w/w MgSt or more 

significantly increased (𝑝 < 0.05) 𝛾ௌ
஽ by a small amount (see Figure 5-5). This was 

likely attributed to the increase in the dispersive nature of the powders with increasing 

amounts of MgSt, thereby also increasing the affinity of the dispersive probes to the 

stationary phase. This is in good agreement with the XPS analysis which suggested 

that MgSt was orientated with the hydrocarbon tail presenting outwards. 

 

5.5.3. Hydrophobicity of MgSt Coated MGB 

 

The hydrophobicity of the powders was measured via the liquid intrusion method with 

water as the probe liquid and ethanol as the reference liquid. The contact angle of 

water to the powders are presented in Table 5-3. Water did not intrude into powder 

beds of powders with 0.1% w/w MgSt or more. 

 

Table 5-3: Contact angle of water to powders at 25° C. Ethanol was used as the 

reference liquid. Parentheses indicate standard deviation. 

Powder 𝜽 (°) 𝒏 

MGB 80 (0.3) 5 

M-MGB-0.05 89 (0.2) 4 

M-MGB-0.1+ >90  

 

The contact angle of water to MGB was 80±0.3°. With such a high contact angle, the 

strength of the capillary forces in MGB was likely relatively weak. Not surprisingly, 

water made a higher contact angle to M-MGB-0.05 where it was approximately 
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89±0.2°. Thus, with a coating of MgSt, the hydrophobicity of the powder increased. 

However, the intrusion rate of water into powder beds of M-MGB-0.05 was very slow 

and highly variable (as indicated by a large percentage of coefficient of variance, 

approximately 19% compared to approximately 6% for the intrusion rate of water into 

powder beds of MGB), refer to Figure 5-6.  

 

 

Figure 5-6: Rate of intrusion of water and ethanol into powder beds of MGB (𝑛 = 5) 

and M-MGB-0.05 (𝑛 = 4). Error bars represent standard deviation. The percentage 

coefficient of variation is presented numerically for each liquid and powder. 

 

The poor and variable intrusion rate of water into powder beds of M-MGB-0.05 was 

likely attributed to the MgSt having a water contact angle of approximately 118°, which 

is large enough to prevent water intrusion from occurring [79]. However, as M-MGB-

0.05 was only partially coated with MgSt, portions of the surface of the powder were 

glass (from the MGB host particle). Consequently, the intrusion of water into powder 

beds of M-MGB-0.05 was likely the result of preferential wetting of the uncoated 

portions of the particles. These powder beds also appeared partially dry after liquid 

intrusion experiments (data not shown). Water did not intrude into powders with a near-
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complete MgSt coating (0.1% w/w MgSt or more). Consequently, dry coating MGB 

with MgSt was able to eliminate the effect of capillary forces on the flowability of 

powders with a MgSt coating, see Equation (5.3). 

 

 Conclusion 

 

Dry coating MGB with MgSt was an effective approach to modify the surface 

composition of MGB by forming a coating of MgSt on the surfaces of the MGB host 

particles. The thickness and extent of the MgSt coating was dependent on the amount 

of MgSt used. The coating varied from being a thin partial coating (0.05% w/w MgSt) 

to a thin near-complete coating (0.1-0.25% w/w MgSt) to a thicker near-complete 

coating (0.5% w/w MgSt or more). Furthermore, XPS analysis suggested that MgSt 

was orientated so that the hydrocarbon tail was likely presented at the surface of the 

MgSt coated powders. 

 

The surface energy of MGB was lowered with increasing amounts of MgSt. The 

decrease in the surface energy of the MgSt coated powders was primarily the result 

of MgSt lowering the polar surface energy. In contrast, the dispersive surface energy 

increased by a small amount after dry coating MGB with MgSt, which agrees with the 

XPS analysis suggesting that the hydrocarbon tail of MgSt oriented outwards. 

Furthermore, the surface energy of the powders remained unchanged once a near-

complete MgSt coating was present on the MGB host particles. This was attributed to 

the MgSt coated powders all showing a similar surface: the hydrocarbon tail of MgSt.  

 

The contact angle of water to uncoated MGB was approximately 80°, indicating that 

MGB was hydrophilic. However, with such a relatively high water contact angle, the 

strength of the capillary force within MGB was likely to be relatively weak. The 

hydrophobicity of MGB was increased after dry coating with MgSt. Liquid intrusion of 

water into beds of powders coated with more that 0.05% w/w MgSt did not occur. 

Consequently, a coating of MgSt was able to eliminate the presence of capillary forces 

within the MgSt coated powders. 
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 Conclusions and Future Work 

 

 Conclusions 

 

This thesis investigates the mechanisms of how modifying the surface of a model 

cohesive fine powder with the pharmaceutical lubricant MgSt alters the flowability of 

the powder. To this end, micron-sized glass beads (MGB, 𝑑ହ଴ ൎ 10 µm) were dry 

coated via mechanofusion with 0.05-2% w/w MgSt and the flow of the powders 

assessed with a number of methods. To understand the mechanisms of the changes 

in powder flow, the surface properties and surface coatings of the powders were 

measured. 

 

Morphological studies and particle sizing showed that dry coating MGB with MgSt did 

not alter the morphology (Chapter 2: Figure 2-2) nor particle size or size distribution of 

the powders (Chapter 2: Figure 2-1 and Chapter 2: Table 2-1).  

 

Dry coating MGB with MgSt was effective in increasing the flowability of MGB (Chapter 

4:  Evaluating the Flow of Surface Modified Fine Powders with Varying Amounts of 

Magnesium Stearate Through Different Flowability Tests). As the particle size and 

morphology of the powders were unaffected by the dry coating process, the improved 

flow of MgSt coated powders was attributed to the surface coating of MgSt. The 

improved flow was dependent on the amount of MgSt used as well as the method used 

to assess flow. The minimum amount of MgSt required to improve flow was 0.1% w/w 

regardless of the method used to assess flow. The amount of MgSt to induce best flow 

was within the range of 0.1-0.25% w/w MgSt. With a suboptimal amount of MgSt, M-

MGB-0.05 was only able to flow more freely when it was undergoing unconfined flow 

(measured through flow rate) or confined mechanical flow (assessed through 

compressibility and BFE measurements). Powders with excess MgSt did not flow as 

easily as powders with optimal amounts of MgSt.  

 

ToF-SIMS and XPS analysis of the powders showed that a coating of MgSt was 

formed on the MGB host particles after dry coating (Chapter 5: Characterising the 
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Surface Properties of Surface Modified Fine Powders). ToF-SIMS analysis showed 

that the thickness and extent of the MgSt coating was dependent on the amount of 

MgSt used and varied from being a thin partial coating (0.05% w/w MgSt) to a thin 

near-complete coating (0.1-0.25% w/w MgSt) to a thicker near-complete MgSt coating 

(0.5% w/w MgSt or more). XPS analysis showed that the coating of MgSt was 

orientated such that the hydrocarbon tail was facing outwards thus forming the surface 

of the powder (Chapter 5: Figure 5-4). 

 

Inverse gas chromatography showed that the surface energy of MGB was significantly 

lower after dry coating with MgSt (Chapter 5: Figure 5-5). The decrease in the surface 

energy was primarily facilitated by a significant decrease in the polar surface energy. 

This can be understood through the XPS data suggesting that the hydrocarbon tail 

was presented at the surface of powders. Powders with 0.1% w/w MgSt or more had 

the same surface energies. This unchanged surface energy can be explained by the 

ToF-SIMS results showing a near-complete coating at these amounts of MgSt 

(Chapter 5: Figure 5-2). 

 

The hydrophobicity of MGB, measured by the liquid intrusion method, increased after 

dry coating with MgSt. This increase in hydrophobicity was able to eliminate the 

presence of capillary forces for powders with a MgSt coating. However, as the contact 

angle of water to MGB was approximately 80° and the strength of the capillary force 

is proportional to the cosine of the contact angle (𝐹௖ ∝ cos 𝜃, see Equation (5.3)), the 

capillary force in MGB was likely to be relatively weak (Chapter 5: Table 5-3). 

Therefore, the elimination of the capillary force for MgSt coated powders was not likely 

to have had a large contribution to the increased flow of the MgSt coated powders.  

 

Consequently, the principal mechanism by which the MgSt improved the flow of MgSt 

coated powders was due to the MgSt significantly lowering the surface energy of the 

constituent particles while the elimination of capillary forces only had a minor impact 

on the improvement in flow of MgSt coated powders. 
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Figure 6-1 presents the relationship between the surface energies of the powders and 

the flow of the powders as they undergo confined gravitational flow. 

 

 

Figure 6-1: Relationship between the total surface energies of the powders and 

confined gravitational flow as assessed via Carr indices. Inset provides a zoomed in 

view of the clustered data. 

 

From the data presented in Figure 6-1, powders with lower surface energies exhibited 

better flow. M-MGB-0.05 was the exception where M-MGB-0.05 and MGB exhibited 

the same flow despite M-MGB-0.05 had a significantly lower surface energy than 

MGB. This indicates that factors other than the surface energy were influencing the 

flow of M-MGB-0.05. Because M-MGB-0.05 was only partially coated by MgSt, both 

glass (from the MGB host particles) and MgSt were present on the surfaces of the M-

MGB-0.05 particles. Consequently, three types of contacts were possible between 

particles of M-MGB-0.05: glass-glass, MgSt-glass and MgSt-MgSt. As the glass-glass 

contacts were the strongest of the three possible contacts (as glass had a significantly 

higher surface energy and a smaller water contact angle than MgSt), the glass-glass 
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contacts would therefore have occurred more often than any of the other possible 

contacts as M-MGB-0.05 flowed. Furthermore, as the flow of powders in tapped 

density measurements causes increased powder consolidation, the cohesive force 

between agglomerates of M-MGB-0.05 can increase to a point where the strength of 

the gravitational force is insufficient to break the strong contacts between the 

constituent particles. 

 

Although the surface energies of M-MGB-0.1 and M-MGB-0.175 were the same, M-

MGB-0.175 exhibited better flow than M-MGB-0.1. This may be attributed to M-MGB-

0.175 having more MgSt thus was able form a MgSt coating that covered a greater 

portion of the MGB host particle compared to M-MGB-0.1. With this greater coverage 

of MgSt, less glass-glass contacts can form and thus result in greater flow. Expectedly, 

powders with similar surface energies (0.175 - 1% w/w MgSt) had similar flows, see 

inset in Figure 6-1. As the surface energies were similar, the cohesive forces between 

the constituent particles were also similar.  

 

M-MGB-2 exhibited poorer flow than powders with 0.175 - 1% w/w MgSt (Chapter 5: 

Characterising the Surface Properties of Surface Modified Fine Powders). This poorer 

flow was likely attributed to the thickness of the MgSt coating. As MgSt is a relatively 

soft material, it can potentially deform. Therefore, with a sufficiently thick MgSt coating, 

the coating can deform when significant powder consolidation occurs, such as during 

tapped density measurements. This deformation results in greater contact areas 

between adjacent particles, see Figure 6-2 [1]. 
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Figure 6-2: Two spherical particles with a MgSt coating in contact showing: (a) 

deformation of a thin coating of MgSt and (b) deformation of a thick coating of MgSt. 

The region in contact is indicated by arrows. 

 

With more of the surface in contact, more inter-particle interactions can occur between 

adjacent particles [1]. The net result of having more inter-particle interactions is an 

increase in the cohesiveness of the powder and thus poorer flow. 

 

Figure 6-3 presents the relationship between the surface energies of the powders and 

the flow of the powders as they undergo confined mechanical flow. 

 

 

 

(a) (b)

Particle MgSt coating 
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Figure 6-3: Relationship between the total surface energies of the powders and 

confined mechanical flow as assessed via (a) compressibility and (b) BFE 

measurements. Inset provides a zoomed in view of the clustered data. 
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As can be seen in Figure 6-3, powders with a lower surface energy undergoing 

confined mechanical flow were able to flow more freely. As per confined gravitational 

flow, powders with unchanged surface energies also exhibited unchanged confined 

mechanical flow, see inset figures in Figure 6-3. Powders with large amounts of MgSt 

also showed poorer confined mechanical flow than powders with less MgSt. The 

difference in confined mechanical flow compared to confined gravitational flow was 

that the poorer flow was exhibited with a smaller amount of MgSt. For instance, in 

compressibility measurements, M-MGB-1 exhibited poorer flow than powders with 0.1-

0.75% w/w MgSt (see Figure 6-3a). The poorer flow of M-MGB-1 was likely the result 

of the stronger flow promoting force (mechanical force) exerted by the instrument. 

Therefore, the strong mechanical force was able to deform the MgSt coating 

sufficiently which increases the contact area between adjacent particles [1]. This 

therefore enables more inter-particle interactions to occur between adjacent particles 

which ultimately manifest as increased cohesiveness, thus poorer flow. 

 

Figure 6-4 presents the relationship between the surface energies of the powders and 

the flow of the powders as they undergo unconfined flow. 
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Figure 6-4: Relationship between the total surface energies of the powders and 

unconfined flow as measured through the flow rate of the powders. Inset provides a 

zoomed in view of the clustered data. 

 

The data in Figure 6-4 shows that powders with a lower surface energy exhibited better 

unconfined flow. Powders with 0.75% w/w MgSt or more exhibited poorer flow than M-

MGB-0.25, despite the powders all having the same surface energies. This is likely 

attributed to the relatively thick MgSt coating deforming sufficiently to increase the 

contact area between adjacent particles, which ultimately results in increased 

cohesiveness and thus poorer flowing powders [1].  

 

Figure 6-5 presents the relationship between the surface energies of the powders and 

the flow of the powders as they undergo consolidated flow. 
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Figure 6-5: Relationship between the total surface energies of the powders and 

consolidated flow as assessed via AIF. Inset provides a zoomed in view of the 

clustered data. 

 

In agreement with the other kinds of flow, decreasing the surface energy of the 

powders resulted in improved consolidated flow. M-MGB-0.05 showed slip-stick 

behaviour that affected its flow (Chapter 4:  Evaluating the Flow of Surface Modified 

Fine Powders with Varying Amounts of Magnesium Stearate Through Different 

Flowability Tests). Powders with a minimum of 0.5% w/w MgSt flowed more poorly 

than powders with less MgSt (0.1-0.175% w/w), despite the powders all having the 

same surface energies. This is due to the high consolidative pressures exerted on the 

powders during shear cell testing. Consequently, the relatively thick MgSt coating was 

able to deform sufficiently which resulted in increased cohesiveness, hence poorer 

flow [1]. 
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6.1.1. Thesis Summary 

 

The work presented in this thesis demonstrates that modifying the surfaces of 

cohesive fine powders with a lubricant such as MgSt can have a complex effect on the 

flow of surface modified fine powders. The improved flow of the coated powders was 

the result of reduced cohesive forces between the constituent particles. This reduction 

was primarily facilitated by the coating significantly lowering the surface energy of the 

powder and, to a lesser extent, the elimination of capillary forces. Furthermore, the 

flow of surface modified powders was also influenced by the extent and thickness of 

the MgSt coating. Partial coatings of MgSt affect the type of contacts that are possible 

during powder flow. Thicker coatings of MgSt may result in small increases in 

cohesivity as deformation of the coating may occur (Chapter 6). This is especially true 

when powders undergo flow processes where consolidation either results from the 

flow (for example as shown in compressibility measurements) or was pre-consolidated 

(for example as shown in shear cell testing). 

 

Consequently, this thesis provided valuable insights into the mechanisms of how the 

commonly used surface coating MgSt alters the flow of a model cohesive fine powder, 

thereby addressing the Thesis Statement of this thesis. 

 

Thesis Objective 1: “to modify the surfaces of a fine powder with magnesium stearate 

through mechanofusion” was addressed in Chapter 2: Surface Modification and 

Physical Characterisation of a Model Pharmaceutical Powder. 

 

Thesis Objective 2: “to measure the flowability of the fine powder as well as the surface 

modified powder” was addressed in Chapter 4: Evaluating the Flow of Surface 

Modified Fine Powders with Varying Amounts of Magnesium Stearate Through 

Different Flowability Tests 

 

Thesis Objective 3: “to measure the surface energy of the fine powder as well as the 

surface modified powder” was addressed in Chapter 5: Characterising the Surface 

Properties of Surface Modified Fine Powders 
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Thesis Objective 4: “to measure the surface hydrophobicity of the fine powder as well 

as the surface modified powder” was addressed in Chapter 5: Characterising the 

Surface Properties of Surface Modified Fine Powders 

 

Thesis Objective 5: “to evaluate the relationship of the surface energy and 

hydrophobicity of the powders to the flowability of the powders” was addressed in 

Chapter 6: Conclusions and Future Work 

 

 Future Work 

 

In this study, the surface energies of the powders were measured via IGC at infinite 

dilution. As IGC at infinite dilution uses small concentrations of vapour probes, only 

the highest surface energy sites are probed. However, the surface energy of powders 

does not exist as a single value. Instead, surface energy exists as a distribution of 

surface energies. In order to investigate the role of surface energy distribution on the 

flow of fine powders with and without coatings, future studies could include IGC at 

finite concentration measurements, where greater amounts of vapour probes are used 

to probe for a wider portion of the surface energy distribution. 

 

The coating material used in this thesis was a hydrophobic material (MgSt) while the 

host powder was hydrophilic (glass). Future studies could investigate the effect of 

coating materials with varying properties (such as hydrophobicities/hydrophilicities, 

hydrates, polymorphic forms etc.) on the flow of fine powders with varying 

characteristics (such as hydrophobicities/hydrophilicities, surface roughness, 

morphologies etc.). Such studies may lead to a broader understanding of how surface 

coatings generally influence the flow of fine powders. 

 

As MGB was spherical, accurate measurements of the percentage surface coverage 

of the MgSt coating was not possible. Consequently, future studies where powders 

with relatively flat sides may allow for measurements of the extent of surface coverage 

of coatings such as MgSt. Alternatively, different coating methods may be explored 

such as the layer-by-layer approach where designed polymers with defined 



 

Chapter 6: Conclusions and Future Work 
 

 

179 

proportions of functional groups may be used as coating materials. Such investigations 

may have industrial relevance as this may allow for more efficient use of materials and 

resources in the manufacturing of pharmaceutical dosages thus potentially lowering 

their cost of production. 
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Appendix 

 

Table A.1: 𝑄஺஻ values of n-hexane (Liquid A) to ethanol (Liquid B) when Method 1 and 

Method 2 were used. 𝐹௟ = 2.028 (n-hexane to ethanol at 25° C). Note: SD for Method 

1 was estimated through Propagation of Error Theory. 

 𝑸𝑨𝑩 

𝒏 Method 1 Method 2 

1 - 1.343 

2 - 1.610 

3 - 2.462 

4 - 1.309 

5 - 1.606 

Average 1.648 1.666 

SD 0.394 0.467 

RSD 23.9 28.0 
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Table A.2: 𝑄஺஻values of n-hexane (Liquid A) to ethanol (Liquid B) when Method 3 was used. 𝐹௟ = 2.028 (n-hexane to ethanol at 25° 

C). 

Collection Sequence Ranked (Smallest to Largest)  

𝒏𝑨 
Hexane  

(g²/s) 

𝑪𝑨 

(×10-16 m5) 
𝒏𝑩 

Ethanol 

(g²/s) 

𝑪𝑩 

(×10-16 m5) 

𝑪𝑨 

(×10-16 m5)

Hexane 

(g²/s) 

𝑪𝑩 

(×10-16 m5)

Ethanol 

(g²/s) 
𝑸𝑨𝑩 

1 0.00557 2.181 1 0.00415 3.291 2.181 0.00557 3.139 0.00396 1.408 

2 0.00699 2.737 2 0.00434 3.447 2.400 0.00613 3.291 0.00415 1.479 

3 0.00974 3.812 3 0.00396 3.139 2.737 0.00699 3.447 0.00434 1.610 

4 0.00613 2.400 4 0.00468 3.716 3.032 0.00774 3.716 0.00468 1.654 

5 0.00774 3.032 5 0.00482 3.828 3.812 0.00974 3.828 0.00482 2.019 

Average 0.00724 2.833  0.00439 3.484     1.634 

SD 0.00163 0.636  0.000362 0.287     0.237 

RSD 22.5 22.5  8.2 8.2     14.5 
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Table A.3: Contact angle of water to glass beads when Method 1 and Method 2 were 

used. Ethanol was used as the reference liquid. Note: SD for Method 1 was estimated 

through Propagation of Error Theory. 

 𝜽 (°) 

𝒏 Method 1 Method 2 

1 - 79.7 

2 - 80.9 

3 - 78.7 

4 - 80.1 

5 - 81.1 

Average 80.2 80.1 

SD 0.02 1.0 

RSD 0.022 1.2 
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Table A.4: Contact angle of water to glass beads when Method 3 was used. Ethanol was used as the reference liquid. 

Collection Sequence Ranked (Smallest to Largest)  

𝒏𝒓 
Ethanol 

(g²/s) 

𝑪𝒓 

(×10-16 m5) 
𝒏𝒑 

Water 

(g²/s) 

𝑪𝒑 

(×10-16 m5) 

𝑪𝒓 

(×10-16 m5)

Ethanol 

(g²/s) 

𝑪𝒑 

(×10-16 m5)

Water 

(g²/s) 
𝜽 (°) 

1 0.00415 3.291 1 0.00473 3.443 3.139 0.00396 3.206 0.00441 79.9 

2 0.00434 3.447 2 0.00441 3.206 3.291 0.00415 3.443 0.00473 79.7 

3 0.00396 3.139 3 0.00493 3.588 3.447 0.00434 3.445 0.00474 80.2 

4 0.00468 3.716 4 0.00514 3.739 3.716 0.00468 3.588 0.00493 80.5 

5 0.00482 3.828 5 0.00474 3.445 3.828 0.00482 3.739 0.00514 80.4 

Average 0.00439 3.484  0.00479 3.484     80.1 

SD 0.000362 0.287  0.000272 0.198     0.3 

RSD 8.2 8.2  5.7 5.7     0.4 
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Figure A.1: C 1s high resolution spectra of MgSt, MGB and MGB dry coated with 

varying levels of MgSt. 

 


