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Chapter 1  

Introduction 

1.1. General Background 

Powder technology is critical to the development of pharmaceutical products, 

since most drugs are manufactured as solid dosage forms (York, 1983). Drug 

product characteristics are greatly influenced by the physical properties of the 

active pharmaceutical ingredients (API) (Florence and Attwood, 1988), which 

are related to the interactions at the molecular level. It is the consequences of 

these interactions which impact the processing properties of an API and its 

subsequent quality attributes. It is therefore essential to understand 

relationships between the molecular and crystal structure and the processing 

characteristics of API.   

In developments of drug products the size reduction of API is often required to 

achieve desirable product attributes and suitable clinical performance. In this 

regard, size reduction has been used for example to achieve greater content 

uniformity of solid dosage forms and avoid sedimentation in liquid systems. In 

terms of clinical effect, notable size reduction is often essential for attaining 

suitable aerodynamic characteristics of inhaled medicines and enhancing the 

dissolution rate of poorly soluble drugs through increases in surface area to 

volume ratio.   

Air jet milling or micronisation, is a widely used technique for reducing particle 

size, which has advantages over other milling processes (Patel et al. 2008). 

However, previous research in this area has revealed a number of issues with 

micronisation such as poor control of particle size, morphology and size 

distribution of processed solids (Chan and Chew, 2003). Micronisation is also 

known to change the solid surface integrity of powders by amorphisation, which 
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provides increased surface free energy with notable consequences for product 

stability (Ahlneck and Zografi, 1990). This also leads to the generation of 

cohesive powder with consequences for powder handling, flow and 

aerosolisation characteristics. Batch to batch variation even when using similar 

processing conditions can occur and so scale-up of micronisation conditions is 

necessary for each material, which can be expensive and time consuming 

(Peukert, 2002). 

During milling, deformation behaviour of pharmaceutical powders affects the 

particle size reduction process and the subsequent product performance (Kwan 

et al. 2004). Mechanical properties (such as hardness, yield stress) of crystals, 

which are key determinants for powder processing (particle size reduction, 

compression) are related to the crystal structure and morphology of crystals. 

Crystal imperfections, which are influenced by the crystallisation conditions (De 

Vegt et al. 2006) are also known to have marked impact on particle size 

reduction. The quality attributes of micronised drug particles could therefore be 

controlled through manipulating the crystal quality during crystallisation using a 

structured and systematic approach with subsequent control of processing 

conditions during micronisation.  

 

1.2. Particle size reduction 

In the pharmaceutical industry, drug development is not only related to the 

discovery of new drugs but also related to the development of effective dosage 

forms. In many cases particle size reduction is a widely used technique to 

improve the quality attributes of API and is often regarded as a ‗top down‘ 

method since it involves the comminution of larger sized particles into smaller 

ones. 
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In this regard, micronisation has been used extensively to provide desirable 

sizes of drug particles for a range of dosage forms developed by the 

pharmaceutical industry. Particle size reduction increases the surface area of 

drug particles which subsequently can help in improving the processing and 

drug delivery characteristics such as uniform mixing, content uniformity, 

bioavailability, stability and suspension preparation (Chow et al. 2007). The 

dissolution rate of a solid is dependent on the properties of solid particles and 

the dissolution medium and can be described by the Noyes-Whitney (1897) 

equation- 

dm/dt = KA (Cs-C)     (1.1) 

 

where dm/dt = dissolution rate, Cs = drug concentration at the surrounding of 

the solid, C = drug concentration in solution, K = dissolution constant which is 

dependent on the thickness of the diffusion layer and on the diffusion coefficient 

and A = surface area of drug particles.  

Particle size reduction is also important for respiratory drug delivery, since the 

desired particle size for optimal lung deposition is 1-5 µm (Pritchard, 2001). 

 

1.2.1. Theories of particle size reduction 

Few comprehensive theories exist relating to the milling of powders when 

compared to other powder processing approaches. However Parrot (1990) 

suggested that the energy required to comminute a material is inversely 

proportional to the initial size of the particles. A number of theories or laws of 

milling such as Rittinger, Kick and Bond theory provided some understanding of 

the factors, which determine the propensity for size reduction of a material in 

solid state. 
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Rittinger (1867) suggested that the energy required for particle size reduction is 

inversely proportional to the size of the product. 

E = Krfc (1/d2 – 1/d1)     (1.2) 

where E= energy input, Kr = Rittinger constant, fc = crushing strength, d1 = 

particle size before comminution and d2 = particle size after comminution. 

 

Kick (1885) proposed that the energy required in the size reduction process is 

directly related to the reduction ratio (ratio of initial particle size to particle size 

after comminution). 

E = Krfc In d1/d2     (1.3) 

where E= energy input, Kr = Rittinger constant, fc = crushing strength, d1 = 

particle size before comminution and d2 = particle size after comminution. 

 

In 1952 Bond proposed a theory which combines the Rittinger and Kick models 

and is known as the Bond Work Index, Wi. It states that the energy required for 

size reduction is inversely proportional to the square root of the diameter of the 

product. 

     
  

   

 
  

  

 
  

  
  

     (1.4) 

where W = energy input, d1 = particle size before comminution and d2 = particle 

size after comminution. 

In practice none of these relationships work very well. However Kick‘s equation 

has been found to be more suitable for the size reduction of larger particles, 

whilst Rittinger‘s theory can be applied for ultrafine particle size reduction and 

Bond‘s theory for intermediate particle size reduction (Rhodes, 1998). 
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1.2.2. Methods of particle size reduction 

There are a number of different methods of particle size reduction, which 

include wet and dry milling approaches. Previous research in this area suggests 

that wet milling can reduce particle sizes to levels markedly lower than those 

achieved by dry milling. However, for the studies reported in this thesis, dry 

milling was used for particle size reduction due to its widespread use in 

industry.  

Selection of a dry mill for particle size reduction depends on a number of factors 

such as the type of stress generated by the mill, material properties, mode of 

operation, capacity and efficiency of the mill (Table 1.1) (Patel et al., 2008). 

Different mills achieve size reduction according to a range of mechanisms 

including compression, attrition, impaction, shearing or a combination of these 

(Figure 1.1).  

 

 

 

 

 
Figure 1.1 Types of stresses in mills; a) compression, b) shear (attrition), 
c) impact (stroke) and d) impact (collision), where circles represents the 
milling media, squares represents the material and the rectangle 
represents the mill wall (adapted from Heinicke 1984). 

(a) (b) 
(c) 

(d1) (d2) 
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Table 1.1 Different types of dry mills used for particle size reduction of 
pharmaceutical powders (adapted from Aulton, 2002). 
 

Types of 
Mills 

Mechanism 
for size 

reduction 

Product size 
(µm) 

Used for 
Not 

applicable 
for 

Cutter mill 
Fracture by 

cutting 
         > 1000 

Soft and 
tough 

materials 

Friable 
materials 

Edge runner 
mill 

Compression 
and attrition 

> 1000 
Soft and 
fibrous 

materials 

Abrasive 
materials 

Hammer mill Impaction 50 - > 1000 
Almost all 
materials 

Abrasive 
materials 

Vibration mill 
Repeated 
impaction 

1 - 1000 
Almost all 
materials 

Abrasive 
materials 

Roller mill Attrition 50 - > 1000 
Almost all 
materials 

Abrasive 
materials 

Fluid energy 
mill 

Impaction and 
attrition 

< 50 

Moderately 
hard and 

friable 
materials 

Soft and 
sticky 

materials 

Ball mill 
Impaction and 

attrition 
< 50 

Abrasive 
materials 

Soft materials 

Pin mill 
Impaction and 

attrition 
10 - 1000 

Abrasive 
materials 

Soft materials 

 

Ball mills and air jet mills are the most commonly used mills in the 

pharmaceutical industry due to their efficiency and capacity.  

 

1.2.2.1. Air jet mill (microniser) 

The main mechanism for particle size reduction in a jet mill combines impaction 

and attrition (Brodka-Pfeiffer et al. 2003). In jet mills, high velocity gases cause 

interparticle and particle–wall collision leading to particle size reduction. Fine 

particles migrate by centripetal force and are removed by a classifier whilst 

coarse particles remain in the mill. The advantages of micronisation over 

conventional mechanical based milling processes include- limited metal 

contamination and minimisation of temperature increases as there are no 

moving elements involved in the particle size reduction process. This enables 
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easy cleaning, simple operation and facilitates the processing of temperature 

sensitive materials.  

Different micronisation approaches primarily differ in the methods by which 

pressurised gas is used to reduce the particle size and include- spiral (pancake) 

jetmills, Q-mills (loop mills) and opposed jetmills (Patel et al., 2008). 

A spiral type jetmill has been used in these studies to micronise samples. In this 

mill, the powdered material is introduced into the micronisation chamber, and 

subjected to opposing forces, including centrifugal and drag forces. Depending 

on size, the particles remain inside the jetmill chamber until their size is 

sufficiently small to exit via the classifier (Patel et al., 2008). 

 

1.2.3. Issues with particle size reduction 

Although micronisation is a widely used technique in the pharmaceutical 

industry, previous research in this area has revealed several issues, which 

reduces the attractiveness of this approach for size reduction. For example, it 

was suggested that only 1 - 2% of total applied energy is utilized during particle 

size reduction and the rest of the energy is dissipated (De Vegt, 2007), which 

indicates that micronisation is a high energy consumption process. The intense 

milling can cause varying degrees of disruption to crystal structures, which can 

result in the production of lattice defects and weakening of intermolecular 

bonds. This phenomenon can transform particles to higher disordered energy 

states i.e. amorphous in nature (Huttenrauch, 1978). Under these 

circumstances, the molecular mobility of the activated regions is increased 

(Ahlneck and Zografi, 1990), with consequential implications of reduced 

stability, enhanced susceptibility to moisture leading to difficulties in 

downstream processing. Brodka-Pfeiffer et al. (2003) observed that at optimised 
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micronised conditions, 6.9 % of amorphous content was generated for 

micronised batches of salbutamol sulphate. It was also suggested that the 

increased energy input and duration of milling increases the amorphous content 

of the milled powder. Polymorphic change can also occur during milling, which 

impacts the physicochemical and mechanical properties of the material (Cheng 

et al. 2007). During milling, material may adhere to the micronisation wall and 

form agglomerates, which can causes partial blockage of mills, reducing the 

yield and preventing further comminution (Villers and Tiedt, 1996). French et al. 

(1996) suggested that micronisation leads to small and flat particles with large 

surface area, which increases cohesive and adhesive interactions with adverse 

consequences for powder handling, flow and aerosolisation. Price and Young 

(2004) observed that strong cohesive forces caused by high surface free energy 

of micronised materials enhance agglomerate formation, leading to negative 

effects on the fluidization and dispersion characteristics of inhaler formulations. 

Researchers have also found a critical particle size for pharmaceutical 

ingredients and stated that below the brittle/ductile transition size materials can 

be very difficult to micronise (Roberts, 1991). This parameter is material specific 

and for some compounds with ductile properties this will occur at relatively 

coarse particle sizes. 

Reproducibility between micronised batches can also be difficult especially for 

inhaled medicines where any slight change may cause unacceptable variations 

in the fine particle fraction and in some cases inhaled medicines may become 

therapeutically ineffective (Feeley, 1999). Batch to batch variation even at 

similar processing conditions indicates that the material properties play an 

important role during micronisation. In addition scale-up of milling conditions is 
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necessary for each material which is expensive and time consuming (Peukert, 

2002).  

The next section will provide an overview of the factors (powder properties) 

affecting the micronisation process. 

 

1.2.4. Factors affecting micronisation 

Particle deformation and fracture mechanisms play important roles in particle 

size reduction (Rumpf, 1973). It was suggested that both of these mechanisms 

are dependent on a number of factors such as the mechanical properties of 

materials, crystal imperfections, flaws, crystal morphology and processing 

conditions. These characteristics are important for understanding processing 

and also reflect the intermolecular or interatomic structure of materials (Rumpf, 

1973).  

 

1.2.4.1. Effect of mechanical properties of powder on size reduction 

Three types of mechanical behaviour are observed during milling of materials - 

elastic, elastic-plastic and visco-elastic behaviour (Ward and Hadley, 1993). 

Stress and strain are two important parameters relating to the mechanical 

behaviour of powders. Stress is a measure of the interaction between particles 

of a material in resisting separation, compaction and sliding caused by external 

forces. There are three types of stresses - tensile, compressive and shear. 

Strain is the measure of deformation and there are three types of strain - linear 

strain, shear strain and volumetric strain. The mechanical properties implicated 

in particle size reduction include Young‘s modulus, hardness, fracture 

toughness and yield stress (Roberts, 1991) (see Figure 1.2). 
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Figure 1.2 A stress / strain curve for a plastic material (adapted from 
Roberts, 1991). 

 

The ratio of the stress to the strain (relative elongation) for the initial linear 

relationship of stress/strain in Figure 1.2 is termed the Young‘s modulus of 

elasticity. Perkins et al. (2007) suggested that the efficiency of micronisation 

process and the quality of micronised product is dependent on the Young‘s 

modulus of the starting materials. Yield point is a measure of the resistance to 

permanent deformation and the stress required to reach this point is known as 

yield stress. Prior to this point, a material will behave elastically, that is 

deformation will be reversible. If a material fractures at the yield point only after 

the elastic deformation has occurred, this material will be considered to be 

brittle. Beyond this point, a material will behave plastically, that is deformation 

will be irreversible.  

During plastic deformation, stress is increased which is known as strain 

hardening or work. Further increases in stress will cause the material to fail and 

this stress is the strength of the material and the area under the stress / strain 

curve is known as the toughness of the material (Roberts, 1991).  
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Indentation hardness is a measure of the resistance of a solid to local 

deformation. Zugner et al. (2006) hypothesised that duration of milling of a 

material is dependent on the hardness of the material and suggested that 

materials with high hardness values have a longer duration of milling. It was 

also suggested that breaking behaviour of a material is not only influenced by 

the hardness, but that both plastic and elastic behaviour must also be taken into 

account. They observed that if micronisation conditions are kept constant, 

differences in the fineness of the milling products should only be due to the 

different mechanical properties of the feed materials (Zugner et al. 2006). They 

suggested this fracture characteristic was not only related to elastic- plastic 

properties but also to some additional parameters such as specific density, 

crystal structure and the lattice spacing. From this study, they hypothesised that 

when compared with soft and inelastic materials of low density, hard and elastic 

materials with high specific density require enormous grinding energies for size 

reduction. Wong and Aulton (1987) found different hardness values for various 

polymorphs and alternative faces of lactose crystals. They found that the 

slowest growing crystal faces demonstrated greater hardness than the fastest 

growing and the slowest growing face would be expected to have a denser 

molecular packing arrangement and larger surface area. 

Mullarney and Hancock (2006) evaluated mechanical property anisotropy of 

prepared powder compacts made from six commercially available 

pharmaceutical excipients. They found mechanical property anisotropy using 

two tests (pendulum impact testing and transverse tensile testing) for all 

compacts and the extent of anisotropy was different for each material. The axial 

tensile strength was consistently lower than the radial tensile strength for all the 

excipients. They suggested lactose monohydrate compacts exhibited 
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moderately anisotropic behaviour, with tensile strength anisotropy and 

indentation anisotropy values of 0.82 and 0.69 respectively.  

Prasher (1987) suggested that the use of the brittleness index (HV/KIC) (where 

Hv is the hardness and KIC is the critical stress intensity factor of materials) of 

Lawn and Marshall (1979) is a valuable approach to material classification for 

ease of comminution. Materials with a high brittleness index will be easy to 

comminute. Polymers or materials with a lower index are likely to be more 

difficult to comminute due to their increased toughness.   

Examination of fracture toughness of a material relates to the study of the ability 

of the material to sustain a crack without failure. Tough materials do not show 

brittle behaviour and can resist fracture at much higher stresses, because they 

undergo plastic flow which allows strain energy relaxation without cracking. This 

energy is used in plastic flow, when molecules and atoms overlap (Aulton, 

2002). The fracture toughness of pharmaceutical materials was first discussed 

by Roberts and Rowe (1987b). They indirectly predicted the fracture toughness, 

R, of some pharmaceutical materials using literature values of Young‘s modulus 

and measured yield pressures from compaction data, using the theory of 

brittle/ductile transitions for the compressive loading of particles (Kendall, 1978). 

The values for lactose and a propanolamine derivative were reported as 4.08 

Jm-2 and 1.63 Jm-2 respectively. In this way they classified the pharmaceutical 

materials as brittle or semi brittle in behaviour.  

To understand the reason for the fracture of materials, it is necessary to 

examine the maximum theoretical cohesive strength of materials. The 

theoretical cohesive strength can be derived using the relationships between 

the forces of attraction and repulsion in terms of distance between atoms. 

Cohesive energy density derived from solubility parameters can also be 
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calculated from the chemical structure providing a basis for a relationship 

between the crystal structure and the mechanical properties of a molecular solid 

(Roberts et al., 1991). The amount of energy required to separate atoms or 

molecules of a material to an infinite distance is known as cohesive energy 

density. It is therefore the net effects of all inter atomic and molecular 

interactions, which is important in understanding how materials behave during 

processing under stress (Hancock et al. 1997).  

The material property that governs the fracture behaviour during milling is 

known as the critical stress intensity factor, or in terms of energy it is also 

known as critical energy release rate (Irwin, 1957). The critical stress intensity 

factor is an indication of the stress required to produce catastrophic propagation 

of the crack and measure the resistance of a material to cracking (Rowe and 

Roberts, 1995). York et al. (1990) found a critical stress intensity factor, KIC, of 

0.87 MPa.m1/2 for Avicel PH101 by using a 4 point single edge notch bend 

technique, whilst Roberts & Rowe (1989) found a value of 2.24 MPa.m1/2 for 

Avicel PH101 using radially edge-cracked tablets when applying the edge 

opening technique.  

 

1.2.4.2. Brittle / ductile transition 

Size reduction is typically carried out through the process of crack propagation 

where localized stresses produce sufficient strain in the particle causing bond 

rupture. Cracks propagating in the regions of greatest flow and discontinuity are 

related to strain energy. There are two types of fracture, brittle or ductile, which 

are related to the magnitude of the strain which occurs. Brittle fracture occurs 

when tensile stresses pull the adjacent planes of molecules apart, whereas 

ductile fracture occurs when shear stresses cause molecules to slip with 
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respect to each other. However, when the conditions are changed, the same 

material may behave differently, depending on how the relative resistance to 

fracture changes. The conditions that may affect the brittle ductile transitions 

are size of the particle (dcrit), strain rate, temperature, environment and 

hydrostatic stress (Roberts, 1991).  

The dcrit is the value below which the behaviour of the material changes from 

brittle to ductile, which makes the process of particle size reduction more 

difficult. Roberts et al. (1987) observed that stresses necessary for particle 

fracture increase as particle size decreases (Figure 1.3). 

 

 

 

 

 

 

 

 

 

 
Figure 1.3 Schematic representation showing the effect of particle size on 
fracture strength (adapted from Roberts, 1991). 

 
 

Microcrystalline cellulose and lactose monohydrate demonstrate values of dcrit of 

approximately 1 mm and 23.7 µm respectively (Roberts, 1991). The prediction 

of brittle/ductile transitions due to the effect of size is best expressed in 

Kendall‘s model of comminution (Kendall, 1978). The critical particle size dcrit, 

Stress 

dcrit 

Yield strength 

Particle diameter 

Fracture strength 

strength 
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used to estimate the fracture toughness, R, of the materials was derived by 

Kendall (1978). 

dcrit = α (KIC/σy)
 2      (1.5) 

where α is the test geometry factor (equivalent to 32/3), KIC is the critical stress 

intensity factor and σy is the yield stress. However there were limitations in this 

approach since the values of Young‘s modulus, E, and the fracture toughness, 

R, were not independently determined e.g. K2
IC = ER, so that this model could 

not be adequately compared with experiment.  

The most important aspect of the process of comminution is the breaking of 

large particles into smaller ones by compressive stresses (Kendall, 1978). 

Cracks can propagate through the material if the material is sufficiently brittle, 

which will result in the particles splitting into two or more fragments by the 

action of a compressive load. The brittleness of an ideally shaped particle was 

analysed by Kendall (1978), who suggested that when the size of the 

deformation zone is small enough, even the most brittle solid will flow, therefore 

creating the impossibility of comminuting particles smaller than the critical size 

by compression. Kendall (1978) demonstrated that the compressive strength is 

reliant on the elasticity, geometry and fracture toughness. As the width of a 

compact is increased, the force for cracking increases rapidly and a deformation 

transition from cracking to yielding occurs. Kendall (1978) suggested that 

compressive failure should be relevant to comminution, since it is well 

recognised that comminuting energy is utilised more effectively for large 

particles (Lowrison, 1974) reflecting that smaller sizes deform plastically rather 

than crack, thereby wasting much of the energy input.  

The values of the brittleness factor and dcrit, can be calculated using modified 

yield stresses and the critical stress intensity factor, KIC from SENB (single edge 
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notch bend) testing using equation 1.5. Both the brittleness factor and dcrit are 

important parameters to describe the brittleness of materials. The materials 

paracetamol, sulfathiazole, a phthalazine derivative, caffeine, sucrose and α-

lactose monohydrate are considered to be brittle materials in respect of their 

brittleness factor value and a number of sources of experimental evidence 

support this view. It is interesting to consider that there is a difference in 

behaviour between α-lactose monohydrate which is considered brittle (Hersey 

et al., 1973; Cole et al., 1975) and β- anhydrous lactose which is also 

considered brittle but shows some ductility (Rees and Rue, 1978). 

 

1.2.4.3. Effect of crystal imperfection and flaws on particle size reduction 

Crystallised drug particles contain irregularities, impurities and dislocations 

which are known as crystal imperfections such as point defects, line defects and 

surface defects (Menter, 1956).  

An interstitial point defect occurs when an additional molecule (impurity) 

becomes encapsulated in a regular site of a plane within the crystal lattice. 

Substitutional point defects occur when a regular lattice point is occupied by a  

 

 

 

 

 

 

 

Figure 1.4 Point defects of crystals, A - interstitial impurity, B - 
substitutional impurity and C – vacancy (adapted from Mullin, 1993). 
 

A 

B 
C 
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foreign molecule (impurity). Vacancies occur when a lattice site remains 

unoccupied (Figure 1.4).  

There are two types of line defects - edge dislocation and screw dislocation 

(Figure 1.5 a & b). Both of these defects have great impact on crystal growth 

and particle size reduction through slip and shearing (Ludlam-Brown, 1991). 

 

 

 

 

Figure 1.5 a) Edge and b) screw dislocations of crystals (adapted from 
Mullin, 1993). 

(a) Edge dislocation 

(b) Screw dislocation 
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In edge dislocations an extra plane of atoms or molecules is introduced into the 

crystal lattice, which causes the regular molecules to be displaced 

perpendicularly to the dislocation line. When a stress is applied to the crystal, 

propagation of the molecules occurs along the slip plane over the dislocation 

line. Screw dislocation occurs when molecules are displaced along the 

dislocation line (Mullin, 1993).  

It is recognised that plastic flow in all crystalline solids is due to the motion of 

defects such as vacancies, edge or screw dislocations within the crystal lattices 

along specific directions in the crystal by a slip mechanism (Roberts et al. 

1994). At high temperature and low stresses, the mechanism for deformation is 

dislocation climb. But for plastic materials at low temperature and high stresses, 

the mechanism of plastic deformation is by the movement of an edge 

dislocation by a slip mechanism (Sherwood, 1979). Plastic deformation of a 

material depends both on the width of dislocation and the strength of the 

intermolecular bond. A succession of bond breaking and formation occurs until 

the dislocation line reaches the edge of the crystals (Cottrell, 1964). 

Rumpf (1973) suggested that particle fracture of a material is dependent on the 

crystal structure, processing conditions and pre-existing imperfections and flaws 

in the material. Flaws in crystals can arise due to forces acting on them during 

crystallisation or incorporation of impurities into the crystal lattice (Gahn and 

Mersmann, 1995). Vacancies arise due to missing ions or molecules from the 

crystal lattice. Ideal crystals require greater energy for size reduction compared 

to real crystals, which disintegrate into individual units during milling (Chikhalia, 

2004). Bravi et al. (2003) suggested that brittle fracture of crystals occurs in the 

presence of large pre-existing flaws, through which preferential slip planes 

follow the path of pre-existing flaws. In the absence of pre-existing flaws, brittle 
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fracture may occur by the chipping mode, due to increased dislocation density 

at the corners of the crystals which will amplify the stress during milling (Ghadiri 

and Papadopoulos, 1995). Griffith (1920) proposed that almost all materials 

contain cracks, flaws and dislocations. During milling, forces are concentrated 

into these flaws which assist the initiation of crack propagation leading to 

particle fracture. It was also observed that the experimental fracture strength for 

most brittle materials is lower than theory would suggest using atomic bond 

energies due to presence of flaws. Weichert (1991) suggested that both flaw 

size and flaw density play an important role during particle size reduction. It was 

also suggested that during crack propagation, branching of cracks occurs 

through the flaws present in the crystals.  

De Vegt et al. (2006) showed that pre-existing flaws affect the mechanical 

properties of materials, which subsequently influences particle fracture during 

milling. He proposed that particle breakage rates increase with increased flaw 

density yet decrease with greater length of flaws. Flaws have notable impact 

during particle fracture as local stresses generated at the tips of the flaws are 

much higher than the loading stress (Inglis, 1913). During the milling of 

particles, wing cracks are generated from the tips of these flaws and propagate 

the crack at sharp angles from the pre-existing crack direction. The propagating 

cracks lead to crack coalescence and finally macroscopic particle fracture 

(Wong et al. 2001). Inglis (1913) had also shown that cavities and notches in 

material act as stress concentrators and are magnified by several times upon 

stressing a sample specimen. He also observed that the shape rather than size 

of the cavities or notches are important in determining the concentration of 

stress. 
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1.2.4.4. Effect of crystal structure and morphology on particle size 

reduction  

Hydrogen bonds and van der Waals interactions are the major attractive forces 

holding the molecules together for the formation of organic crystals. Van der 

Waals forces are weak and generally isotropic, whilst hydrogen bonds are 

anisotropic and directional (Desiraju and Steiner, 1999). Payne et al. (1996) 

suggested that the anisotropic mechanical characteristics of crystals are 

probably attributed to the anisotropic nature of hydrogen bonding. The 

difference in intermolecular forces and crystal lattice packing leads to different 

solid state forms of crystals, which influence the processing, formulation and 

performance of a drug product (Yu et al. 2002). Sheth and Grant (2005) 

suggested that intermolecular and interatomic forces of crystal lattices 

influenced by the molecular arrangement, packing and conformation, affect the 

physicochemical and mechanical properties of drug powders.  

It was suggested that plastic deformation of crystals is greatly influenced by the 

properties of crystal structure and the crystallographic defects present in the 

crystals. It was also suggested that the greater the plasticity of a crystal the 

lower is the hardness (Callister, 2000). The term ―slip‖ is defined as the plastic 

movements of crystal defects within the crystal lattice.  

Berkovitch-Yellin (1985) observed that the face with lowest attachment energy 

is the major habit face of a crystal, which coincides with the cleavage plane and 

is assumed to be the slip plane of a crystal (Bunyan et al. 1991). It was also 

suggested that slip occurs through the plane with largest interplaner distance 

(Roberts et al. 1994; Bandyopadhyay and Grant, 2002) and observed that 

fracture strength of a material is dependent on the weakest link present in the 

crystal (Taylor et al. 2004). Sun and Grant (2001) observed that sulfamerazine 
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form I exhibited greater compressibility compared to form II due to the presence 

of slip planes in the crystal structure of form I. Slip planes have also been 

shown to have marked impact on compressibility for different crystal structures 

of parabens (Feng and Grant, 2006). It was found that methyl parabens showed 

reduced tabletability compared to ethyl, propyl and butyl parabens due to the 

absence of slip planes. In this regard these workers observed that methyl 

paraben has greater indentation hardness value and lower propensity for plastic 

deformation under stress compared to other parabens. It was found that the 

hydrogen bonding pattern within the parabens crystal structure had a marked 

impact on the mechanical properties of these crystals (Feng and Grant, 2006). 

A three dimensional hydrogen bonding network was observed for methyl 

paraben structure, which increases the strength of its crystal lattice, while other 

parabens showed intraplanar hydrogen bonding networks. No hydrogen bond 

was found between the planes of these crystals with this arrangement 

demonstrating greater propensity for plastic deformation for these materials. 

Abgada and York (1994) observed that due to a large number of hydrogen 

bonds in theophylline monohydrate, it has higher mechanical strength and is 

less brittle than anhydrous theophylline.  

Payne et al. (1996) suggested that the difference in mechanical properties of 

two forms of primidone and aspirin is related to differences in hydrogen bonding 

motifs of these crystals. Hydrogen bonding patterns in crystal structures have 

also been shown to interfere with the slip system of a crystal.  

Molecular crystals have a tendency to form different types of hydrogen bonding 

patterns (chain, ribbon, sheet or dimer) which may impact greatly on the 

packing energy of a crystal (Roberts et al. 1994). It has also been observed that 

for adipic acid and salicylamide, molecular slip occurs via the networks of 
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hydrogen bonds, while in sucrose and lactose monohydrate slip occurs by 

breakage of the weakest hydrogen bond. Roberts et al. (1994) suggested that 

organic solids may have multiple slip directions and slip will occur through the 

weakest direction, unless blocked by impurities and dislocations. Ibuprofen 

gives indentation hardness values of 312 and 48 MPa for two respective slip 

directions [010] and [100] (assuming slip ratio = 1), with the latter direction 

being favoured (Roberts et al. 1994). Feng and Grant (2006) observed that the 

stronger the hydrogen bonding network, the greater the attachment energy for 

the corresponding planes of parabens structure. In addition, it was suggested 

that the higher the attachment energy the less mobile are the planes and when 

the attachment energy reaches a certain value, there will be no slip plane. They 

also suggested that the attachment energies of different planes of crystals are 

not only influenced by the hydrogen bonding pattern but also other 

crystallographic factors such as interplanar and intermolecular distance, 

molecular conformation and free volume of the unit cell. Slip planes with highest 

interplanar distance and greater free volume of unit cell will glide more easily 

than slip planes with lower interplanar distance and lower free volume (Feng 

and Grant, 2006). 

Roberts et al. (1994) suggested that slip systems consist of slip planes and slip 

directions and defined them as the ratios of the Burgers vector over reference 

cell vector (largest unit cell axis). The Burgers vector is a measure of the 

magnitude and direction of a crystal dislocation. Slip systems of a crystal are 

inversely proportional to the aspect ratio of the crystal, where symmetries play 

an important role.  It was also suggested that this correlation is limited for 

certain aspect ratios, while it was hypothesised that crystals with high aspect 

ratio (needle) will break more readily (De Vegt, 2007). Hiestand (1981) 
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observed that crystallised batches of ibuprofen showed different hardness value 

of 35, 99 and 161 MPa for lots A, B and C respectively. It was suggested that 

differences in hardness are probably related to the change in slip directions and 

the lowest hardness value of lot A is probably attributed to lower density of 

crystal imperfections compared to the alternative lots of ibuprofen, where 

impurities and dislocations may block the [100] direction with lowest hardness 

value. 

The habit and morphology of crystals depends on the relative growth rates of 

different crystallographic planes during crystallisation (Liu and Bennema, 1996). 

The relative facet area of different faces will vary for the same material 

exhibiting different morphologies. Crystals demonstrating differences in relative 

surface areas of planes will also affect the deformation behaviour under stress. 

Wong and Pilpel (1990) observed that sodium chloride in coarse powder form 

with regular morphology has high tensile strength compared with irregularly 

shaped habit material. Crystals used in the pharmaceutical industry mostly 

demonstrate weak crystal lattices. Soft crystals with weak intermolecular 

interactions will break more easily than the crystals with a large number of 

intermolecular interactions (Morris et al. 2001). Therefore a greater number of 

crystal defects will be generated during milling for crystals with a high number 

intermolecular interactions compared to soft crystalline systems. Previous 

research in this area revealed that crystal hardness has a great influence on the 

propensity for particle size reduction of powders. However due to the molecular 

complexity of organic solids, predictions of crystal hardness are considered to 

be difficult (De Vegt et al. 2006). However Roberts et al. (1994) developed a 

model for the prediction of crystal hardness and suggested that slip plane of a 

crystal was critical to these calculations.  
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1.2.4.5. Effect of polymorphism on particle size reduction 

Most organic compounds can form polymorphs, for which the compound exists 

in more than one crystal form (Haleblian and McCrone, 1969). Crystals are 

constructed from repeating units known as unit cells, where different 

morphologies of the same polymorph have the same unit cell. Polymorphs differ 

in the molecular packing within the unit cell and even number of molecules in 

the unit cell on occasions, leading to alteration of unit cell dimensions. Owing to 

these differences in structure and the magnitude of inter-molecular interactions 

polymorphs of a crystal have the potential to demonstrate differences in 

physiochemical and mechanical properties. Chikhalia (2006) observed that the 

alpha form of carbamazepine was liable to greater disorder compared to the 

beta form when subjected to particle size reduction. Lefebvre et al. (1986) also 

reported differences in the compaction behaviour for polymorphs of 

carbamazepine. These findings suggest that polymorphs can behave differently 

during processing.  

From the above discussion it is clear that hydrogen bonding motif, slip plane, 

lattice spacing, relative facet area and unit cell structure affect the overall 

structure of a crystal leading to crystals with different mechanical properties. 

Since it is well known that crystallisation conditions influence the structure, 

morphology, imperfections and polymorphism of a crystalline material (Storey, 

1997), it is necessary that suitable strategies are defined to design crystals 

rationally with improved propensity for size reduction.  

 

1.3. Crystallisation of solids 

Crystallisation is a widely used technique for the purification and manipulation of 

particle size, morphology and controlling other crystal properties of therapeutic 
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agents. Crystallisation processes consist of three main steps - the achievement 

of supersaturation, nucleation and ensuing crystal growth. It is important to 

understand how these steps of crystallisation influence the particulate and 

structural characteristics of crystallised substances. Previous research in this 

area suggests that a rapid change in supersaturation results in the formation of 

a large number of nuclei with wide particle size distribution, while controlling the 

level of supersaturation leads to a more uniform particle size distribution (Mullin, 

1993). Hardness of crystals can vary due to the number and type of dislocations 

generated in crystals during crystallisations (Roberts, 1991). Ridgway and 

Aulton (1971) observed that potassium bromide grown at fast rates showed 

decrease in hardness and elasticity, while Hiestand et al. (1981) reported that 

batches of ibuprofen crystallised at fast growing rates showed high hardness 

value. In this regard, they suggested that increase in the hardness of ibuprofen 

was related to the small size of these crystals.  

Wong and Aulton (1987) found that differences in crystal growth rate showed 

differences in the hardness value of two different faces of lactose monohydrate. 

They suggested that the difference in the hardness value is related to the 

greater dislocation density and increase in surface area of respective faces of 

lactose monohydrate crystals. It is therefore very important to understand the 

factors which affect the quality of the crystallised products.   

 

1.3.1. Supersaturation 

Supersaturation is the driving force of crystallisation, since nucleation and 

crystal growth are driven by the level of supersaturation in the solution (Davey 

and Garside, 2000). In the pharmaceutical industry supersaturated solutions are 
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usually formed by cooling, evaporation, antisolvent addition, salting out or a 

combination of these processes. The degree of supersaturation, is given by: 

σ = (c – c*)/c*    (1.6) 

where c is the solute concentration, c* is the saturation concentration at a given 

temperature. A supersaturation solution can be achieved using the saturation-

supersaturation curve for a material as shown in Figure 1.6. 

This curve is divided into three separate zones (Mullin, 1993): 

Stable - crystallisation does not occur here 

Metastable – no spontaneous crystallisation occurs in this zone 

Labile – crystallisation is spontaneous in this zone 

 

 

 

Figure 1.6 The saturation-supersaturation graph (adapted from Mullin, 
1993). 

 

In Figure 1.6 the line A – B – C demonstrates a cooling system. Solubility 

decreases with cooling until the horizontal line reaches point B in the 

metastable zone. The solution becomes extremely supersaturated after this 

zone at point C where spontaneous crystallisation occurs in the region known 

as labile zone. At constant temperature at point C, the solution will be de-
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supersaturated by the formation of crystals and reaches point D. Further cooling 

of this system will lead to growth of the crystals and additional de-

supersaturation of the solution (Ludlam-Brown, 1991). 

 

1.3.2. Nucleation 

Nucleation is the formation of small molecular agglomerates in the 

supersaturated solution. During nucleation, structures are formed through 

bimolecular addition or from the collisions of molecules, while bimolecular 

addition is the dominant mechanism for nucleation (Mullin, 1993). These 

agglomerates form and breakdown until the formation of stable nuclei is 

energetically favoured. The most important factor that influences the formation 

of agglomerates is the binding energy. During nucleation, one molecule will act 

as a basic molecule to which others will coagulate. The molecule which will 

coagulate next is that one which has the lowest interaction energy amongst 

others in the locality. To form stable nuclei the number of molecules increases 

with increased interaction energy and reaches a critical number of molecules. 

This indicates the number of molecules necessary to form stable nuclei which 

may vary for different materials or for the same materials under different 

crystallisation conditions. The formation of crystal nuclei is therefore a difficult 

process where molecules must not only coagulate but also resist dissolution 

and become oriented into a fixed crystal lattice (Kitaigorodsky and Ahmed, 

1972). 

Nucleation is mainly classified into two main types - primary and secondary 

nucleation. Primary and secondary nucleation are further divided into several 

classes (Figure 1.7). Primary homogeneous nucleation occurs in the absence of 

solid surfaces and may depend on the supersaturation ratio and the 
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temperature, while primary heterogeneous nucleation is dependent on the 

number of foreign nuclei present 

 

 

 

  

 

 

 

 

Figure 1.7 Different types of nucleation. 

 

alongside a suitable level of supersaturation (Muttonen, 1996). Secondary 

nucleation is classified into three different classes - apparent, true and contact 

nucleation (Figure 1.7). Apparent nucleation is induced by seeding of crystals, 

whilst true secondary nucleation occurs when the level of supersaturation is 

higher than the critical level. Contact secondary nucleation is induced by the 

surface of the crystalliser (Muttonen, 1996). 

 

1.3.3. Crystal growth 

Crystal growth is the balance between adsorption and desorption at the solid 

liquid interface (Blagden, 2004). Crystal growth mechanisms consist of three 

steps: adsorption of molecules on the surface, integration into the crystal lattice 

and liberation of heat of crystallisation (Muttonen, 1996). There are several 

theories related to crystal growth mechanisms including: 
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Surface energy theories  

Gibbs (1928) suggested that a growing crystal forms a shape which provides 

the solid with the minimum surface free energy in equilibrium with its 

surroundings. 

Adsorption theories  

Volmer (1939) suggested that crystal growth mechanisms are based on the 

existence of an adsorbed layer of solid atoms or molecules on a crystal surface. 

These molecules migrate through the crystal face until they become integrated 

into the crystal lattice leading to creation of a lattice plane.  

Kinematic theories 

These theories involve the generation of steps on crystal surfaces and the 

subsequent movement of layers across the face. These theories also consider 

that growth units are locked into the steps derived from a local diffusion field. 

Crystal growth is restricted while there is competition between the growth units 

for incorporation into the steps. It was also stated that at maximum growth rate, 

steps of a growth unit must maintain an optimum distance (Ludlam-Brown, 

1991). 

Diffusion theories 

Noyes and Whitney (1897) suggested that crystallisation is a diffusion process 

and is opposite to the dissolution of solid surfaces. The difference between 

kinematic and diffusion theories is that for diffusion theories, the driving force for 

crystallisation is the concentration gradient between the solid surface and the 

bulk of the solution. 

Nernst (1904) found that diffusion layers exist at the crystal surface of 

motionless liquors, while Marc (1908) proposed that the diffusion layers do not 

exist in agitated systems. Bulk growth of crystals in solution is described by two 
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aspects, which are diffusion of molecules to the surface and molecular reaction 

leading to incorporation of molecules into the crystal lattice. Nyvlt (1971) 

supported this concept and proposed three steps of crystallisation: transfer of 

molecules (or atoms, ions) from solution to crystal surface, movement of 

molecules in the adsorption layer and incorporation of molecules into crystal 

lattice. 

Surface entropy factor 

Bennema and Gilmer (1973) derived a surface entropy factor α, which 

describes crystallising systems in terms of molecular smoothness of growing 

surfaces and the properties of the solvent of crystallisation. They also proposed 

that the smoothness of a crystal surface increases at high α values and 

roughness increases at low α values. Human et al (1981) suggested that the 

level of supersaturation and surface roughness are the controlling factors for 

crystal growth. 

At high supersaturation, a region occurs where α <2-3 and crystal surfaces are 

considered to be rough with many kink sites leading to continuous growth of 

crystals without layers. At moderate supersaturation, 3 < α < 5, crystal growth is 

dominated by nucleation with subsequent layered growth. Whilst for α > 5 the 

sequential layer growth occurs when supersaturation reaches the metastable 

zone on the solubility curve (Blagden, 2004). 

Davey (1979) also described two possible mechanisms of crystal growth. One is 

the birth and spread (B & S) model (Sohnel and Garside, 1992) where growth of 

layers is initiated from surface nucleation. The second mechanism is the Burton, 

Cabrera and Frank (B.C.F.) (1951) crystal growth model, where growth occurs 

via the development of screw dislocations. The B & S mechanism is believed to 

dominate at high levels of supersaturation and when rough surfaces (α < 2-3) 



31 
 

exist, whilst the B.C.F. mechanism dominates at low supersaturations and at 

high α value (Bennema and Gilmer, 1973). Frank (1949) also suggested that 

crystal growth occurs in the presence of imperfections in the crystal. He 

proposed that the presence of a screw dislocation leads to spiral growth in 

crystals which minimizes the need for surface nucleation prior to crystal growth. 

This spiral growth mechanism is dependent on the degree of supersaturation. 

The mechanisms of nucleation and crystal growth still remain a complex 

phenomenon, which need to be addressed at the atomistic level. However by 

controlling the crystallisation conditions, it is possible to control the 

micromeritics of crystals (morphology, size and defects) up to a certain level, 

which can be used potentially during drug processing. 

 

1.3.4. Factors affecting crystallisation 

During crystallisation, several factors affect the quality of the final substance 

such as induction time, cooling rate, level of supersaturation, type of solvent, 

agitation intensity and impurity levels. 

 

1.3.4.1. Induction time 

In crystallisation, a period of time is required between the achievement of 

supersaturation and the appearance of crystals, which is known as induction 

time. This lag time is dependent on the crystallisation conditions (level of 

supersaturation, agitation intensity, impurity levels and liquor viscosity). The 

induction period is made up of several steps, tind = tr + tn + tg. A relaxation time 

(tr) is the time required to quasi-steady-state distribution of molecular clusters, tn 

is the time required for forming a stable nucleus and tg is the time required to 

growth of a crystal in detectable size (Mullin, 1993). 
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1.3.4.2. Effect of cooling rate and supersaturation 

Cooling crystallisation is triggered by the achievement of supersaturation by 

reducing the solubility of a solute in the solvent as the temperature decreases. 

At constant agitation rate, for a cooling system there is a fixed period of time for 

the achievement of supersaturation and appearance of crystals. At faster 

cooling rates, the temperature of the solution will decrease to a lower level, 

therefore the supersaturation will be high, whilst at slower cooling rates, the 

temperature of the solution will not reach that level where crystal growth will 

occur at low supersaturations (Storey, 1997). Mullin and Nyvlt (1971) suggested 

that at high supersaturation, large numbers of nuclei will be produced, which are 

unable to grow to a desired size. By controlling the level of supersaturation 

within the metastable zone improved quality of crystals (narrow size distribution) 

can be produced with a lower number of nuclei. 

 

1.3.4.3. Effect of agitation intensity 

Two types of mixing are exploited in crystallisation such as micromixing and 

macromixing (Storey, 1997).  Micromixing is attributed to the molecular level, 

while macromixing is concerned with the residence time distribution of 

elementary volumes and influenced by agitation rate and vessel geometry. 

During crystallisation both of these mixing processes are occurring. Agitation 

intensity can influence the crystallisation system such as: 

1) Increasing the agitation intensity decreases the size of the diffusion layer at 

crystal face, leading to increased delivery rate of growth units and consequent 

crystal growth. 
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2) Increasing the agitation intensity decreases the metastable zone width, which 

will initiate primary nucleation at lower supersaturations leading to changes in 

crystal growth mechanism. 

3) Increasing the agitation intensity will lead to uniform mixing of solutions which 

encourages uniform crystal growth leading to greater crystallinity. 

4) Increasing the agitation intensity will increased the numbers of collisions 

between crystals and the vessel wall, which leads to secondary nucleation. This 

produces crystal defects with a wide particle size distribution.  

Agitation intensity thus has a marked impact on the quality of crystals produced 

during crystallisation and therefore controlling the agitation intensity is an 

important factor when attempting to control the quality of the crystals. 

 

1.3.4.4. Solvent effects 

Davey (1986) suggested that solvent molecules influence the growth of different 

crystal faces by adsorbing at the surface. The effect of solvent on crystal 

morphology is dependent on the solvent-solute intermolecular interaction across 

various crystal and solution interfaces (Berkovitch-Yellin, 1985). When the 

interaction is strong, solute molecules at the surface of crystals are solvated 

and the growing surfaces are covered by a solvation layer. De-solvation of this 

layer is essential for deposition of additional layers during crystal growth. 

Different faces of crystals possess different surface structures due to the 

alternative orientation of molecules, with different solvation-desolvation 

processes impacting on the relative growth rates of crystal faces. For faces with 

a strongly solvated layer, desolvation will be slow, leading to delays in growth 

and an increases in the relative face area. Solvents of different polarity used 

during the crystallisation of ibuprofen can influence the morphology of the 
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crystals (Gordon and Amin 1984; Raseneck and Muller, 2002a).  For an 

example, ibuprofen crystallised from methanol and ethanol demonstrated 

polyhedral morphology whilst the habit produced from low polar solvent acetone 

was elongated.  

 

1.3.4.5. Effects of impurities 

Impurities can affect crystal growth by adsorbing on to a crystal face and 

altering the growth rate of the face. Adsorption of impurities theoretically 

increases the growth rate by increasing the surface roughness (Boistelle and 

Astier, 1988). Davey (1979) observed that impurities preferentially adsorbed on 

to layer sites, where the steric requirements are lower. Berkovitch-Yellin (1985) 

suggested that ―tailor made‖ additives adsorb on to specific crystal faces, 

allowing predictive habit change. Chow et al. (1985) observed the effect of tailor 

made impurities on the crystal growth of paracetamol, with resultant habit 

modification. Previous research in this area has revealed that impurities have a 

marked effect on solid state disorder (York and Grant, 1985). It was suggested 

that incorporation of an impurity of different size, shape and symmetry 

compared to solute may decrease crystallinity which will have implications for 

processability and product quality. 

 

1.4. Aims and objectives 

Micronisation has great impact on the bulk and surface properties of the final 

product. Previous research in this area has highlighted that there is a lack of 

scientific and technical knowledge as to how milling affects the quality attributes 

of micronised products. It is clear that both fundamental and practical 

knowledge is required in order to understand the impact of starting material 
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particulate properties (e.g. size, morphology and crystal defects) on the quality 

of micronised materials, which subsequently influence the performance of 

finished pharmaceutical products. In an attempt to generate knowledge in this 

field, micronisation of model compounds has been undertaken to understand 

the impact of crystal properties and processing conditions on the propensity for 

micronisation for a range of materials with different mechanical properties. 

These studies therefore are designed to explore systematically the interaction 

between crystal characteristics and process variables on the quality of materials 

and assess the links to mechanical properties and crystal structure (Figure 1.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.8 Structured and systematic approach to achieve optimised 
micronised substances. 
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The main aim of this thesis was to identify the factors controlling the quality of 

the micronised drug particles, leading to improved processibility and 

performance. A rationale for the selection of the investigated materials is given 

in section 1.5. 

To achieve this aim, a number of specific objectives have been identified as 

follows: 

- Understand the effects of process variables and the impact of starting material 

particle size on the quality of micronised lactose monohydrate, with specific 

emphasis on behaviour of the substance above and below the brittle/ductile 

transition.  

- Generate a molecular level understanding of the impact of crystallisation 

conditions on the morphology of ibuprofen and salbutamol sulphate crystals and 

assess the importance of these factors on comminution behaviour.  

- Scale up the crystallisation of ibuprofen and salbutamol sulphate to produce 

sufficiently large quantities of materials with different size and morphology, in 

order to evaluate their micronisation propensity and relationships to crystal 

structure, morphology and transition in mechanical properties linked to particle 

size in a similar manner to lactose monohydrate studies. 

- Understand the dissolution and aerosolisation characteristics of micronised 

materials with different quality attributes and link this to the starting material 

particulate characteristics and the processing conditions used during 

micronisation. 
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- Apply molecular modelling techniques to determine structural influences on 

micronisation behaviour, with the goal to predict micronisation behaviour of a 

drug substance from its crystal structure data. 

 

1.5. Rationale for selection of model compounds 

In order to investigate the effect of particulate, structural and mechanical 

properties of materials on particle size reduction, a number of model 

compounds were selected. 

 Lactose monohydrate (Figure 1.9) was used as a model compound in this 

study, as it is well characterised and is a universally used inexpensive 

pharmaceutical exicipient. It is widely used as a carrier in dry powder inhalers 

and as a filler in solid dosage forms, whilst it also exists as different physical 

forms (hydrate, anhydrous). It is well known to be affected by processing and its 

processing pre-history is reported to influence product quality. 

 

Figure 1.9 Chemical structure of alpha lactose monohydrate. 
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In this study, due to its extreme mechanical properties the non-steroidal anti-

inflammatory drug ibuprofen was used as a model compound (Figure 1.10). It 

has been reported previously that different morphologies of ibuprofen can be 

achieved during crystallisation by the solvent change method (Gordon and 

Amin, 1984). Ibuprofen is also a very ductile material with very high brittle-

ductile transition point (854 µm) (Rowe and Roberts, 1995) and is known to be 

difficult to process by dry milling.  

CH3

CH3

CH3

O

OH

 

Figure 1.10 Chemical structure of ibuprofen. 

Different morphologies of ibuprofen were therefore used to evaluate 

micronisation behaviour below the brittle-ductile transition. Furthermore, particle 

size reduction of ibuprofen was undertaken to evaluate the impact of 

comminution on the dissolution rate for this poorly soluble drug. 

Salbutamol sulphate (SS), a β2 agonist, is one of the most important drugs for 

the treatment of asthma (Barnes, 1999). SS (Figure 1.11) is available 

commercially in various dosage forms including dry powder inhalers (DPI), in 

such as Diskhaler®. The desired particle size of SS to achieve bronchodilation 

in mild asthmatics is reported to be 2.8 µm (Zanen et al. 1994) due to its 

propensity to deposit in the proximal airways.  

SS is typically processed by micronisation to produce inhaled therapies and so 

this makes the drug an ideal candidate for a model compound in size reduction 
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studies. SS was micronised to achieve the desired particle size for respiratory 

drug delivery. SS was also used to predict the mechanical behaviour of this 

material by correlating the crystal structure data with the micronisation 

behaviour and quality of the final processed substance (micronised substance 

size, relative crystallinity and surface free energy).  

 

   

Figure 1.11 Chemical structure of salbutamol sulphate. 

 

 

1.6. Thesis structure 

Chapter 1 provides an introduction to the subject, which is focused on particle 

size reduction. It considers the importance, theories, issues and factors 

affecting comminution.  It also describes the crystallisation process and the 

factors influencing the crystallisation process. 

Chapter 2 gives details of the materials and methods used in the thesis, which 

are used throughout these studies. More detailed description of these methods 
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and additional methods are described where appropriate in subsequent 

chapters. 

Chapter 3 provides an overview of the impact of material attributes and process 

parameters on the micronisation of lactose monohydrate. This chapter also 

discusses the micronisation behaviour of lactose monohydrate above and below 

the brittle-ductile transition point, whilst showing the impact of processing on the 

dehydration behaviour of lactose monohydrate. 

Chapter 4 focuses on generating a molecular level understanding of the 

influence of crystallisation conditions on the morphology of ibuprofen crystals 

and its subsequent impact on particle size reduction and drug dissolution. 

Micronisation of ibuprofen to sizes below the reported brittle-ductile transition 

and the fracture patterns of ibuprofen are discussed in detail.  

Chapter 5 describes the effect of crystallisation conditions and feedstock 

morphology on the aerosolisation performance of micronised SS. It also 

describes the effect of crystal imperfections on the quality of micronised drug 

substance and its aerosol characteristics.  

Chapter 6 describes a new rapid method for predicting the mechanical 

behaviour of pharmaceuticals. The relationship between crystal structure 

(highest d-spacing and attachment energy) and mechanical properties for a 

range of pharmaceutical materials is discussed. 

In Chapter 7 the general findings of the thesis are discussed and suggestions 

for future work presented. 
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Chapter 2 

General Materials and Methods 

The materials and methods used for all drug substances are discussed in this 

section, while additional methods employed for specific materials are presented 

in later chapters. 

 

2.1. General materials 

2.1.1. Probes for IGC 

2.1.1.1. Non-polar probes 

The non polar probes used (n-alkanes) in inverse gas chromatography (IGC) for 

this project were as follows:  

Hexane, 99+% purity, Sigma-Aldrich,Gillingham, England 

Heptane, 99+% purity, Sigma-Aldrich,Gillingham, England 

Octane, 99+% purity, Sigma-Aldrich Chemical Company. WI, USA 

Nonane, 99+% purity, Sigma-Aldrich Chemical Company. WI, USA 

 

2.1.1.2. Polar probes 

The polar probes used to cover specific interactions from acidic, through 

amphoteric, to basic and are well characterised in the literature (Ticehurst, 

1995). Probes used in these studies were as follows: 

Chloroform, 99+% purity, Sigma-Aldrich, Gillingham, England 

Acetone, 99+% purity, Sigma-Aldrich, Gillingham, England 

Ethylacetate, 99+% purity, HPLC Grade, Sigma-Aldrich, Gillingham, England 

Tetrahydrofuran, 99+% purity, Rathburn Chemicals Ltd., Scotland 
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2.1.2. Materials for IGC column preparation 

Glass columns, 1.27 m length (1.5 loops) with 3 mm i.d. and 6 mm o.d. were 

produced in the glass blowing workshop, University of Bradford, UK. 

Glass columns, 0.68 m length (single U shape) with 3 mm i.d. and 6 mm o.d. 

were also produced from the glass blowing workshop, University of Bradford, 

UK 

Methanol, HPLC grade, Sigma-Aldrich, Gillingham, England 

Tolune, HPLC grade, Sigma-Aldrich, Gillingham, England 

Dimethyldichlorosilane, Sigma-Aldrich, Gillingham, England 

Silanised glass wool, Jones Chromatography, Scotland 

Compressed gases: 

Compressed hydrogen, BOC Ltd., Surrey, UK. (used in IGC) 

Compressed Nitrogen, BOC Ltd., Surrey, UK. (used in IGC) 

Compressed Air, BOC Ltd., Surrey, UK. (used in micronisation and in IGC) 

 

2.1.3. Equipment 

Equipment used in characterisation and processing of materials were as 

follows: 

Spiral air jetmill , FPS 241, (FPS, Italy). 

Laser diffraction particle size analyzer, Sympatec HELOS (H2419) & RODOS/M 

dry dispersion unit (Sympatec, UK). 

Scanning electron microscope (SEM), Serial No. – XTE 235/D 7875, (FEI, 

Cambridge, UK). 

Thermogravimetric analyser (TGA), Serial No. – 5000-0140, (TA Instruments., 

West Sussex, UK). 
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Differential scanning calorimeter (DSC), Serial No. – 2000-0843, (TA 

Instruments., West Sussex, UK). 

Powder x-ray diffractometer (PXRD), Serial No.- 202288, (Bruker, Kahlsruhe, 

Germany). 

Inverse gas chromatograph (IGC), Serial No. – 610N 4110210, (Perkin Elmer, 

USA). 

Powder avalanche tester, Model No.- 8030-1 (Aeroflow®, Amherst process 

Instruments, Hadley, MA, USA). 

Dynamic vapour sorption (IGASORP, Hiden Isochema Ltd., Warrington, UK). 

Sonicator, Serial No. – 8408, (Decon Ultrasonics Ltd., Hove Sussex, England). 

VWR 375 Hot plate / Stirrer, Serial No. – 0637, (VWR, USA). 

Heating oven, Serial No.- 04M026, (SIS scientific laboratory, Merseyside, UK). 

Chiller unit (Julabo PF929, Julabo, Germany). 

Carbon coater (Emitech, Kent, UK). 

 

2.2. General methods  

2.2.1. Micronisation 

The micronisation behaviour for the different materials was evaluated using the 

FPS Spiral Jetmill (FPS, Italy) (Figure 2.1). The FPS spiral Jetmill consists of 

two parts - Labofeeder and the Labomill. The Labofeeder was attached to the 

Labomill and connected to the power supply.  
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Figure 2.1 A spiral jetmill (FPS, Italy). 

 

Samples for micronisation were initially measured into a suitable container. All 

connection clamps were properly closed and the three processing lines 

(injector, shaking, and grinding lines) of the Labomill were securely connected. 

The appropriate filter supplied by manufacturer was placed into the shaking unit 

with its corresponding collection container. The Labofeeder was operated by a 

red switch located on the front of the microniser. The feed rate of the sample 

was also controlled using the speed control on the mill. Feed rates were 

determined using samples at the highest and lowest settings of the speed 

controller determined from screening experiments conducted in triplicate.  In the 

screening experiment, powder was collected at 1 minute intervals and the 

weight determined using a standard balance.  

Grinding and injector pressure were set using the regulator with the pressure 

display calibrated using an external pressure gauge (accuracy ± 1.6%). The 

compressed air line was opened to give a pressure of 10 bar. The grinding line 

was opened gently by turning the grinding valve. This removed any dust or 

Injector 
pressure 
regulator 

Grinding 
pressure 
regulator 

Shaking unit switch 

Injector pressure display Grinding pressure display 

Labofeeder switch 

Labofeeder  

Shaking unit 

Speed controller of 
Labofeeder 
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extraneous materials present within the chamber. The injector line was then 

opened and the pressure was set to the specified levels. The required feed rate 

was set for the sample using the speed controller. The Labofeeder was then 

started and the sample passed through the sample inlet unit into the mill 

chamber. Samples were collected from the internal stainless steel collection 

vessel at the end of the experiments and stored over phosphorous pentoxide to 

avoid moisture mediated transformation before characterisation. For all 

experiments, the moisture content of supplied compressed air was 2-6 % RH, 

which was determined using a hand held hygrometer (Testo 610, Testo, UK).  

 

2.2.2. Freeze drying 

Freeze drying was used in order to produce an amorphous standards for 

specific materials used in the studies. Freeze drying is a dehydration process 

which is used to preserve a material or make it more convenient for storage and 

transport. In the pharmaceutical industry, freeze drying is used to increase shelf 

life of products by removing the water from the material. The basic principle of 

freeze drying includes freezing the material and then reducing the surrounding 

pressure and adding sufficient heat to allow the frozen water in the material to 

sublime directly from solid phase to the gas phase. There are four steps of 

freeze drying, which include - pretreatment, freezing, primary drying and 

secondary drying (Harris and Angal, 1989).  

Freeze drying experiments were carried out using a Heto freeze dryer (Heto FD 

8.0, Heto, Switzerland). A 10 % aqueous solution of the material was prepared 

for freeze drying. 1 ml of this solution was then filled into 7 ml freeze drying 

vials. Samples were placed directly on the shelves of the freeze dryer and 

frozen for 12h at - 40 0C. Primary drying was conducted at a shelf temperature 
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of – 20 0C and at chamber pressure of 1.3 bar for 12 h followed by a secondary 

drying at a shelf temperature of 25 0C and a chamber pressure of 1.3 bar for 4h. 

Vials were stoppered under vaccum.  

 

2.2.3. Particulate analysis 

2.2.3.1. Particle size distribution 

In laser diffraction particle size measurements, particles pass through a focused 

laser beam and scatter light at an angle that is inversely proportional to their 

size. Larger particles which are larger than the wavelength of light, cause light 

to be scattered in the forward direction with a small change in angle, which is 

known as Fraunhofer diffraction (Aulton, 2002). Particle size distribution can 

also be determined using the Mie theory, which represents the electromagnetic 

scattering of an arbitrary light beam by a spherical particle (Lock and Gouesbet, 

1994). This theory works through the evaluation of beam-shape coefficients, 

which convert incident, scattered and interior electromagnetic fields into partial 

waves. The tangential components of the electric and magnetic fields at the 

surface of spherical particles enable the scattered and interior particle wave 

amplitudes to be determined in terms of the beam-shape coefficients. These 

beam-shape coefficients can be calculated as three dimensional or two 

dimensional integrals over a spherical surface (Lock and Gouesbet, 1994).  

The particle size distribution was determined for starting materials and 

processed samples using a laser diffraction particle size analyser (Sympatec 

HELOS & RODOS dry dispersion unit, Sympatec Instruments, UK). 15-20 mg of 

samples was fed into the analyser by ASPIROS unit, using an air pressure of 4 

bar and at a speed of 30 mm /sec for all materials. Trigger conditions used for 

both starting and micronised batches were 5 seconds at an optical 
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concentration of 1%. The sample was de-aggregated using an air pressure of 4 

bar. The average particle size distribution was determined from triplicate 

measurements of each sample. The polydispersity of the powder was 

expressed by the polydispersity index (PDI). 

(2.1) 

 

where D (v, 90), D (v, 10) and D (v, 50) are the equivalent volume diameters at 

90, 10 and 50% cumulative volume, respectively.  

Volume mean diameter (VMD) is the average diameter based on the unit 

volume of particles, which is defined as D [3, 0] (Shekunov et al. 2007) – 

         
    

  

 
             (2.2) 

where n is the number of particles and d is diameter of particles (Lieberman and 

Kanig, 1970). Calibration of the laser diffraction particle size analyser was 

performed using a standard silica sample supplied with the instrumentation 

(Sympatec, UK).  

 

2.2.3.2. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is capable of producing high-resolution 

images of sample surface texture, topography, shape and size. Scanning 

electron microscopy for all samples was performed using a Quanta 400 SEM 

(FEI Company, Cambridge, UK). In SEM a high energy electron beam is 

thermoionically emitted from a tungsten cathode and is accelerated towards an 

anode. This electron beam is focused by one or two condenser lenses. It then 

passes through a pair of scanning coils in the objective lens, which deflect the 

beam horizontally and vertically so that it scans over a rectangular area of the 

PDI = 
[ D (v, 90) - D (v, 10)] 

D (v, 50) 
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sample surface. The energy exchange between the electron beam and the 

sample results in the emission of electrons and electromagnetic radiation which 

can be detected to produce an image. In these studies, samples were mounted 

onto a graphite layer on an aluminium stub. For the SS and ibuprofen samples, 

particles were coated with a thin film of carbon in a vacuum using a Emitech 

carbon sputter coater (Emitech, Kent, UK). Samples were analysed at a variety 

of magnifications with direct data capture of the images onto a personal 

computer. Calibration of the SEM was performed using a gold grid standard 

supplied with the instrument. 

 

2.2.4. Thermal analysis 

2.2.4.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is performed on samples to determine 

changes in weight as a function of the applied temperature. Such analysis relies 

on a high degree of precision in three measurements: weight, temperature and 

temperature change. Dynamic TGA measures the change in weight of a sample 

over a range of temperatures at a pre-determined heating rate. Samples in 

open pans are placed in a small inert crucible attached to the microbalance and 

a furnace is positioned around the sample. 

In this study, TGA analysis was performed on the TGA module of a TA 

Instruments Q5000 Series Thermal Analysis System (TA Instruments., West 

Sussex, UK). Samples between 0.5- 5.5 mg, accurately weighed were placed in 

an open pan and positioned in the crucible attached to a microbalance. The 

samples were heated at 100C/min from 25-3000C under dry nitrogen. 

Measurements were in triplicate and the sample weight was monitored by the 
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microbalance throughout the experimental period to an accuracy of ±1µg. The 

temperature was calibrated using nickel as a ferromagnetic standard. 

 

2.2.4.2. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermoanalytical technique in which 

the difference in the amount of heat required to increase the temperature of a 

sample and a reference are measured as a function of temperature (Figure 2.2). 

Both the sample and reference are maintained at nearly the same temperature 

throughout the experiment. Generally, the temperature program for a DSC 

analysis is designed such that the sample holder temperature increases linearly 

as a function of time. The reference sample should have a well-defined heat 

capacity over the range of temperatures being studied.  

 

Figure 2.2 Schematic diagram of DSC. 
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The basic principle underlying this technique is that, when the sample 

undergoes a physical transformation such as phase transitions, heat will 

preferentially flow to or from the sample to maintain it at the same temperature 

as the reference. Heat flow to or from the sample is dependent on whether the 

process is exothermic or endothermic. For example, as a solid sample melts to 

a liquid, greater heat flow to the sample is required to increase its temperature 

at the same rate as that of the reference. This is due to the absorption of heat 

by the samples as it undergoes the endothermic phase transition from solid to 

liquid. Likewise, as the sample undergoes exothermic processes (such as 

crystallisation), less heat is required to raise the sample temperature. By 

observing the difference in heat flow between the sample and reference, DSC is 

able to measure the amount of heat absorbed or released during such 

transitions. 

A baseline is obtained which is used as a background in sample analysis. Any 

deviation from this baseline relates to thermal event, and the area under this 

deviation is proportional to the enthalpy change for that event. 

In these studies, DSC analysis was performed on the DSC module of the TA 

Instruments Q2000 Series Thermal analysis system (TA Instrument, West 

Sussex, UK). Samples of 0.5-5.5 mg were accurately weighed into an 

aluminium pan. An aluminium lid, with a central pierced hole, was crimped on to 

the pan. The samples were then heated under a stream of nitrogen gas from 

25-2500C using heating rate of 100C/min. All samples were analysed in 

triplicate. The temperature scale was calibrated using a pure indium standard 

(melting point 156.60C) and was confirmed using a zinc standard (melting point 

419.50C). 
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2.2.5. Structural analysis 

2.2.5.1. Powder X-ray diffraction (PXRD) 

The diffraction of x-rays by crystalline substances is of great analytical 

importance for characterising the solid state phase, since no two compounds 

would be expected to form crystals in which the three dimensional spacing of 

planes is totally identical in all directions. In most instances, a powdered sample 

in which particles are randomly oriented will present all possible crystal faces at 

a given interface and the diffraction from this powdered surface will therefore 

provide information on all possible atomic spacings relating to the crystal lattice. 

The powder pattern consists of a series of peaks detected at various scattering 

angles. These angles and their relative intensities are correlated with computed 

d-spacings to provide a full crystallographic characterisation of the powdered 

sample (Brittain et al., 1991) (Figure 2.3).  

 

 

Figure 2.3 Powder x-ray diffraction from two planes of atom. 
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This enables detection of changes in crystal structure which might occur during 

processing and structure. Relationships between d-spacing, the angle of 

diffraction and the wavelength of the incident x-rays are described by the 

Braggs‘ law (Feeley, 1999). 

nλ = 2d sin Ө     (2.3) 

where,  n = order of the diffraction pattern 

 λ = wavelength of the incident beam 

 d = distance between the planes in the crystal 

 Ө = angle of beam diffraction 

Structural analysis of the sample was carried out using a Bruker D-8 powder 

diffractometer (Bruker, Kahlsruhe, Germany), at room temperature. Powder 

samples were placed into a suitable sample holder and levelled using a glass 

cover slide, with scanning over 5-500 2Ө at a rate of 10 2Ө /min using a copper 

Kα radiation source of wavelength 1.542Å with 1mm slits. Samples were 

analysed in triplicate. Calibration of the PXRD was performed using a 

carborundum (silicon carbide) standard. 

 

2.2.6. Solid surface state characterisation 

2.2.6.1. Dynamic vapour sorption (DVS) 

Dynamic vapour sorption is an essential thermodynamic tool for the 

investigation of moisture sensitive materials by exposing the sample to a range 

of relative humidities, while monitoring the change in mass. Moisture sorption 

isotherms can be used to identify important structural changes such as 

recrystallisation. It is one of the most sensitive techniques used to quantify 

amorphous content with a detection limit of 0.05% w/w (Buckton and Darcy, 

1995). 
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Moisture sorption isotherms were determined using a microprocessor controlled 

automated IGAsorp moisture sorption analyser (IGASORP, Hiden Isochema 

Ltd., Warrington, UK) (Figure 2.4).  

 

 
Figure 2.4 Dynamic vapour sorption analyser (adapted from IGASORP, 
Hiden Isochema Ltd., UK). 
 

This system depends on an inert carrier gas to transport moisture to the 

sample. The moisture content is controlled by the mixing the dry gas with the 

moisture saturated gas to achieve the desired humidity. The water activity and 

the sample weight are recorded as a function of time and the sorption isotherm 

is constructed from the time dependant data. Measurements were performed 

using 30-50 mg of starting material and micronised samples at 250C, under a 

continuous nitrogen flow of 250ml/min in the range 0-95% RH. Relative humidity 

was held at each point until equilibrium was achieved, when the change in 

sample weight over time was less than 0.005% of initial weight. The balance 

was calibrated using a range of calibration weights at 20 mg, 50 mg and 100 mg 
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standards (KERN and Sohn GmbH, Germany). Humidity conformance was 

established using lithium bromide and lithium chloride humidity standards 

(Rotronic AG, Switzerland). Calibration was performed using 10%, 50% and 

80% sodium chloride salt solutions. The sample mass was represented as a 

percentage of the initial mass. Calibration curves for percentage of moisture 

uptake were constructed using mixtures of crystalline and amorphous standards 

with amorphous levels of 1, 3, 5, 10, 25 and 50% w/w. The amorphous standard 

was produced by freeze drying a 10% aqueous solution and the amorphous 

nature was confirmed by PXRD (Appendices A & B) and DSC analysis of the 

relevant compounds. The starting materials for each of the respective sieved 

batches were used as the crystalline standards. Relative (%) crystallinity of 

micronised samples was determined from the regression equation for the lines 

of best fit for each calibration curve at a suitable % RH as determined for each 

specific material. 

 

2.2.6.2. Inverse gas chromatography (IGC) 

Inverse gas chromatography (IGC) is used to determine surface properties (i.e. 

surface free energy) of an unknown stationary phase from the retention 

behaviour of well characterised volatile liquids or gases (probes). The main 

mechanism involved in IGC is adsorption, which is caused by the attractive 

forces between adsorbent surface and the adsorbate. The retention behaviour 

is controlled by the surface energies of both adsorbent and adsorbate. Surface 

energy is the energy transfer required to produce an increase in the surface 

area by one unit and is the summation of both dispersive energy and polar 

energy (Saxena, 2007). 

γ = γd + γsp      (2.4) 
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where, γ = surface free energy, γd = non-polar or dispersive energy and γsp = 

polar energy. The dispersive energy is related to induced dipole forces whilst 

polar energy comprises dipole – dipole, dipole – induced dipole, hydrogen 

bonding and acid-base interactions. 

IGC was used to study a range of materials (pre and post micronised) to 

determine changes in surface characteristics induced by processing.  During 

IGC analysis the unknown stationary phase is prepared using a glass column 

into which powder materials are packed. Column preparation is very important 

in conducting IGC experiments. Variation in column preparation can affect the 

surface free energy determination (Ticehurst, 1995). There are different sizes of 

IGC columns, which are used depending on the size and shape of the powder 

particles and consequent powder flow. Longer columns are used for free flowing 

powders, whereas shorter columns tend to be used for poor flowing cohesive 

powders. 

For IGC measurements, interior surfaces of the columns must be deactivated 

by ―cold‖ silanation (Mohammad and Fell, 1982), as columns contain active 

sites. In these studies, columns were washed with methanol and then with 

toluene. A 5% dimethyldichlorosilane in toluene (silanation solution) was then 

introduced into the column and left for 48 hours at room temperature. The 

column was then emptied and rewashed with toluene followed by methanol. 

The column was dried prior to packing. After drying a silanised glass wool was 

placed at detector end and the powder was filled using a funnel and spatula, 

with a vacuum applied to the detector end. A vibrator was used to improve the 

packing by forcing rearrangement of particles into more efficient packing. A 

piece of silanised glass wool was inserted into the injector end after filling the 

powder.  
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IGC measurements were carried out using an automated Perkin Elmer gas 

chromatograph (Perkin Elmer, USA) equipped with a flame ionization detector 

(FID). Nitrogen was used as the carrier gas with hydrogen and compressed air 

employed for the FID, which were set at 26 and 400 ml/min respectively. The 

temperature of column, FID and injector port was maintained at 300 C, 1500 C 

and 1000 C respectively. The flow rate of carrier gas at column outlet (Nflo) was 

measured using a bubble flow meter. The flow meter was wetted with 15-20 

soap bubbles before using. Nflo was adjusted to the required value using the 

automated flow control unit of the chromatograph and determined by timing the 

resultant bubbles with a digital stop watch. The detector was ignited one hour 

before IGC injections, to allow stabilisation. The detector, injector and oven 

temperature were kept at their functioning temperature during conditioning and 

analysis. The column was conditioned before injecting the probes into the 

column, by passing nitrogen at a flow rate of 10 ml/min and at approximately 

300 C for 48 hours before analysis. This conditioning removed any water or 

other volatile impurities present in the packed column to produce a dry powder 

surface for analysis (Saxena, 2007).   

A few drops of liquid probe were transferred to a standard vial and sealed with a 

rubber septum and crimped with an aluminium top. After running the IGC, the 

retention times for different probes were obtained. Retention time (tr) is the time 

required for the probe to pass through the column. To normalise the 

chromatographic conditions (eg. carrier gas flow rate), retention time is 

converted to retention volume (Vt). Retention volume (Vt) is the volume of 

carrier gas required to elute a probe from the column. The net retention volume 

(Vn) is calculated by subtracting the volume required (dead volume Vd) to elute 

the non interacting gas from total retention volume Vt.  All of these 
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measurements are not only dependent on the physical properties of the probe 

but also the temperature and amount of probe injected. Minute amounts of 

probe were injected to achieve the infinite dilution regime, so that probe-sample 

interactions were predominant and not the probe-probe interactions. For this 

reason the injection volume was maintained at zero ml and the speed of 

injection was kept at normal. This setting keep the injection needle inside the 

vial for a short period and minute quantity of vapour probes condensed on the 

needle to be injected into the column to maintain the infinite dilution condition. 

At infinite dilution, net retention volumes are independent of the amount of 

probe injected and in this region peaks were symmetric and Gaussian in shape. 

If larger amounts of probes were to be injected and the infinite dilution region 

was exceeded, elution peaks would become non-Gaussian or skewed. 

Consequently the net retention volume would depend on the amount of probe 

injected (Grimsey et al, 2002). 

Dead volume was determined using dead time (td), which was calculated from 

retention time obtained from IGC analysis using the equation (2.5) proposed by 

Conder and Young, 1979. 

log (tr - td) = x.n + y         (2.5) 

where n is the carbon number for each member of homologous series, and x 

and y are constant. The line which gives the best linear fit to the above equation 

was used to determine the value of dead time. Dead times were used to 

determine dead volume using equation (2.6). 

 

Vd = td . Fcol . j   Pout - Pw           (2.6) 

 
Pout 
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where Vd is dead volume, td is dead time. Fcol is column flow rate which is 

converted from Nflo (carrier gas outlet flow rate) for the purpose of the 

calculation (see equation 2.7).  

 

Fcol = j. Nflo.                                                       (2.7) 

 

Tcol and Tflo are column temperature and flow meter temperature respectively.  

Pout is outlet carrier gas pressure which is assumed to be equal to the 

atmospheric pressure, Pw is vapour pressure of water at bubble flow meter and j 

is the correction for the carrier gas compressibility within the column (see 

equation 2.8). 

 

           

   j =                                          (2.8) 

 

 

where PI is the total inlet carrier gas pressure (where PI is equal to Pin + Pout).  

When Vd is determined, the net retention volume (Vn) can be calculated using 

the equation (2.9). 

 

 

Vn = tr .Fcol . j  Pout - Pw     - Vd     (2.9)  

 

where, Fcol is the column flow rate which can be determined from equation (2.7) 

 

Pout 
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Net retention values (Vn) obtained from non-polar probes was used to 

determine the dispersive component of surface free energy (γs
d) using the 

method of Schultz et al (1987) (see equation 2.10). 

 

RT ln Vn = a (γl
d) 1/2. 2N. (γs

d) ½ + C    (2.10)  

 
 
Figure 2.5 Schematic diagram showing the determination of the specific 
component of surface free energy (adapted from Grimsey et al. 2002). 
 

where N is Avogradro‘s number, a is probe surface area and R is the gas 

constant.  

Plotting RT ln Vn against a (γl
d) ½ for a series of n-alkanes , yields a straight line, 

with gradient equal to 2N. (γs
d) ½ from which the dispersive component of 

surface free energy (γs
d) can be determined. Vn values are then obtained from 

polar probes used to calculate specific component of the surface free energy (- 

ΔGA SP) for the powder sample using the method of Schultz et al (1987) (Figure 

2.5). The vertical distance between the alkane reference line and polar probe of 

interest is used to calculate specific component of the surface free energy - ΔGA 

SP. 
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Chapter 3 

The impact of material attributes and process parameters on 

micronisation of lactose monohydrate  

 

3.1. Introduction 

Particle size reduction is a widely accepted technique to improve the 

performance of active pharmaceutical ingredients (APIs), for example the 

enhancement of dissolution rate, mixing behaviour and compaction properties. 

Micronisation used in the production of particles, however often leads to a 

heterogeneous product containing both mechanically activated surfaces and 

amorphous content (Feeley, 1999). Investigations into the milling of lactose 

monohydrate by Kwan et al. (2004) indicated that an increased milling time lead 

to improved efficiency of particle size reduction. High milling efficiency was 

observed by Chen et al. (2004) while processing lactose monohydrate at 

reduced batch sizes. Related to these observations, Young et al. (2007) 

observed that increased residence time in mill was responsible for an increased 

degree of particle size reduction and an increased amount of amorphous 

content. However, Garnier et al. (2008) suggested that grinding also plays a 

role in decreasing the onset temperature of dehydration for lactose 

monohydrate. This was associated with changes in crystal structure, whilst 

Vromans et al. (1986) claimed that dehydration of lactose monohydrate was a 

surface dependent phenomenon. Owing to the clear dependence of micronised 

particle attributes on the properties of the feedstock and the associated 

processing parameters, this study was carried out to evaluate the effect of 

particle properties of three grades of lactose monohydrate, with sizes above 



61 
 

and below the reported brittle-ductile transition (dcrit) and their interaction with 

process variables on the quality of micronised material. 

 

3.2. Materials 

Three sieved batches of lactose monohydrate were used in micronisation 

studies. Respitose-SV003 (D50 = 60 µm) and Respitose-SV010 (D50 = 105 

µm) were supplied by DMV Fonterra, Netherlands. L-Dcrit (below brittle-ductile 

transition, < 23.7 µm) was produced in-house (University of Bradford) by sieving 

SV010 using a 20 µm sieve (Retsch, UK). Materials used in IGC experiments 

are described in Section 2.1.1. & 2.1.2. 

 

3.3. Methods 

Starting materials and micronised batches of lactose monohydrate were 

characterised using thermal (TGA & DSC), structural (PXRD), particulate (SEM 

& Laser diffraction particle size analysis) and solid surface characterisation 

(DVS & IGC) techniques. These techniques have been described in the general 

methods (section 2.2). 

 

3.3.1. Andersen cascade impactor 

Lactose monohydrate particles in the 1- 3 µm size range were isolated using an 

Andersen Cascade Impactor (ACI) fitted with a preseparator and a standard 

USP metal throat. The ACI was connected to a dry powder inhaler and a 

vacuum pump (all equipment Copley Scientific Limited, Nottingham, UK). The 

ACI was washed with methanol and dried before use. As powder particles were 

required in the dry state in this study, impactor plates were not coated with 

silicon spray. 10 mg of lactose monohydrate (SV010 below 20 µm) was filled 
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into hard gelatin capsules (size 3) (Capsugel, UK). Ten doses of lactose 

monohydrate were discharged into the apparatus using the Aerolizer® device 

(Novartis, Switzerland) at a flow rate of 60L/min for 5 seconds. After discharging 

all doses, the material deposited on stages 3 to stage 5 was collected using a 

small brush and analysed by TGA and DSC. 

 

3.3.2. Sieving 

For this study a range of sieve fractions (<20 µm, 20 - 38 µm, 38 - 45 µm, 75 - 

90 µm, 90 - 120 µm, 120 - 150 µm and 150 - 180 µm) was generated to 

evaluate powders with different size distributions. Owing to difficulties in 

separating the size fraction by sieving, particles in the 1-3 µm size range were 

obtained using the ACI (see section 3.3.1.). Bulk powders were screened 

individually through sieves of different mesh size to achieve particles in the 

desired range to evaluate the effect of particle size on dehydration behaviour of 

lactose monohydrate.  

 

3.3.3. Micronisation 

The micronisation behaviour of each sieved batch of lactose monohydrate was 

evaluated by means of an experimental design using the FPS Spiral Jetmill 

(FPS, Italy) (Figure 2.1). Figure 3.1 shows the schematic representation of the 

spiral air jetmill and its size reduction process. The influence of the three 

process variables (GP = grinding pressure, IP = injector pressure and FR = feed 

rate) at two levels (H = high and L = low) on the quality attributes of micronised 

powder was evaluated (Table 3.2).  
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Figure 3.1 Schematic diagram of a spiral Jetmill. 
 

For each of the process parameters, the processing conditions defined in the 

experimental design are given in Table 3.1. Typically for each experiment, 5 g 

samples of each grade of lactose monohydrate were processed. Feed rates 

were determined using samples at the highest and lowest settings of the speed 

controller from the experiments carried out in triplicate. Powder was collected at 

1 minute intervals and the weight determined using a standard balance. 

Grinding and injector pressure were set using the appropriate regulator with 

pressure display, calibrated using an external pressure gauge (accuracy ± 

1.6%).     

 

 

 

Nylon filter bag 

Collection container 

Powder feed 

Injector air 

Grinding air 
Air nozzle 

Circulating air 

Particle – particle 

impaction/attrition Particle – mill wall 

impaction/attrition 



64 
 

 

Table 3.1 The values of GP, IP and FR used during micronisation of 
SV003, SV010 and L-Dcrit. 

 

Exp. No. GP IP FR 

1 - - - 

2 + - - 

3 - + - 

4 + + - 

5 - - + 

6 + - + 

7 - + + 

8 + + + 
 (“+” = high level processing condition and “-” = low level processing condition) 

 

Table 3.2  High and low values of GP, IP and FR used during micronisation 
of SV003, SV010 and L-Dcrit (value in brackets indicate standard 
deviation). 

 

Lactose 
Grade 

Level 
Process variables 

GP IP FR (g / min) 

SV010 
High (+) 8 bar 8 bar 4.08 (0.30) 

Low (-) 5 bar 5 bar 0.80 (0.10) 

SV003 
High (+) 8 bar 8 bar 2.50 (0.24) 

Low (-) 5 bar 5 bar 0.48 (0.07) 

L-Dcrit 
High (+) 8 bar 8 bar 1.24 (0.16) 

Low (-) 5 bar 5 bar 0.38 (0.04) 

    

Injector pressure, grinding pressure and feed rate were adjusted to provide the 

conditions stated in Table 3.2. Feed rate of the labofeeder was controlled using 

the speed controller regulator of labomill (Figure 2.1). Samples were collected 

from the collection vessel at the end of the experiments and stored over 

phosphorous pentoxide to avoid any moisture mediated transformation before 

characterisation. For all experiments, the moisture content of supplied 
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compressed air was 2 - 6 % RH, which was measured using a hand held 

hygrometer (Testo 610, Testo, UK).  

 

3.4. Results and discussions 

3.4.1. Thermal and structural analysis 

DSC data showed that an endothermic transition occurred for all samples in the 

temperature range 140 – 145 0C, which corresponds to the dehydration of the 

incorporated crystalline water (Berlin et al. 1971). Melting of anhydrous lactose 

then occurred at 214 – 217 0C and decomposition at approximately 230 0C as 

reported by de Matas (1997) (Figure 3.2).  

 

 
Figure 3.2 DSC data showing thermal characteristics for the starting L-
Dcrit, SV010 and SV003 at 100 C/min scan rate. 
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Figure 3.3 DSC data showing thermal characteristics for the micronised 
batches of L-Dcrit, SV010 and SV003 manufactured at the (- + -) 
processing condition at 100 C/min scan rate. 

 

In addition, to the endothermic events, in this study exothermic transitions were 

also observed for several micronised batches of SV010 and SV003 at 170 – 

175 0C with corresponding broad dehydration endotherms observed at 140 – 

145 0C (Figure 3.3).   

The exothermic event is attributed to the recrystallisation of amorphous lactose 

(Elamin et al. 1995), suggesting that disruption of crystal structure has occurred 

during micronisation, particularly for the coarser grade starting material (Figure 

3.3). Micronised batches of L-Dcrit, however showed no exothermic events 

(Figure 3.3), which suggests that reduced numbers of fracture events were 

experienced by these samples compared to the coarser starting materials.  
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Figure 3.4 DSC data showing the double endothermic event for 
micronised batches (+ + -) of SV010, SV003 and starting L-Dcrit at 100 
C/min scan rate. 
 

However, the presence of two dehydration peaks was evident for several 

micronised batches of SV010 and SV003 as shown by DSC (Figure 3.4). All 

micronised batches of L-Dcrit and the L-Dcrit starting material also showed the 

presence of this double endotherm in the DSC profiles, which is probably 

related to the presence of both ‗fines‘ (< 5µm) and larger particles (> 40 µm) in 

the micronised powders and L-Dcrit feedstock.  DSC thermal profiles for 

batches demonstrating the two dehydration endotherms (Figure 3.4) were 

characterised by an initial broad peak with onset 119 – 121 0C and a peak 

temperature at approximately 134 0C followed by a sharp endothermic transition 

with peak temperature at approximately 143 0C.  

Initial broad 
endotherm 

Sharp endotherm 
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Figure 3.5 Dehydration onset data for starting material and average DOT 
of all micronised batches of SV010, SV003 and L-Dcrit determined by TGA 
at 100 C/min scan rate. 
 

Figure 3.5 clearly indicates that a marked reduction in dehydration onset 

temperature (DOT) occurred for both SV010 and SV003 after micronisation 

while for the finer L-Dcrit a similar dehydration onset temperature (DOT) was 

observed both for starting material and micronised batches (Figure 3.5).  

 

 
Figure 3.6 TGA data showing the effect of particle size fraction on 
dehydration onset temperature for SV010 at 100 C/min scan rate. 

Weight loss due  
to dehydration Weight loss due  

to degradation 
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To evaluate this relationship further, dehydration behaviour was determined for 

different sieve size fractions of SV010 with the sieve cuts of particle diameters 

in the ranges 1 - 3 µm, < 20 µm, 20 - 38 µm, 38 - 45 µm, 75 - 90 µm, 90 - 120 

µm and 150 - 180 µm (see section 3.3.2). 

TGA data (Figure 3.6) shows that the dehydration onset temperature of lactose 

monohydrate is a particle size dependent phenomenon and decreases as the 

particle size is reduced. It also shows weight loss due to dehydration onset and 

degradation at approximately 100 0C and 230 0C respectively. Figure 3.7 and 

3.8 show that dehydration onset and peak temperatures measured by TGA and 

DSC were lower for smaller sieve size fractions. Owing to difficulties in 

achieving classification of particles in the range 1-3 µm using conventional sieve 

analysis, particles were obtained by retrieval of aerosolised samples from the 

ACI (see section 3.3.2.).  A plateau in behaviour was reached at 75 µm (Figure 

3.7 and 3.8), with similar dehydration temperatures for all samples above this 

particle size.  

 

 
 

Figure 3.7 Relationship between particle size (sieve fractions of SV010) 
and dehydration onset temperature determined by TGA at 100 C/min scan 
rate.  
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Figure 3.8 Relationship between particle size (sieve fractions of SV010) 
and dehydration peak temperature determined by DSC at 100 C/min scan 
rate. 
 

Vromans et al. (1986) reported that the speed of dehydration of lactose 

monohydrate was dependent on both the powder surface area and 

temperature. Results of this present study suggest that the dehydration 

mechanism of lactose monohydrate is a particle size dependent phenomenon, 

with particles below 75 m showing marked reduction in onset and peak 

dehydration temperature. Process variables however showed no marked effect 

on dehydration onset temperature of three grades of lactose monohydrate 

relative to interbatch variation.  
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SV010 Micronised 

SV003 Micronised 

L-Dcrit Micronised 

L-Dcrit Starting 

Figure 3.9 PXRD data showing no physical form transformation for the 
micronised batches (- + -) of SV010, SV003, L-Dcrit and starting L-Dcrit 
material.  
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Figure 3.10 Theoretical PXRD pattern of alpha lactose monohydrate. 

 
 

PXRD patterns for micronised and starting lactose monohydrate are presented 

in Figure 3.9, where samples are highly crystalline as indicated by sharp peaks. 

However, the absence of new peaks, when compared to theoretical powder 

pattern generated from single crystal data (Cambridge Structural Database, UK) 

(Figure 3.10), indicated that no detectable physical form transformation had 

occurred during micronisation for any of the batches. Mercury (version 2.3) 

(Mercury software package, CCDC, Cambridge, UK) was used to display the 

crystallographic faces (hkl) responsible for specific 2Ɵ value (Figure 3.10), 

using single crystal structure data acquired from CSD, UK (CCDC, Cambridge, 

UK).  

 
 

3.4.2. Particle size distribution 

Laser diffraction (see section 2.2.3.1) particle size distribution data shown in 

Table 3.3 demonstrates that a range of median sizes and polydispersity was 

(020) (100) 

(110) 
(001) 

(011) 

(011) 

(150) 

(11-1) 
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achieved using each of the three grades of lactose monohydrate, across the 

range of process parameters.  

 

Table 3.3 Median particle size (D50) and polydispersity for micronised 
batches of SV003, SV010 and L-dcrit. 
 

Samples 
and values 

of 
processing 
conditions 

SV010 SV003 L-Dcrit 

D50 
(µm) 

PDI Reduction  
Ratio (%) 

D50 
(µm) 

PDI 
D50 
(µm) 

PDI Reduction  
Ratio (%) 

(SD) (SD) (SD) (SD) (SD) (SD) 

Starting 
material 

102.79 
(0.90) 

1.46 
(0.02) 

 
52.06 
(0.37) 

1.38 
(0.00) 

13.93 
(0.63) 

1.78 
(0.23) 

 

- - - 
4.44 

(0.15) 
2.07 

(0.07) 
95.68 

91.30 
(12.60) 

3.95 
(0.65) 

3.22 
(0.03) 

1.77 
(0.08) 

76.88 

+ - - N/A N/A N/A 
2.93 

(0.04) 
1.63 

(0.28) 
N/A N/A  

- + - 
6.88 

(0.07) 
2.29 

(0.03) 
93.31 

3.80 
(0.23) 

2.23 
(0.03) 

3.24 
(0.05) 

1.52 
(0.32) 

76.74 

+ + - 
13.73 
(1.29) 

7.69 
(0.21) 

86.64 
3.87 

(0.07) 
1.76 

(0.11) 
N/A N/A  

- - + 
52.11 
(0.62) 

3.55 
(1.22) 

49.30 
12.07 
(1.05) 

4.43 
(0.08) 

4.75 
(0.25) 

2.39 
(0.27) 

65.90 

+ - + 
11.77 
(2.00) 

8.00 
(0.34) 

88.55 
6.59 

(0.11) 
3.67 

(0.02) 
N/A N/A  

- + + 
55.80 
(1.27) 

9.88 
(1.40) 

45.71 
8.69 

(0.24) 
4.32 

(0.09) 
2.95 

(0.30) 
2.97 

(0.41) 
78.82 

+ + + 
10.23 
(1.15) 

9.87 
(0.89) 

90.05 
5.31 

(0.83) 
18.0 

(1.28) 
2.27 

(0.02) 
1.93 

(0.28) 
83.70 

Average 
22.13 
(0.93) 

6.19 
(0.60) 

78.47 
16.82 
(1.90) 

5.00 
(0.32) 

3.29 
(0.13) 

2.12 
(0.27) 

76.38 

N/A- Micronisation was not possible due to ejection of particles from the chamber under these processing conditions. 

Values in ( ) indicates standard deviation. 

 

Batches micronised from L-Dcrit showed the lowest average median size (D50) 

and polydispersity compared to batches micronised from the other two coarser 

grades of lactose monohydrate (Table 3.3). However, it was still possible to 

produce ultrafine material even from the coarser feed stock (Figure 3.11) by 

manipulating the process conditions. Median particle size data (Table 3.3) 

clearly demonstrate that it was possible to micronise lactose monohydrate to 
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sizes below the reported brittle-ductile transition (23.7 µm) (Roberts, 

1991).Typically size reduction occurs for small particles through attrition forces 

rather than brittle fracture, which predominates at the edges and corners of 

particles (Meier et al. 2009), with shearing and abrasion leading to the 

production of ultrafine powders. 

 

 

Figure 3.11 Scanning electron micrographs of a) SV003 (mag. = 500X. 
Scale= 50.0 µm) and b) SV003 (+ - -) (mag.= 5000X. Scale= 5.0 µm). 

 

The results of this study suggest that the particle size of starting materials 

markedly affects the degree of particle size reduction for the three grades of 

lactose monohydrate (Figure 3.12). Using similar processing conditions (GP = 8 

bar, IP = 8 bar and FR = high), it was possible to produce powders with the 

lowest D50 from the finest grade of starting material (L- Dcrit). This effect could 

be related to finite number of cracks within the crystals allowing greater particle 

size reduction at high level of processing conditions for L-Dcrit material. 

However higher reduction ratio was achieved for the batches micronised from 

coarse grade starting material SV010 compared to batches micronised from 
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finer grade starting material L-Dcrit. Results (Table 3.3) also indicate that 

reduction ratio was higher for SV010 while it was micronised at low feed rate 

compared to high feed rate conditions. However processing conditions did not 

show any notable effect on the reduction ratio for micronised batches of L-Dcrit 

(Table 3.3). This phenomenon is most likely due to the difference in particle size 

reduction behaviour via attrition and brittle fracture. 

    

 
 
Figure 3.12 Effects of starting material particle size on median paticle size 
(D50) for micronised batches of SV010, SV003 and L-Dcrit. 

 

Data in Figure 3.12 also indicate a linear relationship between starting material 

and respective micronised material median size, which suggests that ultrafine 

micronised material can be achieved from finer grade starting material. 

Although the lowest D50 was achieved from the finer grade starting material, a 

10 fold reduction ratio (ratio of initial median particle size to the micronised 

median particle size) was obtained for coarser grade starting materials SV010 

and SV003 (Table 3.4) when using similar processing conditions (GP = 8 bar, 

IP = 8 bar and FR = high). This suggests that coarse particles have greater 
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propensity for particle size reduction although finer grade starting materials 

facilitate production of the lowest median particle size. Vogel and Peukert 

(2003) observed that when applying a similar level of energy, smaller particles 

exhibited a lower breakage probability due to the smaller circumference of the 

particles and the reduced contact area with fewer crystallographic flaws 

providing reduced potential for particle fracture. 

In addition the results from this study indicate that the effects of processing 

conditions are dependent on the size of the starting material. The magnitude of 

the effect for all process conditions was evaluated by calculating the difference 

between average particle sizes for all batches manufactured at high and low 

levels of those parameters (Figure 3.13).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 A flow diagram for calculating the effect of processing 
conditions shown in pareto charts.  
 

This difference was compared with the 
interbatch variation, which was 
considered as standard deviation 

Difference in value (median particle 
size, surface free energy and 
crystallinity) when micronised at high 
and low level of processing conditions 

Interbatch variation was calculated as the 
standard deviation for several micronised 
batches processed at similar conditions (- + -) 

When the difference 
has exceeded the 
interbatch variation 

When the difference 
has not exceeded the 
interbatch variation 

Consider effect Consider no effect 
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Figure 3.14 Effect of grinding pressure on median paticle size (D50) for 
micronised batches of SV010, SV003 and L-Dcrit. 

 

The pareto chart is used to evaluate the relative effects of processing conditions 

compared to interbatch variation (Figure 3.13). Results (Figure 3.14) show that 

grinding pressure (GP) markedly affected the median particle size of micronised 

batches of SV010. Batches micronised from SV003 and L-Dcrit however 

showed limited sensitivity to particle size reduction at increased grinding 

pressure. Size reduction of coarse particles probably occurs via brittle fracture, 

whereby increases in grinding pressure result in improved crack propagation 

and fragmentation. For finer grade starting materials,  particle size reduction is 

more likely to occur through shearing and abrasion, where increases in grinding 

pressure therefore may have limited effect on size reduction. Injector pressure 

and feed rate showed no marked effect on the particle size distribution of the 

three grades of lactose monohydrate compared to interbatch variation. 
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3.4.3. Surface analysis 

3.4.3.1. Dynamic vapour sorption (DVS) 

The degree of crystallinity of micronised products was calculated at 40% RH 

using a calibration curve (Figure 3.15) constructed from the mixture of freeze 

dried amorphous standard and L-Dcrit crystalline starting material.  

 

Figure 3.15 Calibration curve used to calculate the relative percentage 
crystallinity for micronised batches of SV010, SV003 and L-Dcrit. 
 

Data (Figure 3.16 and Table 3.4) for degree of crystallinity determined by DVS 

(see section 2.2.4) showed that batches micronised from L-Dcrit (< 20 µm) were 

typically more crystalline than batches processed from SV003 (D50 = 65 µm) 

and in particular SV010 (D50 = 102 µm). Batches micronised from SV003 were 

marginally more crystalline than those processed from SV010. It is likely that 

less energy input was required during micronisation to reduce the size of finer 

materials, resulting in less mechanical activation of surfaces. Buckton (1997) 

has suggested that fluid energy milling may induce more than 7% amorphous 

material in micronised samples of lactose monohydrate. 
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Figure 3.16 Average percentage crystallinity for micronised batches of 
SV010, SV003 and L-Dcrit. 
 
 
 
 
Table 3.4 Percentage crystallinity for micronised batches of SV010, SV003 
and L-Dcrit (value in brackets indicates range of data, n=2). 

 

(“+” = high level processing condition and “-” = low level processing condition) 

 

Relatively high amorphous content (7 - 9 %) was also observed for several 

batches of SV010 (- + -) and SV003 (+ - -) (Table 3.4). 
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Experiment 
SV010      

(% crystalline) 
SV003    

(% crystalline) 
L-Dcrit  

(% crystalline) 

- - - 94.0 (1.6) 99.8 (0.1) 99.7 (0.1) 

+ - - 97.9 (0.1) 91.1 (1.0) 99.8 (0.1) 

- + - 92.5 (3.0) 98.2 (0.1) 99.6 (0.1) 

+ + - 96.6 (0.6) 99.0 (0.5) 99.2 (0.5) 

- - + 96.7 (0.7) 99.4 (0.1) 99.7 (0.1) 

+ - + 97.1 (0.1) 98.7 (0.9) 99.8 (0.1) 

- + + 97.6 (0.3) 98.2 (1.2) 99.4 (0.3) 

+ + + 96.1 (0.9) 98.0 (1.4) 99.7 (0.1) 
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The relative crystallinity of micronised batches of three grades of lactose 

monohydrate was markedly dependent upon the median size of the starting 

material (Figure 3.16). This is probably due to difference in duration of milling, 

where batches micronised from finer grade lactose monohydrate experienced 

shorter milling residence time thus exhibiting highly crystalline characteristics. 

 
Figure 3.17 Effect of grinding pressure (GP) on percentage crystallinity for 
micronised batches of SV010, SV003 and L-Dcrit. 
 
 

In addition to the impact of particle size on relative crystallinity of micronised 

samples, grinding pressure was also shown to influence the integrity of the 

crystal structure (Figure 3.17). These data suggest that increases of grinding 

pressure impacts the relative crystallinity for the micronised batches of SV010, 

although no marked effect was observed for the micronised batches of SV003 

and L-Dcrit when compared to interbatch variation. It is probable that grinding 

pressure becomes important for coarse starting material, which experiences 

greater forces during processing. 
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3.4.4.2. Inverse gas chromatography (IGC)  

IGC data (Table 3.5) show that there is no major difference in dispersive 

surface energy for the starting materials and their respective micronised 

batches of lactose monohydrate. This lack of change is attributed to the 

absence of non-polar molecular fragments in lactose monohydrate molecules. It 

was however, shown that the specific surface energies of finer grade starting 

material (L-Dcrit) and its consequent micronised batches were comparatively 

lower than those determined for coarse starting materials SV010 and SV003 

(Table 3.5).  

 
Table 3.5 Dispersive and specific surface free energy for starting and 
micronised batches of three grades of lactose monohydrate (value in 
brackets indicates range of data, n=2). 
 

Lactose 
Grade 

Batch 

Dispersive 
surface free 

energy 
(mJ/m2) 

Specific 
surface 
energy 

measured 
using THF 
(kJ/mol) 

Specific 
surface 
energy 

measured 
using CHCl3, 

(kJ/mol) 

Specific 
surface energy 

measured 
using acetone, 

(kJ/mol) 

SV010 

Starting 44.21 (0.65) 6.19 (0.22) 1.99 (0.10) 7.75 (0.22) 

Average 
value of 

micronised 
batches 

44.30 (2.21) 7.31 (0.35) 1.83 (0.12) 8.84 (0.48) 

SV003 

Starting 46.33 (1.13) 6.69 (0.11) 2.01 (0.15) 8.46 (0.11) 

Average 
value of 

micronised 
batches 

43.64 (3.34) 7.03 (0.17) 1.75 (0.11) 8.68 (0.33) 

L-Dcrit 

Starting 41.43 (0.52) 5.05 (0.89) 1.53 (0.08) 5.75 (0.60) 

Average 
value of 

micronised 
batches 

42.75 (2.01) 5.45 (0.38) 1.85 (0.17) 7.11 (0.65) 

 

These observations are thought to be related to the difference in water molecule 

position and a difference in the channel width at four major faces of lactose 
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monohydrate, which can either decrease or increase probe and molecule 

interactions (Saxena et al. 2009). 

The relatively low surface energy of micronised L-Dcrit is probably also linked to 

the decreased duration of milling for finer grade starting materials. This reduces 

the potential for disruption of crystals and leads to fewer defects on particulate 

surfaces. The specific surface energy measured using tetrahudrofuran (THF) as 

a basic probe, increased for the micronised batches of SV010 and SV003. This 

finding suggests that the surface of lactose monohydrate has become more 

acidic, which is most likely linked to an increased exposure of hydroxyl groups 

at the surface of particles post micronisation (Saxena et al. 2009). 

Ticehurst (1995) observed that the dispersive surface free energy of unmilled 

and milled lactose monohydrate was similar, while hydroxyl groups which are 

the predominant functional moiety of lactose, were exposed to a greater extent 

at surfaces after milling. This surface rich in hydroxyl groups is more acidic, 

providing increased likelihood of interaction with basic polar probes (especially 

THF). However in this study micronised batches of finer grade lactose material 

L-Dcrit (< 20 µm), showed increased specific interactions with the amphoteric 

probe acetone rather than acidic chloroform (CHCl3) or basic THF (Table 3.5). 

This is probably due to increased exposure of (001) face with strong electron 

donor and electron acceptor interactions at the surface of micronised batches of 

L-Dcrit (Saxena et al. 2009).  

- 
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Figure 3.18 Effect of starting material median particle size on average 
specific surface free energy measured using THF for the micronised 
batches of SV010, SV003 and L-Dcrit. 

 

The median particle size of the starting material was shown to have an effect on 

the specific surface energy determined from THF for micronised batches of 

SV010, SV003 and L- Dcrit (Figure 3.18). Thus batches micronised from coarse 

grade starting materials showed high specific surface free energy for the basic 

probe THF, possibly due to increased numbers of fracture events. This event 

would lead to increases in the exposure of acidic hydroxyl groups at the surface 

of powder particles, maximising the interactions with the basic probe THF. 

These results are consistent with the findings observed from the moisture 

sorption studies, where samples produced from SV010 showed greatest levels 

of moisture uptake attributed to the increased exposure of hydroxyl groups at 

particle surfaces. 

Process variables showed no marked effects on the dispersive surface free 

energy for the batches micronised from SV010, SV003 and L-Dcrit. Process 

conditions were, however found to have an effect on the specific surface energy 
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determined using the tetrahydrofuran (THF) probe. Figure 3.19 indicates that 

increases of GP markedly affected the specific surface energy measured using  

 

 
 
Figure 3.19 Effect of grinding pressure (GP) on specific surface free 
energy measured using THF for micronised batches of SV010, SV003 and 
L-Dcrit. 

 

THF for the micronised batches of SV010, while GP only demonstrates a 

marginal effect for the batches micronised from SV003 and L-Dcrit when 

compared to interbatch variation. Figure 3.20 shows that increased injector 

pressure affects specific surface energy (THF) for the micronised batches of 

SV010 to a greater extent compared to interbatch variation. However increased 

injector pressure showed no marked effect on specific surface energy (THF) for 

batches micronised from SV003 (Figure 3.20). Injector pressure demonstrated 

relatively less effect on specific surface free energy (THF) (Figure 3.20) for the 

batches micronised from L-Dcrit compared to micronised batches from SV010. 

These results suggest that the influence of processing conditions was 

dependent on the size of starting material with larger particles being subject to a 

greater degree of size reduction than their finer counterparts. 
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Figure 3.20 Effect of Injector pressure (IP) on specific surface free energy 
measured using THF for micronised batches of SV010, SV003 and L-Dcrit. 
 

Feed rate showed no marked effect on the specific surface energy (THF) for the 

batches micronised from any of the starting materials. It is therefore clear that 

the propensity for micronisation is markedly dictated by the particulate 

properties of the feedstock for lactose monohydrate with consequences for the 

attributes of the size reduced materials. 

 

 3.5. Conclusions 

TGA and DSC data showed that changes in dehydration behaviour of lactose 

monohydrate samples was dependent on particle size, with ultrafine materials 

showing more facile loss of water of crystallisation. This behaviour was 

observed for particles below 75 µm, while particles above this size showed no 

marked difference in dehydration behaviour. PXRD data showed no detectable 

polymorphic changes for the starting and micronised batches of lactose 

monohydrate. The results suggest that the impact of processing conditions was 
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dependent on the size of three grades of lactose monohydrate, which 

influenced the characteristics of the micronised product. Grinding pressure was 

shown to be the most important processing condition, which has marked effect 

on particle size reduction, relative crystallinity and surface free energy of final 

product. It was possible to micronise lactose monohydrate to sizes below the 

brittle-ductile transition (23.7 µm), which is attributed to changes in dominance 

of particle size reduction mechanisms from brittle fracture to shearing or 

attrition, which facilitate particle size reduction below the critical particle size. 

This result thus indicates that particle size reduction of small sized starting 

material is possible using shearing or attrition forces. Particle size data indicate 

a linear trend between starting material median size and average median size 

of micronised drug particles, which demonstrates that smaller sized starting 

material of lactose monohydrate should be used to achieve finest micronised 

drug particles.  

The degree of disorder induced in the micronised material was dependent on 

the particle size of the feedstock and the levels at which the process conditions 

were set. IGC data indicated no notable changes in dispersive surface free 

energy for starting and micronised batches of lactose monohydrate. However 

batches micronised from SV010 and SV003 showed more acidic surfaces 

compared to their respective starting materials. Micronised batches of L-Dcrit 

demonstrate amphoteric surface characteristics probably due to increased 

relative facet area of (001) face, which has greater potential for both electron 

acceptor and electron donor ability compared to other major habit faces of 

lactose monohydrate. 

From the findings and the analysis reported, it is proposed that lactose 

monohydrate be micronised from finer grade starting material (L-Dcrit) to 

- 
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achieve ultrafine materials with highly crystalline product. In order to achieve a 

similar effect for materials with similar mechanical properties to lactose 

monohydrate, finer grade starting materials should be used even at sizes below 

the brittle-ductile transition. Further work however needs to be undertaken to 

optimise the process conditions for other materials. 

The effect of different particle size distribution on the micronisation behaviour of 

moderately brittle lactose monohydrate has been reported. The next chapter is 

aims to understand how ductile ibuprofen with different morphology and size 

distribution behaves during micronisation. 
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Chapter 4 

Influence of solvent on the morphology and subsequent comminution of 

ibuprofen crystals by air jet milling 

 

4.1. Introduction 

Crystallisation is a widely used technique for the separation, purification and 

subsequent manipulation of particle size and morphology of therapeutic agents. 

Potential exists to control the mechanical properties of active pharmaceutical 

agents through the control of crystal habit (Garekani et al. 2001). This is a 

means to enhance the processing characteristics of pharmaceutical powders. 

Both crystal habit and polymorphic form are influenced by crystallisation 

conditions such as solvent polarity, supersaturation ratio, cooling rate, 

temperature and impurity levels (Raseneck and Muller, 2002b). It has been 

previously reported that solvents of different polarity used during the 

crystallisation of ibuprofen can influence the morphology of the crystals (Gordon 

& Amin, 1984; Raseneck and Muller, 2002a).  For example, ibuprofen 

crystallised from methanol and ethanol demonstrated polyhedral morphology 

whilst the habit produced from the lower polarity solvent acetone expressed an 

elongated morphology.  

Overall differences in crystal habit influence the physicomechanical properties 

of a drug substance. These properties include dissolution rate, density, 

flowability, compressibility and hardness (Chow et al. 2008). Roberts et al. 

(1994) indicated that slip will occur in the direction which gives the lowest 

hardness and slip directions are influenced by the morphology of crystals (De 

Vegt, 2007). Duncan-Hewitt and Weatherly (1989a) showed that the hardness 

of sucrose crystals was anisotropic and varied according to the crystal face at 
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which the measurement was made. Chikhalia et al. (2006) observed that the 

morphology of crystals markedly affected the quality of milled powders. It was 

reported that after milling, β-succinic acid with a plate like morphology 

possessed greater disorder than for crystals with needle like morphology. It is 

evident therefore that control of morphology during crystallisation is essential for 

producing drug substances with predictable mechanical behaviour. 

 A number of experimental studies have previously been undertaken to 

determine the optimal crystallisation conditions for controlling the morphology 

and resultant physicochemical properties of ibuprofen (Gordon & Amin 1984; 

Raseneck and Muller, 2002 & Garekani et al. 2001). The impact of 

morphological characteristics on the mechanical properties of this drug and the 

subsequent comminution behaviour in an air jet mill (dry milling) has not 

however been studied in detail. This is important for ibuprofen as it is known to 

show ductility and as a result particle size reduction of ibuprofen is difficult to 

achieve during dry milling, particularly below the reported brittle-ductile 

transition particle size of 854 µm (Rowe and Roberts, 1995). However, recent 

research suggests that submicron size (0.2 – 2 µm) micronised product is 

achievable by wet milling of ibuprofen (Bhakay et al. 2011; Peltonen and 

Hirvonen, 2010). Previous research in this area however suggested a number 

of drawbacks for wet milling, such as being time consuming and a multi step 

process. During wet milling stabilizers have to be used to inhibit the particle size 

growth of materials, while selection of the stabilizer is a critical issue and 

dependent on the type and concentration of the materials used. Increased 

duration of wet milling increases the contamination and unwanted degradation 

risk and perhaps the main issue of wet milling is the generation of the residues 

of milling media in the final product (Peltonen and Hirvonen, 2010). 
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The aim of this study was therefore to evaluate the influence of crystallisation 

conditions (solvent, cooling rate and supersaturation ratio) on the morphology of 

ibuprofen and subsequent impact on particle size reduction behaviour during 

dry milling, with the view of providing a molecular level rationale for improving 

the quality attributes of micronised ibuprofen powders. 

 

4.2. Materials  

Commercial ibuprofen powder (C-Ibu) was supplied by Albemarle Corporation 

(Los Angeles, USA) Lot number: 7050-1077. Ethanol (absolute) and hexane 

(analytical grade) were used as solvents and were supplied by Sigma Aldrich, 

UK Ltd.  Acetonitrile, orthophosphoric acid, potassium di-hydrogen phosphate 

and sodium hydroxide used in dissolution and HPLC studies, were supplied by 

Sigma Aldrich, UK Ltd. All materials were used as supplied. 

The materials used in IGC experiments are provided in the general materials 

section (see section 2.1.1 & 2.1.2). 

 

4.3. Methods 

4.3.1. Crystallisation procedure for ibuprofen 

Solubility data for ibuprofen in hexane and ethanol at 250 C (Table 4.1) was 

obtained from the solubility curves previously reported by Gordon & Amin 

(1984). Different supersaturation ratios (the ratio of the amount of solute in a 

solution to its saturation solubility) for ibuprofen in the two solvents were used to 

determine the parameters for crystallisation experiments (see section 4.3.2).  
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Table 4.1 Solubility of ibuprofen in ethanol and hexane at different 
temperature (Gordon & Amin, 1984). 

 

Solvent 

Solubility of 
ibuprofen at 

00C  
(g /100ml) 

Solubility 
of 

ibuprofen 
at 23.50C 
(g /100ml) 

Solubility 
of 

ibuprofen 
at 250C 

(g /100ml) 

Solubility 
of 

ibuprofen 
at 30.30C 
(g /100ml) 

Solubility 
of 

ibuprofen 
at 500C 

(g /100ml) 

Hexane 

 
2 

 
 
 

7 7.5 12 32 

Ethanol 32 75 80 112 232 

 

Supersaturation was achieved by cooling of solutions using a glass jacketed 

vessel with chiller unit (Julabo PF929, Julabo, Germany) (Figure 4.1). Ibuprofen 

was crystallised in a 1 L size glass jacketed vessel, however due to its lower 

solubility in hexane it was also crystallised in larger sized crystalliser (3 L) in 

order to produce larger amounts of crystals for micronisation. The difference in 

conditions and stirrer types between the larger size and small size crystalliser is 

described in section 4.4.6. 
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Figure 4.1 Schematic diagram of larger sized (3L) crystalliser used in this 
study with chiller unit. 
 

4.3.2. Cooling crystallisation 

For both solvents, ibuprofen across a range of different supersaturation ratios 

(1.28, 1.31 and 1.33) was dissolved at 500 C. Results from preliminary 

experiments indicated that supersaturation ratio of 1.31 was optimum for both 

solvents to achieve desired particle size distributions and morphologies for 

ibuprofen crystals (1-300 µm size, plate and needle like morphology). A range 

of supersaturation and cooling rates were used for crystallisation of ibuprofen in 

both solvents according to the solubility study reported by Gordon and Amin 

(1984). Results (SEM and LSD) suggest that cooling rates of 0.800 C/min and 

Flow in 

Sample discharge 

PTFE valve 

Flow out 

Steel double 
bladed 
impeller 

Thermo/Chiller Recirculator 

500 C 

Thermometer 

Julabo® 

Condenser 
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0.070 C/min were optimal for crystallising ibuprofen and producing the desired 

particle size and morphology when using ethanol and hexane as solvents 

respectively. The solutions were then cooled to 250 C at 0.800 C/min and 0.070 

C/min in ethanol and hexane respectively. All crystals were collected by filtration 

under vacuum, and dried at room temperature. Optimal conditions for isolating 

different morphologies were then determined and batches of crystals with 

different morphologies were produced for subsequent micronisation 

experiments. 

 

4.3.3. Sieving 

Batches of defined morphology were classified into two sieve fractions (< 40 µm 

and 50 – 250 µm) using a set of sieves and associated sieve shaker (Retsch, 

UK). Table 4.2 shows the sample codes for the starting ibuprofen material with 

different morphology and sieve fractions. 

 

Table 4.2 Sample code for starting ibuprofen material with different 
morphology and sieve fractions.  
 

Sample code 
Solvent used for 
crystallisation 

Sieve 
size (µm) 

Morphology  
Crystalliser 

size 

Et-S-Co Ethanol 50 - 250 Plate Small 

Et-S-Fi Ethanol < 40 Plate Small 

Hx-S-Co Hexane 50 - 250 Neddle Small 

Hx-L-Co Hexane 50 - 250 Neddle Large 

Hx-L-Fi Hexane < 40 Neddle Large 

 
 
 

4.3.4. Micronisation 

The micronisation behaviour of the sieved fractions (< 40µm and 50 - 250µm) of 

different morphologies of ibuprofen produced under different crystallisation 

conditions was evaluated using a small scale microniser (FPS Spiral Jetmill, 
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FPS, Italy) (Figure 2.1). Grinding pressure (GP) was varied at three levels (3 

bar, 5 bar and 6 bar), while injector pressure (IP) was kept constant at 8 bar. 

Feed rate (FR) was set at the highest level of the feeder, which for Et-Ibu 

crystals was 3.0 g/min. Owing to poor flow of Hx-Ibu crystals, these samples 

were not processed using the feeder. Samples of this material were instead fed 

into the microniser manually using a paper funnel. The feed rate used was 

approximately 9-10 g/min. Two batches of Et-Ibu crystals were also fed into the 

microniser using the same processing conditions (FR = 9 - 10 g/min) in order to 

compare the quality attributes of micronised batches (Table 4.3).   

 

Table 4.3 Sample code for the micronised batches of ibuprofen (value in 
brackets indicate range value, where n = 2). 
 

Code 
Sample 

Morphology 
Size 

fractions 
(µm) 

Crystalliser 
size 

Milling conditions 

GP 
(bar) 

IP 
(bar) 

FR 
(g / min) 

Et-S-Co-M1 Plate 50-250 Small 3 8 3.0 (0.2) 

Et-S-Co-M2 Plate 50-250 Small 5 8 3.0 (0.2) 

Et-S-Co-M3 Plate 50-250 Small 6 8 10.0 (1.1) 

Et-S-Co-M4 Plate 50-250 Small 6 8 3.0 (0.2) 

Et-S-Fi-M5 Plate < 40 Small 3 8 1.5 (0.1) 

Et-S-Fi-M6 Plate < 40 Small 6 8 9.0 (1.0) 

Hx-L-Co-M1 Needle 50-250 Large 3 8 10.0 (1.0) 

Hx-L-Co-M2 Needle 50-250 Large 5 8 10.0 (1.0) 

Hx-S-Co-M3 Needle 50-250 Small 5 8 10.0 (1.0) 

Hx-L-Co-M4 Needle 50-250 Large 6 8 10.0 (1.0) 

Hx-L-Fi-M5 Needle < 40 Large 6 8 9.0 (0.8) 

Hx-S-Fi-M6 Needle < 40 Small 5 8 9.0 (0.8) 
(Where S and L represent small and large size crystalliser, while Co and Fi represent coarse grade and finer grade 

starting material respectively.) 

 
For Et-Ibu and Hx-Ibu crystals, two different sieve fractions (50 -250µm & < 40 

µm) were micronised to evaluate the impact of particle size on the quality of size 

reduced ibuprofen. For each micronisation experiment, 5 g samples of 

ibuprofen were used. Grinding and injector pressure were set using the 

appropriate regulators with pressure display, calibrated using an external 
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pressure gauge (accuracy ± 1.6 %). Samples were collected from the collection 

vessel at the end of the experiments and stored over phosphorous pentoxide to 

avoid moisture mediated transformation before characterisation. For all 

experiments, the moisture content of supplied compressed air was 2-6 % RH, 

which was measured using a hand held hygrometer (Testo 610, Testo, UK).  

The crystallised and micronised materials were characterised using laser 

diffraction particle size analysis, scanning electron microscopy (SEM), 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

powder X-ray diffractometry (PXRD) and inverse gas chromatography (IGC), 

which are described in the general methods section (see section 2.2.). Other 

additional methods used during this study are described below. 

 

4.3.5. Powder avalanche testing 

The flow properties of ibuprofen crystals were assessed using a powder 

avalanche tester (Aeroflow®, Amherst process Instruments, Hadley, MA, USA) 

which has previously been described by Hancock et al. (2004). In this study, for 

ET-S-Co and Hx-L-Co 30.0 g of powder was loaded into the drum, which was 

rotated at a rate of 100 seconds per revolution with run duration of 300 

seconds. The time between successive powder avalanches was recorded using 

the optical detector and an avalanche frequency distribution was generated. 

Samples were analysed in duplicate.  

 

4.3.6. Molecular modelling 

The single crystal structure data for ibuprofen was acquired from the Cambridge 

Structural Database (CSD, UK) (Allen, 2002). Materials Studio 4.1 (Accelrys, 

Inc.) was then used for molecular modelling. Geometry optimisations on the 
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crystal structure were performed using the CVFF (with force field assigned 

charges) and Dreiding (with Qeq and Gasteiger charges) force fields. 

Morphology calculations were performed using the BFDH method and the 

growth morphology method. The BFDH method was used to generate a list of 

possible growth faces, associated d-spacings and relative facet areas. The 

growth morphology method was used to calculate the attachment energies of 

different faces (see section 6.3.1). 

 

4.3.7. Dissolution studies 

Powder dissolution studies were performed using the USP apparatus 2 (paddle 

method) in 900 ml of pH 7.2 phosphate buffer using a DIS 6000 (6 vessels) 

dissolution apparatus (Copley, Nottingham, UK). With the stirrer rotating at 50 

rpm, 200 mg of ibuprofen powder was dispensed into each dissolution vessel 

and the temperature was maintained at 370 C. Samples were collected 

periodically and replaced with fresh dissolution medium. Samples were filtered 

using a 0.22 micron Milipore filter prior to analysis by HPLC.  

 

4.3.8. HPLC analysis 

Analysis of dissolution samples was carried out using the USP method for 

ibuprofen (USP, 2009). The HPLC system consisted of a Waters 2695 Model 

connected to a UV detector with the wave length set at 214 nm. The Vydac C18 

5µm 250×4.6mm column was used which was maintained at a temperature of 

30°C. The mobile phase consisted of distilled water adjusted to pH 2.5 using 

orthophosphoric acid with acetonitrile at a ratio of (50:50 v/v). The flow rate of 

the mobile phase was set at 1 ml/minute. The run time interval was kept 

constant at 12 minutes for each run and the injection volume was 20 µl. The 
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concentration of ibuprofen samples was determined from the calibration curve 

constructed from a range of standard concentrations (0, 2.5, 5, 10, 20 and 25 

µg/ml) (Appendix C). 

 

4.4. Results and discussions 

4.4.1. Crystallisation studies and particle morphology 

In this study, SEM photographs (Figure 4.2) showed that ibuprofen crystallised 

from the polar solvent ethanol produced plate like crystals, while ibuprofen 

crystallised from hexane demonstrated needle like crystals, which is similar to 

the morphologies produced for ibuprofen in previous studies (Gordon & Amin, 

1984; Raseneck and Muller 2002a and Cano et al. 2001). 

 

 

Figure 4.2 SEM photomicrographs of Et-Ibu and Hx-Ibu crystals 
respectively. 
 

 

4.4.2. Thermal and structural analysis 

DSC data (Figure 4.3) showed that an endothermic transition occurred for all 

samples (starting and milled) at approximately 750C that corresponds to the 

melting of ibuprofen crystals (Storey, 1997). In this study DSC data showed no 
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notable changes in thermal behaviour between starting materials and 

micronised ibuprofen powders.  

However a difference was observed in the weight loss profiles due to 

sublimation between starting and micronised ibuprofen batches measured by 

Figure 4.3 DSC thermograph for the starting and micronised batches of 
ibuprofen at 100 C/min scan rate. 
 
 
 

TGA (Figure 4.4). This is thought to be due to increased surface area and 

generation of crystal lattice defects for the micronised drug particles. 

 

Et-Ibu 
(micronised) 

Hx-L-Co-M4 

Hx-S-Co 

Et-S-Co-M3 Et-S-Co 
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Figure 4.4 TGA thermograph for the starting and micronised batches of 
ibuprofen at 100 C/min scan rate. 
 
 
PXRD data showed no differences in the physical form for the starting and 

micronised batches of Et-S-Co (Figure 4.5). These data are also consistent with 

the theoretical PXRD pattern of ibuprofen generated from single crystal data 

(Cambridge Structural Database, UK) using Mercury (version 2.3) (Mercury 

software package, CCDC, Cambridge, UK) (Figure 4.6). However, batches 

micronised from Hx-L-Co showed diffuse PXRD scatter below 150 2Ɵ angles 

(Figure 4.5), which is attributed to the defects (amorphous content ) generated 

on the (200), (110) and (011) faces (Figure 4.6) of Hx-L-Co crystals micronised 

at high feed rate. This finding is most likely at high FR, milling residence time 

increases for Hx-L-Co crystals due to increased number of particles inside the 

mill chamber leading to decreased propensity for particle size reduction. 
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Figure 4.5 PXRD data for starting and micronised batches of ibuprofen. 
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Figure 4.6 Theoretical PXRD pattern for ibuprofen (with assigned peaks 
for specific crystal face reflections). 
 

In a previous publication, Chikhalia (2006) however observed no detectable 

disorder for micronised batches of ibuprofen using PXRD and solution 

calorimetry. It was also suggested that any amorphous domains developed 

during processing probably recrystallise rapidly and would not be detected 

using routine characterisation techniques due to the low glass transition 

temperature (below - 30 0C) for ibuprofen (Paradkar et al. 2003), which is well 

below room temperature.  

No detectable change was observed for the micronised batches of ibuprofen 

when analysed using the dynamic vapour sorption (DVS) method in this study. 

This finding is most likely related to the hydrophobic nature of ibuprofen, which 

is practically insoluble in water (Reynolds, 1996). Since water was used as the 

adsorbate (solvent) during vapour sorption analysis, it would neither be 

adsorbed or absorbed by the hydrophobic crystal surfaces of ibuprofen. Further 

DVS studies are required to assess this phenomenon, whereby degree of 
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disorder can be detected by this method using an organic solvent (eg. 

methanol). 

 

4.4.3. Particle size distribution 

Particle size distribution data shown in Table 4.4 demonstrate that a range of 

median diameter (D 50), volume mean diameters (VMD) and polydispersity 

were achieved for the micronised batches, using two sieve fractions of each of 

the morphologies of ibuprofen. Particle size distribution data (Table 4.4) also 

show that it was possible to micronise ibuprofen to sizes below the reported 

theoretical brittle-ductile transition particle size (854 µm) (Rowe and Roberts, 

1995) during dry milling. Larsson and Kristensen (2000) previously observed 

that ibuprofen had a measured brittle-ductile transition size (dcrit) in the range 

125 – 355 µm when measured by compression of single crystallites. The results 

of the current study (Table 4.4) have however shown that it is possible to 

reduce the size of ibuprofen crystals to sizes below 5 µm by air jet milling. In 

this instance, as the particle size of the starting ibuprofen materials was below 

the reported brittle/ductile transition, it is likely that comminution occurs through 

attrition forces rather than brittle fragmentation through cracks or slip planes. 

The minimum median diameter observed by Larsson and Kristensen (2000) 

after wet milling of ibuprofen was 8.0 – 11.0 µm, while in this study the minimum 

median diameter for micronised ibuprofen was 2.3 µm (Table 4.4). The volume 

mean diameter (VMD) of batches micronised from Hx-Ibu crystals (Hx-L-Co) & 

Hx-L-Fi) was typically lower than that achieved for Et-Ibu crystals (Et-S-Co & Et-

S- Fi) when using similar processing conditions (Table 4.4). This finding is 

related to the small diameter (high aspect ratio) of Hx-Ibu crystals at which the 

crack propagation length decreases (De Vegt, 2007). It also supports the 
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hypothesis suggested by De Vegt (2007) that elongated particles with high 

aspect ratio may facilitate particle size reduction more rapidly. This 

phenomenon is also thought to be linked to large number of cracks observed for 

Hx-ibu crystals produced from the larger sized crystalliser (which is discussed in 

section 4.4.6). The lowest VMD of wet ―nanomilled‖ ibuprofen observed by 

Bhakay et al. (2011) was 3.30 ± 2.18, whilst the lowest VMD produced in this 

study by air jet milling was 2.77 ± 0.07.  

 

Table 4.4 Particle size distribution data for the batches micronised from 
Et-Ibu and Hx-Ibu starting material using similar processing conditions 
(values in brackets indicate standard deviation). 

Sample D10 (µm) D50 (µm) D90 (µm) PDI 
VMD 
(µm) 

Et-S-Co-M1 0.95 (0.02) 
3.61 

(0.01) 
7.68 

(0.02) 
1.86 

(0.02) 
4.05 

(0.16) 

Et-S-Co-M2 0.82 (0.02) 
2.97 

(0.01) 
7.05 

(0.04) 
2.1 

(0.01) 
4.75 

(0.17) 

Et-S-Co-M3 1.09 (0.14) 
4.16 

(0.30) 
16.00 
(1.35) 

3.58 
(0.16) 

8.15 
(0.73) 

Et-S-Co-M4 0.88 (0.08) 
2.78 

(0.01) 
5.77 

(0.04) 
1.76 

(0.01) 
3.13 

(0.20) 

Hx-L-Co-M1 1.40 (0.02) 
6.21 

(0.72) 
16.37 
(0.08) 

2.41 
(0.02) 

7.73 
(0.51) 

Hx-L-Co-M2 0.93 (0.01) 
3.85 

(0.06) 
10.42 
(0.26) 

2.46 
(0.13) 

4.91 
(0.21) 

Hx-S-Co-M3 1.05 (0.03) 
4.77 

(0.07) 
14.17 
(0.34) 

2.75 
(0.10) 

6.37 
(0.46) 

Hx-L-Co-M4 1.19 (0.13) 
4.20 

(0.32) 
11.65 
(0.60) 

2.49 
(0.03) 

4.74 
(0.39) 

Et-S-Fi-M6 1.04 (0.02) 
3.45 

(0.09) 
9.33 

(0.37) 
2.40 

(0.07) 
4.65 

(0.14) 

Hx-L-Fi-M5 0.75 (0.01) 
2.25 

(0.05) 
4.10 

(0.06) 
1.49 

(0.02) 
2.77 

(0.07) 
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It is clear therefore that the propensity for micronisation can be modified by 

manipulating the crystal attributes of the starting material alongside the 

adjustment of process conditions during dry milling.  

Results in Table 4.4 show that, when comparing both morphologies of ibuprofen 

using similar processing conditions (GP = 6 bar, IP = 8 bar and FR = 10.0 ± 1.0 

g / min), batches micronised from the smaller sized starting material (Hx-L-Fi-

M5 & Et-S-Fi-M6) exhibit lower VMD than those batches processed from larger 

sized starting material (Hx-L-Co-M4 & Et-S-Co-M3). This phenomenon is 

probably related to the fact that small sieve fractions of ibuprofen crystals 

micronised very easily due to the presence of crystal cracks and flaws, while 

coarse particles processed down to small particles would not have such degree 

of cracks or flaws to facilitate particle size reduction.  

Evaluation of the impact of process conditions on the micronisation of powders 

with different morphologies has revealed a number of important effects. A 

decreased feed rate (FR) was shown to increase the degree of particle size 

reduction (VMD of Et-S-Co-M4 = 3.0 ± 0.1 µm and VMD of Et-S-Co-M3 = 8.15 ± 

0.73 µm) when using similar grinding and injector pressure. It is thought that at 

low feed rates, kinetic energy density (energy distribution per unit mass of 

material) increases with high impact velocity on the particles and subsequent 

improved size reduction (Rumpf, 1973; Ghadiri & Papadopoulus,1995). This 

phenomenon is most likely related to the ductile behaviour of ibuprofen crystals. 

The grinding pressure (GP) was also shown to markedly affect the magnitude of 

particle size reduction for both Et-S-Co and Hx-L-Co crystals. The results 

suggest that increased grinding pressure increases particle size reduction for 

both morphologies of ibuprofen crystals and the impact of increased grinding 
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pressure is greater for Hx-L-Co crystals compared to Et-S-Co crystals (Figure 

4.7).  

 

 

Figure 4.7 Effect of grinding pressure on volume mean diameter of 
micronised ibuprofen batches. 

 
 

Rasenack and Muller (2002b) previously observed that plate like crystals of 

ibuprofen were more compressible and less prone to sticking during 

compression than needle like crystals. This finding indicates that the 

morphology of ibuprofen crystals influences the fracture mechanism. Kendall 

(1978) suggested that the critical brittle / ductile transition size is dependent on 

the geometry of the crystal and the type of applied stress. From these 

proposals, it has been interpreted  that a plate like morphology can be easily 

fractured under compressive or impaction force, while a needle like morphology 

fractures more easily under attrition forces.  
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4.4.4. Surface analysis 

4.4.4.1. Inverse gas chromatography (IGC) 

From IGC data (Table 4.5) Hx-L-Co starting materials demonstrated higher 

dispersive surface energy than the starting materials of the same sieve size 

fraction crystallised from ethanol (Et-S-Co). This behaviour is mimicked by 

processed materials whereby batches micronised from Hx-L-Co also showed 

higher dispersive surface free energy than powders micronised from Et-S-Co 

crystals when using similar processing conditions (Table 4.5).  

This observation relating to dispersive surface free energy is however not 

apparent for the smaller sized processed materials, probably due to decreased 

residence time during micronisation for these finer materials.  

 
 
Table 4.5 Dispersive and specific surface free energy for starting and 
micronised batches of ibuprofen (values in brackets indicate range value, 
where n=2). 
 

Sample 
Dispersive 

surface free 
energy (mJ/m2) 

Specific surface free energy (kJ/mol) 

THF CHCl3 AC 

Et-S-Co 30.10 (1.82) 3.40 (0.15) 1.18 (0.13) 2.93 (0.21) 

Et-S-Co-M3 33.22 (1.90) 2.68 (0.13) 0.57 (0.09) 3.00 (0.15) 

Et-S-Co-M4 39.01(2.02) 2.81 (0.16) 0.55 (0.11) 2.53 (0.13) 

Hx-L-Co 35.43 (1.51) 2.85 (0.18) 0.97 (0.18) 2.90 (0.17) 

Hx-L-Co-M4 
38.31 (1.81) 2.61 (0.11) 0.48 (0.15) 3.37 (0.26) 

Hx-L-Co-M3 40.70 (2.31) 3.05 (0.23) 0.96 (0.17) 2.85 (0.19) 

Hx-L-Fi 32.13 (1.12) 2.95 (0.15) 0.76 (0.13) 3.10 (0.10) 

Et-S-Fi 31.72 (1.40) 3.49 (0.21) 0.95 (0.19) 3.60 (0.33) 

Hx-L-Fi-M5 33.70 (1.63) 2.50 (0.20) 0.45 (0.15) 3.29 (0.13) 

Et-S-Fi-M6 34.63 (1.51) 4.03 (0.13) 2.41 (0.24) 5.34 (0.37) 

 

Evaluation of process conditions suggests that sample (Et-S-Co) micronised at 

low feed rate (Et-S-Co-M4) exhibited a high dispersive surface free energy 

compared to those batches processed at high feed rate (Et-S-Co-M3) (Table 
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4.5). This finding is thought to be due to the fact that at low FR, kinetic energy 

density and impact velocity per unit mass of materials increased, which leads to 

increases the degree of crystal lattice defects for micronised ibuprofen powder.  

This finding also correlates with the greater reduction in particle size achieved 

for Et-Ibu crystals at low feed rates (see section 4.4.3). 

Increased grinding pressure (GP) was also shown to increase the dispersive 

surface free energy for batches micronised from both Et-S-Co and Hx-L-Co 

crystals (Figure 4.8), which is attributed to increased crystal disruption due to 

the greater forces experienced during micronisation. This also indicates that at 

high GP, batches micronised from Et-ibu crystals showed a marked increase in 

dispersive surface energy over batches micronised from Hx-Ibu crystals (Figure 

4.8). This finding is probably ascribed to increase GP which facilitates particle 

size reduction for Hx-Ibu needle like crystals compared to Et-Ibu plate like 

crystals leading to less disordered micronised drug particles. 

 

 

Figure 4.8 Effect of grinding pressure on dispersive surface free energy of 
batches micronised from two different morphologies of ibuprofen 
crystals. 
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Figure 4.9 Effect of starting material particle size on specific surface free 
energy of the micronised batches of ibuprofen measured using THF. 
 

Micronisation of Et-S-Co gave decreased specific surface energy for THF and 

CHCl3 compared to batches micronised from Et-S-Fi crystals (Figure 4.9). This 

finding is probably due to size reduction occurring through slip planes (100) for 

Et-S-Co crystals with increases in the surface area of non-polar (100) faces 

compared to polar faces after micronisation, giving decreased retention of THF 

and CHCl3. Batches micronised from Hx-L-Co and Hx-L-Fi did not show any 

notable changes in dispersive surface free energy (Figure 4.9) from that 

measured for the starting material, apart from specific surface energy measured 

for this crystals (Table 4.5). The non-polar faces already dominate the 

morphology of Hx-Ibu crystals and therefore limited changes in exposure of 

non-polar groups occur during processing. However decrease trend in specific 

surface free energy observed when measured using CHCl3 and THF, whilst 

increase trend in specific surface energy was found using AC as a polar probe. 

This phenomenon is most likely due to the relative increase in surface area of 
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(110) face after micronisation (Figure 4.16 a & 4.17), which probably increases 

the amphoteric (both electron donating and accepting) surface characteristics of 

micronised Hx-Ibu crystals. Visualization of (110) face (4.117) indicate that 

delocalised electron rich benzene group thought to produce a strong electron 

donor with a number of hydroxyl group most likely expected to demonstrate an 

electron acceptor characteristics, which would relatively increase the 

amphoteric behaviour of micronised Hx-Ibu crystals. 

Conversely however, micronisation of Et-S-Fi shows a marked increase in 

specific surface free energy for all polar probes (Table 4.5). In this instance, it is 

hypothesised that the particle size reduction mechanism changes from brittle 

fracture to attrition leading to increased exposure of both electron donating and 

accepting groups. This increased exposure of functional groups is probably 

attributed to the random particle fracture by attrition. These results also indicate 

that the critical particle size (dcrit) at which the fracture mechanism changes for 

ibuprofen occurs at sizes lower than the 125 - 355 µm range previously reported 

by Larsson and Kristensen (2000). These explanations are discussed further in 

section 4.4.6. 

Powder avalanche data indicate that the larger sieve fraction of ibuprofen (Et-S-

Co) crystallised from ethanol (plates) (avalanche time 2.5 ± 1.1 second) flows 

better than Hx-Ibu needle like crystals (Hx-L-Co) (avalanche time 6.1 ± 1.8 

second). This is related to the high dispersive energy (Table 4.5) and high 

aspect ratio of Hx-Ibu needle like crystals leading to increased contact points, 

cohesion and frictional forces between these crystals. These factors are likely to 

increase interparticle friction and decrease the powder flow (Garekani et al. 

2001).  
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4.4.5. Dissolution study 

Rasenack and Muller (2002b) previously observed that changing the 

morphology of ibuprofen particles resulted in a minor improvement in dissolution 

profile compared to the commercially available API. The dissolution profile of 

commercial ibuprofen (C-Ibu) was therefore compared in this study with two 

micronised batches of ibuprofen. The results presented in Figure 4.10 show that 

ibuprofen micronised from Hx-Ibu (Hx-L-Co-M2) provides a faster dissolution 

rate than batches micronised from Et-Ibu (Et-S-Co-M2) and the C-Ibu powder.  

 

 

Figure 4.10 Dissolution data for C-Ibu and micronised batches of 
ibuprofen. 
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Table 4.6 Volume mean diameter and specific surface free energy for the 
batches micronised from Et-Ibu and Hx-Ibu crystals and C-Ibu (value in 
brackets indicate standard deviation and range value for specific surface 
energy). 
 

Sample D 50 (µm) PDI 
Volume mean 
diameter (µm) 

Specific surface 
energy measured 
using THF probe 

(kJ/mol) 

Hx-L-Co-
M2 

3.85 
(0.06) 

2.46 
(0.13) 

4.91 (0.21) 3.05 (0.16) 

Et-S-Co-
M2 

2.97 
(0.01) 

2.10 
(0.10) 

4.75 (0.17) 2.63 (0.12) 

C-Ibu 
29.70 
(1.58) 

12.84 
(1.23) 

68.02 (2.56) 3.00 (0.10) 

 

Particle size data (Table 4.6) showed no notable difference in volume mean 

diameter for these two micronised batches of ibuprofen. The faster dissolution 

rate of micronised Hx-L-Co-M2 is probably attributed to the increased wettability 

owing to increased surface area compared to micronised drug particles of Et-S-

Co-M2. Specific surface area measurements however have not been made and 

further exploration of surface area differences using the BET technique is 

therefore necessary. This hypothesis is supported by details in the PXRD 

pattern (Figure 4.5) observed for micronised Hx-L-Co-M2 crystals in comparison 

to the theoretical PXRD pattern of ibuprofen (Figure 4.6). These data suggest 

that crystal defects were most likely associated with the (011), (110) and (200) 

faces of ibuprofen leading to increased exposure of hydroxyl groups of the 

relatively polar (011) and (110) faces (see Figure 4.17). This phenomenon is 

also attributed to the high FR used during micronisation of Hx-L-Co-M2 crystals 

compared to Et-S-Co-M2 crystals (Table 4.3), which probably increases the 

milling residence time, providing subsequent increases in surface disorder and 

more rapid drug dissolution. Further research needs to be undertaken to 

investigate the influence of solid surface chemistry on the dissolution behaviour 
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of ibuprofen with different particle size distribution. The overall improved 

dissolution rates of the micronised samples compared to C-Ibu are however 

determined primarily by particle size and surface area, with the commercially 

available form being a relatively coarse powder with a VMD of 68 µm.  

 

4.4.6. Morphological importance of ibuprofen for size reduction 

In this study, results (Figure 4.2) showed that ibuprofen crystallised from the 

polar solvent ethanol produced plate like crystals with an average low aspect 

ratio (ratio of length over breadth of a crystal) of 2.55, while ibuprofen 

crystallised from hexane gave needle like crystals with high average aspect 

ratio of 8.4. This finding is consistent with earlier reports (Gordon & Amin, 1984; 

Raseneck and Muller 2002a).  IGC data (Table 4.5) for crystallised samples 

indicated that ibuprofen crystallised from the non-polar solvent hexane with high 

dispersive bonding capacity has higher values of dispersive surface energy and 

lower specific surface energy measured using THF compared to the ibuprofen 

samples crystallised from ethanol. These differences in crystallisation conditions 

have marked impact on nucleation and crystal growth which may affect the 

hardness, Young‘s modulus and fracture toughness of materials and its 

subsequent processing behaviour. 

As described above, this finding is attributed to differences in the percentage 

facet area of major polar and non-polar faces of the crystals. Storey (1997) 

demonstrated that the proportion of functional groups present at the crystal 

surface will change due to differences in morphology and suggested that the 

polar interactions of crystals increases with increased polarity of the crystallising 

solvent. 
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In this study, the crystalliser vessel size and stirring conditions have been 

shown to have a marked effect on particle size distribution, surface free energy 

and quality of ibuprofen crystals (Table 4.7 & Figure 4.11). Data show that 

ibuprofen crystallised from the larger sized (3L) vessel produced larger sized 

crystals (Hx-L-Co) (Figure 4.11 b) with some observed imperfections and cracks 

at the edge of these particles compared to ibuprofen crystallised from small 

sized (1L) vessel (Hx-S-Co) (Figure 4.11 a).  

 

  
 

Figure 4.11 Two unsieved batches of Hx-Ibu crystals produced from a) 
small sized (Hx-S-Co) and b) large sized (Hx-L-Co) crystallisation vessel 
(mag. 100X for both images). 
 

 
This finding is thought to be related to the difference in energy dissipation rate 

for two different volumes of crystalliser and the type of stirrer used during Hx-

Ibu crystallisation (Table 4.7) (Yi and Myerson, 2006). It is also proposed that in 

the larger sized vessel, primary nucleation occurs earlier in the crystallisation 

process at a higher temperature where supersaturation is lower leading to 

decreased nucleation rate and crystal growth to form larger sized crystals.  

It is also suggested that the secondary crystallites were generated for larger 

sized Hx-L-Co crystals (Figure 4.12) are related to the stirring rate and type of 

stirrer used in the larger sized vessel (Table 4.7). Solution in the larger sized 

(a) (b) 



114 
 

vessel is close to the impeller vortex zone at high stirring rates, leading to the 

generation of defects for these crystals (Yi and Myerson, 2006). 

 

Table 4.7 Crystallisation conditions, temperature differences and surface 
free energy for ibuprofen crystallised in the two different sized vessels 
using hexane as a solvent (value in brackets indicate range value, where n 
= 2). 

 

Experiments Small vessel Large vessel 

Vessel size 1 Litre 3 Litre 

Stirrer Magnetic stirrer Impeller 

Stirrer speed 400 rpm 500 rpm 

Water heated from 25 0C to  50 0C at a 
heating rate of 0.83 0C/min 

Take 42 minutes to 
reach 50 0C inside 

the  vessel 

Take 55 minutes 
to reach 50 0C 

inside the vessel 

Cooled down water from 50 0C to  25 
0C at a cooling rate of 0.28 0C/min 

90 minutes to reach 
25 0C inside the 

vessel 

100 minutes to 
reach 25 0C inside 

the vessel 

Dispersive surface free energy (mJ/m2) 28.02 (1.31) 35.40 (1.51) 

Specific surface free energy 
determined using THF (kJ/mol) 

2.28 (0.20) 2.85 (0.18) 

 

 

 
Figure 4.12 SEM photomicrographs showing crystal imperfection of Hx-L-
Co crystals. 
 
 
 



115 
 

TGA data (Figure 4.13) show a difference in weight loss profile due to 

sublimation between the Hx-Ibu batches crystallised in the larger (Hx-L-Co) and 

smaller (Hx-S-Co) sized crystallisers. This is attributed to the smaller particles 

produced from the smaller sized crystalliser degrading faster due to increased 

surface area compared to crystals produced from the larger crystalliser. 

In addition, IGC results show that ibuprofen crystallised from the larger sized 

vessel Hx-L-Co has higher dispersive and specific surface free energy values 

compared to the Hx-S-Co obtained from the small sized crystalliser (Table 4.7). 

This finding can be linked to the presence of cracks and defects observed for 

the crystals produced from large sized vessel, which exposed the molecular 

functional groups to a greater extent. 

 

 
Figure 4.13 TGA thermograph for the Hx-Ibu crystals produced from the 
large (3L) and small (1L) sized crystallizer respectively at 100 C/min scan 
rate. 
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Table 4.8 Particle size distribution and surface free energy data for the 
micronised batches of Hx-Ibu crystals produced from two different sized 
vessels (value in brackets indicate standard deviation for particle size 
distribution and range value for surface energy data, where n=2). 
 

Sample D50 (µm) PDI VMD (µm) 

Dispersive 
surface 
energy 
(mJ/m2) 

Specific surface 
energy 

measured using 
THF probe 

(kJ/mol) 

Hx-L-Co-M2 3.85 (0.06) 2.46 (0.13) 4.91 (0.21) 40.73 (2.03) 3.05 (0.16) 

Hx-S-Co-M3 4.77 (0.07) 2.75 (0.10) 6.37 (0.36) 30.21 (1.01) 2.30 (0.08) 

 

 

Laser diffraction particle size data (Table 4.8) indicate that lower VMD 

micronised powder was achieved from Hx-L-Co compared to batches 

micronised from Hx-S-Co. This finding is explained by the presence of cracks 

on the edges of the Hx-L-Co particles (Figure 4.12) at which applied forces can 

readily concentrate to propagate the crack and interact with neighbouring 

cracks. This would lead to crack coalescence and subsequently macroscopic 

particle size reduction (Wong et al. 2001). Results (Table 4.8) also indicate high 

surface free energy for the batches micronised from Hx-L-Co crystals produced 

from the larger sized crystallizer. This finding is attributed to the lower VMD 

micronised product of Hx-L-Co-M2 compared to Hx-S-Co-M3 and high surface 

free energy of Hx-L-Co starting material compared to starting material Hx-S-Co. 

Figure 4.14 presents a schematic representation of Et-S-Co crystals showing 

hypothesised fracture patterns, which would direct particle size reduction 

processes for ibuprofen. From Figure 4.14 (a) for Et-S-Co larger sized crystals, 

particle size reduction would occur by brittle fragmentation through the slip 

plane (100) (see Table 4.9 & Figure 4.17). From Figure 4.14 (b), hypothesised 
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fracture directions of smaller sized Et-S-Fi (< 40 µm) starting materials are 

illustrated, for which size reduction is thought to occur randomly by attrition. 

 

         

 

 

 

 
Figure 4.14 Schematic representations of different sized Et-Ibu crystals, 
showing particle size reduction through different mechanisms. 
 

SEM data (Figure 4.15 a) support this hypothesis of the different fracture 

patterns and indicate that batches micronised from larger sized Et-S-Co crystals 

showed similar morphology to starting Et-S-Co crystals. Figure 4.15 b however 

reveals differences in morphology for the micronised Et–Ibu crystals, when 

processed from smaller sized Et-S-Fi crystals. 

  

  

Figure 4.15 SEM photomicrographs for the batches micronised from Et- 
Ibu crystals a) Et-S-Co-M3 b) Et-S-Fi-M6 crystals, showing particle size 
reduction through different mechanisms. 

 

IGC data (Table 4.5) also support this hypothesis, indicating that batches 

micronised from larger sized Et-S-Co crystals showed lower specific surface 

Brittle fragmentation 
through slip plane  

Size reduction 
through attrition 

 a) Proposed brittle fragmentation through 
slip plane (100) 

(011) 

(110) 

(100) 

(002) 

 

(011) 

(110) 
(002) 

(100) 

b) Proposed randomised fracture pattern 
through attrition forces 

(a) (b) 
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energy measured using THF compared to the batches micronised from smaller 

sized Et-S-Fi crystals. The reasons for this finding have already been discussed 

earlier in this chapter (see section 4.4.4.1). Results also suggest that 

mechanical activation of micronised drug particles is related to the degree of 

brittleness of materials, while highly brittle materials most likely show less 

mechanical activation after micronisation. 

Figure 4.16 (a) shows a hypothesised fracture pattern for Hx-Ibu crystals (Hx-L-

Co & Hx-L-Fi) which is supported by the SEM data (Figure 4.16 b) for 

micronised Hx-L-Co-M4 crystals. SEM photographs showed similar morphology 

for the batches micronised from both sizes of Hx-Ibu starting materials (Hx-L-Co 

& Hx-L-Fi). IGC data (Table 4.5) also consistent with this scientific argument 

with similar values of specific surface free energy for the polar probes for the 

batches micronised from both sized starting materials.  This indicates a notable 

likelihood of similar functional groups being exposed at crystalline surfaces. As 

discussed above, this phenomenon is hypothesized to be due to particle size 

reduction for both sized Hx-Ibu crystals (Hx-L-Co & Hx-L-Fi) occurring through 

attrition forces. 

 

 

Figure 4.16 a) Schematic representation of Hx-Ibu crystals with proposed 
fracture pattern b) SEM photomicrographs for micronised Hx-M4 crystals. 
 

a) Proposed fracture pattern of Hx-Ibu 
crystals 
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In order to develop a molecular level understanding of the mechanism of size 

reduction, molecular modeling software (Materials Studio 4.1) was used (see 

section 4.3.6) to visualize the effect of solid surface chemistry on micronised 

powders. By simulating the theoretical morphologies of ibuprofen using crystal 

structure data, the (100), (110), (011) and (002) faces were identified as the 

main crystal faces of ibuprofen (Figure 4.17 and Table 4.9). The (100) face was 

shown to be the dominant face (Bunayan et al. 1991) showing successive 

layers of polar and non-polar surfaces (Cano et al. 2001) (Figure 4.17 and 

Table 4.9). In contrast, in this study, it has been assumed that the non-polar 

(100) surface will dominate due to crystallisation from the non-polar solvent 

hexane and relatively polar solvent ethanol.  

   

 

 
Figure 4.17 Molecular orientation of the main crystal faces of ibuprofen 
(where gray, black and red represent hydrogen, carbon and oxygen 
respectively). 

(100) 
(011) 

(110) 

(002) 
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The polar (100) surface is thought to be dominant only when highly polar 

solvents are used in ibuprofen crystallisation. The results of this study however 

suggest that the growth of (011) and (110) faces was inhibited (Figure 4.14) due 

to interactions with the polar solvent ethanol providing the plate like Et-Ibu 

morphology (Figure 4.2 & 4.14).  

It is also proposed that the relative facet area of the (011) face of Et-Ibu crystals 

increased when compared to the (110) face (Figure 4.2). This hypothesis is 

supported by molecular modeling data (Table 4.9), which suggest the likelihood 

of greater interaction between ethanol and the (011) face compared to the (110)  

 

Table 4.9 Relative facet area and attachment energies of the major crystal 
faces of ibuprofen calculated using Materials Studio 4.1. 
 

Faces of Ibuprofen 
Percentage 

of Facet area 
Attachment energy 

(kcal/mol) 

(100) 62 -24.9 

(011) 17 -87.8 

(002) 11 -84.0 

(110) 7 -84.7 

 

face, due to the (011) surface being rich in hydroxyl groups (Figure 4.17).  The 

morphology observed by SEM for Et-Ibu crystal (Figure 4.2) is similar to that 

simulated using molecular modeling (Figure 4.18). Estimation of relative facet 

area is therefore likely to be reasonably reliable. 
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Figure 4.18 Simulated morphology of ibuprofen generated using Materials 
Studio 4.1. 

 

However, the modeling software is not capable of considering the external habit 

controlling factors in its morphology calculations. For this reason, it was difficult 

to predict the percentage facet area for Hx-Ibu crystals. It is however 

reasonable to suggest that the increased growth of (011) and (110) faces due to 

the absence of interactions with the non-polar solvent hexane will lead to needle 

like Hx-Ibu crystals with a high percentage of non polar faces (Figure 4.11 & 

4.16).  
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Figure 4.19 (100) face showing proposed fracture pattern during particle 
size reduction through the slip plane. 
 

Molecular modeling data (Figure 4.19) support the proposed argument of brittle 

fragmentation of Et-Ibu crystals through the slip plane [(100) - plane with the 

lowest attachment energy] (Table 4.9). Figure 4.19 shows how the (100) slip 

plane which comprises successive non-polar and polar layers, will fracture 

through the weak non-polar segment during particle size reduction.  

Molecular modelling data also support the findings detailed above on dissolution 

performance. Random fracture of Hx-Ibu crystals would increase the relative 

surface area of (110) and (011) faces (Figure 4.17) containing a multitude of 

hydroxyl groups leading to faster drug dissolution. 

 

4.5 Conclusions 

Crystallisation conditions and the solvents used during crystallisation influenced 

the physicochemical and mechanical properties of ibuprofen crystals. The 

micronisation behaviour of ibuprofen crystals has been found to be dependent 

Proposed
fracture 
path 

Slip direction 

Slip direction 

(100) Plane 
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on the morphology and size of the starting material, with needle like crystals 

having a high aspect ratio facilitating the particle size reduction of ibuprofen 

compared to plate like crystals. It was possible to micronise ibuprofen sizes 

below the reported brittle-ductile transition, where the dominant mechanism of 

particle size reduction is believed to be attrition. Batches micronised from 

smaller sized (< 40 um) starting materials demonstrated lower VMD micronised 

product compared to batches micronised from larger sized (50 - 250 um) 

starting materials for both morphologies of ibuprofen. However the degree of 

cracks generated in the crystals during crystallisation showed a marked effect 

on particle size reduction by micronisation. Batches micronised from Hx-S1L 

crystals with a greater number of cracks exhibited lower VMD substance 

compared to batches micronised from Hx-S1 crystals with similar initial particle 

size distributions. 

Process variables were also shown to influence the micronisation behaviour of 

ibuprofen crystals, which were dependent on the morphology and size of 

starting ibuprofen crystals. IGC data showed high dispersive surface free 

energy for crystallised and micronised batches of Hx-Ibu crystals which 

subsequently influenced the flow characteristics of this material. The dissolution 

behaviour of micronised powders was however directly linked to the morphology 

and specific surface area of the micronised materials, faces with a greater 

density of surface exposed hydroxyl groups for micronised Hx-ibu crystals 

exhibiting faster dissolution rates. Molecular modelling data provide greater 

understanding of the interactions and fracture mechanisms observed in this 

study.  

It is therefore clear that optimisation of crystallisation conditions is essential to 

control subsequent micronisation and the resultant characteristics of size 
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reduced materials. These results also indicate that air jet milling, which is a 

single step process, would be a better option than wet milling to facilitate 

particle size reduction with subsequent improvement in the dissolution 

behaviour of ibuprofen. 

The current and previous chapters have demonstrated the impact of the crystal 

size and morphology of starting material on the quality attributes of micronised 

substances. The next chapter investigates the impact of crystal defects in 

samples of SS with different morphology on the quality of micronised drug 

substances and its subsequent aerosolisation behaviour. 
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Chapter 5  

Effect of crystallisation conditions and feedstock morphology on the 

aerosolisation performance of micronised salbutamol sulphate  

 

5.1. Introduction 

Salbutamol sulphate (SS) is a β2-sympathomimetic agent used in dry powder 

inhalers for the treatment of asthma and chronic obstructive pulmonary disease. 

The desired particle size of salbutamol sulphate to achieve bronchodilation in 

mild asthmatics is reported to be 2.8µm (Zanen et al. 1994) due to its propensity 

to deposit in the proximal airways where it mediates the function of β2 receptors 

associated with bronchial smooth muscle. To achieve the desired particle size, 

SS is typically processed by micronisation. Spiral air jet mills can produce 

ultrafine particles (1-10 µm) through impact and attrition forces, where the 

degree of particle size reduction depends on the milling conditions and material 

properties (Brodka-Pfeiffer et al. 2003). In reducing the size of particles it has 

been observed that the energy required for particle fracture depends on the 

hardness of the feedstock and the type of stress applied to the coarse particles 

(Brodka-Pfeiffer et al. 2003).  

Though jet-milling demonstrates notable advantages over other milling 

processes including limited metal contamination, easy cleaning and facilitating 

processing of temperature sensitive materials, previous research in this area 

has revealed a number of limitations to its use. In studies undertaken by Feeley 

(1999), micronised SS showed high dispersive surface free energy (64.54 

mJ/m2) compared to batches manufactured using a supercritical fluid technique 

(SEDS) (38.45mJ/m2). The micronised material subsequently showed poor flow 

and low fine particle fraction following aerosolisation from a dry powder inhaler. 
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Price and Young (2004) suggested that the degree of de-agglomeration of 

micronised powders is a function of agglomerate cohesive strength, which may 

directly influence the aerosol characteristics and deposition behaviour of these 

systems. It is therefore necessary to control the production of active 

pharmaceutical ingredients (API) used in respiratory products to provide 

favourable particle and surface characteristics for optimal aerosolisation. 

The aim of this work detailed in this Chapter was to determine strategies for 

controlling the feedstock characteristics of a model API to facilitate the 

production of a micronised drug with desirable particle attributes for optimal 

delivery as an inhaled aerosol. Owing to its wide use as a bronchodilator, SS 

was chosen as a model compound in this study. The principal aim was to 

generate an understanding of the impact of the crystallisation conditions on the 

morphology of SS crystals and their influence on the quality attributes of 

micronised powders. 

 

5.2. Materials  

Salbutamol sulphate (SS) was supplied by Cipla, India (Batch No. H80142) and 

3M, UK (A – Cipla, India & B – 3M, UK). All solvents used in this study were of 

analytical grade and were supplied by Sigma - Aldrich, UK except for 

tetrahydrofuran which was supplied by Rathburn Chemicals Ltd, UK. All 

compressed gases were supplied by BOC Ltd., Surrey, UK. 

 

5.3. Methods 

5.3.1. Crystallisation procedure for SS 

Three batches of SS (SS1, SS2 and SS3) were crystallised using a cosolvent 

mixture of water and isopropyl alcohol (IPA). Salbutamol sulphate (SS1 and 
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SS2) was dissolved in water (1:5 w/v) at 250 C with stirring. The solution was 

then heated from 250 C to 500 C at a rate of 0.800 C/min in a glass jacketed 

vessel, where the temperature was controlled using a chiller unit (Julabo 

PF929, Julabo, Germany) (Figure 4.1). In this study increases or decreases in 

temperature over this range did not show any notable influence on the solubility 

of SS. IPA was therefore added as an antisolvent to induce SS recrystallisation. 

IPA was added at a rate of 90 ml/min using a burette until the IPA : water 

solvent ratio was 75:25 (v/v) and heated at 500 C for 30 minutes. No nucleation 

or crystals were observed at 500 C after adding the antisolvent (IPA). Solutions 

were then cooled to 250C at a rate of 0.140C/min to induce nucleation and 

crystal growth. For SS1 and SS2, the stirring rates were 300 rpm and 400 rpm 

respectively (Table 5.1). SS3 was crystallized using an identical concentration 

of SS in water at 250 C, with IPA added at a rate of 90 ml/min until the solvent 

ratio was 75:25 (v/v). The sample was then cooled to 100C at a rate of 10C /min 

and stored at 100C for 24 hours without stirring.  

 

Table 5.1 Crystallisation conditions used for SS. 
 

Batch 

Salbutamol 
sulphate 

concentration 
(g/ml) 

Temperature 
of IPA 

addition (0C) 

Cooling 
rate 

(0C/min) 

Duration 
at 250C 
(hours) 

Stirring 
rate 

(rpm) 

Stirring 
duration 
(hours) 

SS1 0.2 50 0.14 24 300 25 

SS2 0.2 50 0.14 24 400 25 

SS3 0.2 25 1.0 1.30 300 2 

 

An additional batch of SS (SS4) was crystallised at 300 C. This batch was 

cooled from 500 C to 300 C at a rate of 0.020 C/min, whilst otherwise using the 

same composition and IPA addition rate as used for SS1. Crystallised samples 

were filtered using Whatman qualitative 1 filter papers (55mm, Whatman 
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International Ltd., England) with the aid of a vacuum pump. Filtered samples 

were then collected and dried at room temperature for 2-3 days.  

 

5.3.2. Sieving 

Dried SS samples with different morphology were then classified into sieve 

fractions (< 20 µm and 50 – 250 µm) using a set of sieves and associated sieve 

shaker (Retsch, UK). 

 

5.3.3. Micronisation  

Following controlled crystallisation and sieving of the samples, the micronisation 

behaviour of the different batches (SS1, SS2, SS3 and SS4) of SS was 

evaluated using the FPS Spiral Jetmill (FPS, Italy) (Figure 2.1). The influence of 

IP = injector pressure and FR = feed rate at constant grinding pressure (GP) (5 

bar) on the quality attributes of micronised powder was evaluated. The levels 

defined for each of the process parameters are given in Table 5.2. For each 

experiment, 5 g sample of each batch of SS was processed.  
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Table 5.2 Sample code for the micronised batches of SS (value in brackets 
indicate standard deviation). 

 

Starting SS 
Micronised 

sample 
code 

Starting 
materials 
Particle 

size (µm) 

Process variables 

GP 
(bar) 

IP 
(bar) 

FR (g / min) 

SS 1 

SS1 - 1 50 - 250 5 8 2.50 (0.40) 

SS1 - 2 < 20 5 8 0.90 (0.15) 

SS1 - 3 50 - 250 5 8 0.42 (0.06) 

SS 2 

SS2 - 1 50 - 250 5 8 3.20 (0.50) 

SS2 - 2 < 20 5 8 1.30 (0.30) 

SS2 - 3 50 - 250 5 8 0.55 (0.10) 

SS 3 

SS3 - 1 50 - 250 5 8 1.70 (0.35) 

SS3 - 2 < 20 5 8 1.00 (0.20) 

SS3 - 3 50 - 250 5 8 0.25 (0.04) 

SS 4 SS 4 - 1 50 - 250 5 8 3.00 (0.40) 

 

For SS1, SS2 and SS3, two different sieve fractions (50 -250 µm & < 20 µm) 

were micronised to evaluate the impact of particle size on the quality of size 

reduced SS. SS4 crystals were micronised using processing conditions given in 

Table 5.2. Micronised sample (SS4-1) was then stored under a range of 

conditions prior to aerosolisation stability studies. Feed rates were determined 

using samples at the highest and lowest settings of the speed controller 

obtained from screening experiments conducted in triplicate.  Powder was 

collected at 1 minute intervals and the weight determined using a standard 

balance. Grinding and injector pressures were set using the appropriate 

regulator with the pressure display calibrated using an external pressure gauge 

(accuracy ± 1.6%).      

Injector pressure, grinding pressure and feed rate were adjusted to provide the 

conditions stated in Table 5.2. Samples were collected from the collection 

vessel at the end of the experiments and stored over phosphorous pentoxide to 

avoid moisture mediated transformation before characterisation. For all 
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experiments, the moisture content of supplied compressed air was 2-6 % RH, 

which was determined using a hand held hygrometer (Testo 610, Testo, UK).   

Starting and micronised batches of SS were then characterised using SEM, 

TGA, DSC, PXRD, DVS and IGC, using the methods as described in section 

2.2. Additional methods used in this study are described below: 

 

5.3.4. Molecular modelling 

The single crystal structure data for SS was acquired from the Cambridge 

Structural Database (CSD, UK) (Allen, 2002). Materials Studio 4.1 (Accelrys, 

Inc.) was then used for molecular modelling. Geometric optimisations on the 

crystal structure were performed using the CVFF (with force field assigned 

charges) and Dreiding (with Qeq and Gasteiger charges) force fields. 

Morphology calculations were carried out using the BFDH method and the 

growth morphology method. The BFDH method was used to generate a list of 

possible growth faces, associated d-spacings and relative facet areas. The 

growth morphology method was used to calculate the attachment energies of 

different faces (see section 6.3.1). 

 

5.3.5. Particle size analysis 

The particle size distribution was determined for the starting material and 

processed samples using a laser diffraction particle size analyser (HELOS & 

RODOS, Sympatec Instruments, UK). 15-20 mg samples were fed into the 

analyser by ASPIROS unit, using an air pressure of both 4 and 1 bar, at a 

speed of 30 mm/sec. The trigger condition used for both starting and micronised 

batches was 5 seconds at an optical concentration of 1%. All samples were 
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analysed in triplicate. Calibration of particle size analyzer was performed using 

a standard silica sample. 

 

5.3.6. Twin stage liquid impinger (TSLI) 

A coarse classification of aerodynamic particle size for SS was determined 

using a twin stage liquid impinger at an air flow rate of 90 l/min delivered from  

an Aerolizer DPI device (Aerolizer®, Novartis, UK) (Figure 5.1). HPMC capsules 

(Qualicaps, Spain) (size 3) were filled with 15 ± 1 mg SS in the absence of any 

carrier. Methanol and water at a ratio of (50:50) were  used as the solvent, with 

7 ml and 30 ml introduced into the upper and lower stages of the twin stage 

liquid impinger (British Pharmacopaeia, 2008) respectively.  

 

 

Figure 5.1 Schematic representation of the Aerolizer device. 
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The capsule to be tested was placed in the inhaler device, which had been fitted 

into a moulded rubber mouthpiece attached to the throat of the impinger. Once 

the assembly had been checked and found to be airtight and vertical, the pump 

was switched on and the dose released by activating the device. The impinger 

pump was allowed to run for 2.7 s at 90 l/min before switching off. The test was 

carried out in triplicate and SS levels were determined using UV analysis at a 

wavelength of 276 nm. The recovered dose (RD) was the sum of the weights of 

drug (mg) recovered from the capsule shell, the inhaler device, throat, the upper 

and lower stages of the twin stage impinger. The emitted dose (ED) was the 

dose emitted from the inhaler device, depositing in the throat, upper and lower 

stages of the twin stage impinger. The percentage of emitted dose was 

calculated with respect to the total recovered dose (RD). Fine particle dose 

(FPD) was the amount of drug recovered from the lower stage of the impinger, 

with the fine particle fraction % (FPF) being calculated as a percentage of RD. 

The aerodynamic characteristics for batches micronised from each of the 

crystallised samples (SS1, SS2 and SS3) were compared with two micronised 

SS samples from generic suppliers (Cipla, India and 3M, UK). 

 

5.3.7. Andersen cascade impactor 

The dispersion behaviour of SS was also determined using a five stage 

Andersen cascade impactor (ACI) with a preseparator and a standard USP 

metal throat. The ACI was connected to a dry powder controller and a vacuum 

pump (all equipment Copley scientific limited, Nottingham, UK). The ACI stages 

and plates were washed with methanol and after drying plates were sprayed 

with silicon before use. Three capsules of each batch were aerosolised for 2.7 s 

at 90 l/min via an Aerolizer DPI device (Aerolizer®, Novartis, UK). Each HPMC 
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capsule (Qualicaps, Spain) (size 3) was filled with 15 ± 1 mg SS without any 

carrier. The SS deposited at different parts of ACI was collected and assayed 

by UV spectrophotometry at 276 nm. The sum of the drug collected from 

capsule, device, filter, preseparator, throat and all other parts of ACI is termed 

as recovered dose (RD). The emitted dose (ED) is the amount of drug released 

from the device, which is the sum of the drug collected from throat, 

preseparetor, filter and all stages of ACI. Fine particle dose (FPD) is total 

amount of drug deposited on stage 1 to stage 5 and filter. The fine particle 

fraction (FPF) was calculated as the ratio of FPD to RD.  

 

5.3.8. Aerosolisation stability study of SS 

The aerosolisation performance of a batch micronised from SS4 (SS4 – 1) (see 

Table 5.2) stored under four different conditions for 1 month (Table 5.3) was 

assessed. SS4 -1 samples were stored in stability chambers (HCP 108, 

Memmert,UK) providing the conditions mentioned in Table 5.3. For ambient 

temperature storage, the relative humidity measured inside the desiccators was 

20-25%, where freshly micronised samples were stored in closed vials over 

phosphorous pentoxide.  

 

Table 5.3 Stability conditions and sample code used for SS4 -1 micronised 
powder samples. 

 

Condition 
Sample 

code 
Temperature 

(0C) 
Sample storage 

RH 
(%) 

1 SS4-1 A ambient Closed vial 20-25 

2 SS4-1 B 10 Closed vial 40 

3 SS4-1 C 40 Closed vial 75 

4 SS4-1 D 40 Open vial 75 
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5.3.9. UV analysis 

SS samples collected from each stage of the twin stage impinger, device, 

emptied capsule shell, filter and different stages of ACI were also analysed 

using UV-VIS spectrophometer (Jasco V-530, Jasco Ltd. UK) at 276 nm. 

Methanol and water at a ratio of 50:50 (v/v) used during in-vitro study was also 

used as a blank in this study. The concentration of SS at different stages was 

determined from the regression equation for the lines of best fit for calibration 

curve constructed from a range of standard concentrations (5, 10, 20, 30, 40, 50 

and 100 µg/ml) (Appendix D).  

 
 
5.4. Results and discussions 
 
5.4.1. Effect of cooling and stirring rate on the morphology of SS 

The SEM photomicrographs (Figure 5.2 a) show that in this study SS 

crystallised at slow cooling rates (0.140 C/min) produced plate like crystals 

(SS1). The faster stirring rates (400 rpm) used for SS2 gave rise to distorted 

plate like crystals with angular faces and associated higher crystal imperfections 

(Figure 5.2 b). SS crystallised at a faster cooling rate (10 C/min) produced 

needle like crystals (SS3) (Figure 5.2 c).      

   

 

 
Figure 5.2 SEM photographs of three SS batches- a) SS1, b) SS2 and c) 
SS3 respectively. 

(a) (b) (c) 
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At slower cooling rates, the level of supersaturation is low, where smooth 

surfaces with sequential layer growth occur (Blagden, 2004). In this study, 

growth has most likely occurred via the (002) faces for SS1 (Figure 5.3), which 

has resulted in crystals with plate like morphology and the (200) face being the 

probable major habit face for these crystals (Figure 5.3 & 5.5). In this study it 

was however observed that increases of stirring rate and the duration of stirring 

produced crystals with a high degree of crystal imperfection which may have a 

marked impact on the mechanical properties of this crystals (SS2) (Figure 5.4 a 

& b). 

 

 

Figure 5.3 Predicted major habit faces of salbutamol sulphate crystals 
(adapted from Feeley, 1999). 
 
 
 

This is attributed to the initiation of secondary nucleation and decreased size of 

the diffusion layer at high stirring rates, for which the delivery rate of growth 

units increases. This phenomenon may lead to difficulties in incorporation of 

- 

- 
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growth units at the integration step of the crystal lattice which facilitates 

changes in growth mechanism (BCF mechanism with spiral growth) with 

consequences for the morphology produced (Storey, 1997). SS crystallised at a 

faster cooling rate (10C/min) produced needle like crystals (SS3) in this study, 

for which growth has most likely occurred via both the (200) and (002) faces 

(Figure 5.3). Rapid cooling rates decrease the temperature of crystallisation 

solution to a greater extent compared to slow cooling rates on the completion of 

the induction period (Storey, 1997). It is therefore probable that the needle like 

SS3 crystals have been produced as a result of the faster cooling rates and 

higher level of supersaturation (moderate supersaturation) for the SS3 

crystallising solution compared to SS1 and SS2 crystallising solutions.  

 

  

Figure 5.4 SEM photomicrographs showing secondary crystallites a) 
(mag. 5000 X) and b) (mag. 10000 X) for SS2 crystals. 

 

 

 

 

 

 

(a) (b) 

- - 
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5.4.2. Effect of crystallisation conditions on solid surface chemistry of SS 

IGC and DVS data obtained in this study are consistent with the observations of 

the morphological differences for crystallised SS samples with similar particle 

size distributions (Table 5.4). SS2 and SS3 clearly demonstrate higher values of 

dispersive surface free energy compared to SS1 crystals. This phenomenon is 

related to the high percentage of facet area of the (002) face with substantial 

exposure of the hydrophobic trimethyl groups (Figure 5.5 b) and high energy 

site created by the damage of SS2 crystals. DVS data also support these 

arguments with the lower magnitude of moisture sorption for these materials 

related to the (002) face being the major habit face with trimethyl groups 

exposed at the surface (Figure 5.5 b). Conversely, the relatively high moisture 

level adsorbed by SS1 crystals is primarily ascribed to the (200) face (Figure 

5.5 a), for which sulphate groups are exposed at the surface.  

 

Table 5.4 Moisture adsorption and surface free energy data of starting 
material SS1, SS2 and SS3. 
 

Samples 

% w/w 
moisture 

sorption at 
95% RH 

Dispersive surface 
energy (mJ/m2) 

Specific surface 
energy measured 

using CHCl3 
(kJ/mol) 

SS1 0.48 (0.05) 34.13 (1.14) 2.33 (0.35) 

SS2 0.22 (0.02) 47.02 (3.90) 1.35 (0.17) 

SS3 0.20 (0.01) 41.22 (1.61) 1.44 (0.23) 
 

 

 

IGC data (Table 5.4) showed a higher specific surface free energy measured 

using CHCl3 for the SS1 crystals compared to SS2 and SS3. This is attributed 

to the large number of electron donating oxygens associated with the sulphate 

- 

- 

- 
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groups (200), which are electron donating and interact strongly with the acidic 

probe chloroform (electron acceptor). 

 

 

 

 

 

 

Figure 5.5 Molecular orientations of the main crystal faces of SS crystals 
(where gray, black, red, blue and yellow represent hydrogen, carbon, 
oxygen, nitrogen and sulphur respectively). 
 

 

5.4.3. Thermal and structural analysis 

DSC data, shows an endothermic transition for all samples at ~ 2000 C, which is 

linked to the melting and decomposition of SS (Ticehurst 1995). DSC data also 

showed no notable changes in thermal behaviour between the starting materials 

and micronised SS powders (Figure 5.6 & 5.7).  

(200) 
- 

- 
(002) 

(200) 

(002)  

(a) 
(b) 

(c) 
(d) 

- 
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Figure 5.6 DSC data for the starting SS1 crystals at 100/min scan rate. 

 

 

Figure 5.7 DSC data for the micronised SS1-1, SS2-1 and SS3-1 at 100/min 
scan rate. 

 

However, a minor difference in weight loss due to degradation was observed 

between micronised SS batches measured by TGA (Figure 5.8). This may be 
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attributed to the reduced particle size and increased crystal lattice defects for 

SS2-1 produced by micronisation compared to batches micronised from SS1 

and SS3.  

 

 

Figure 5.8 TGA data for the micronised batches of SS2-1, SS3-1 and SS1-1 
at 100/min scan rate. 
 

No polymorphic or solid state conversions were revealed by PXRD between 

starting and micronised batches of SS1 and SS3.  The theoretical PXRD pattern 

of SS generated from single crystal data (Cambridge Structural Database, UK) 

using Mercury (version 2.3) (Mercury software package, CCDC, Cambridge, 

UK) shown in Figure 5.9 is consistent with the data observed for SS1 and SS3. 

However, batches micronised from SS2 (SS2-1) (Table 5.2) showed diffuse 

PXRD scatter below 180 2Ɵ angles (Figure 5.10), which may be related to the 

defects (amorphous content) generated mainly on the (200) and (002) faces 

(Figure 5.5) of SS crystals. 
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Figure 5.9 Theoretical PXRD pattern for SS. 
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Figure 5.10 PXRD data for the starting materials SS1, SS2, SS3 and 
micronised SS2-1.  

 
 

 

5.4.4. Particle size distribution 

Particle size distribution data, shown in Table 5.5, demonstrate that batches 

micronised from SS3 (Figure 5.11) showed lower volume mean diameter (µm) 

and polydispersity compared to batches micronised from the other two starting 

materials (SS1 and SS2) when using similar grinding pressure, injector 
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pressure and particle size distributions of the feedstock (Table 5.2). This is 

thought to be related to the high aspect ratio of needle like SS3 crystals for 

which the crack propagation length could decrease markedly (De Vegt, 2007). 

However it is also possible to produce ultrafine material using SS1 and SS2 

starting materials (Table 5.5). Table 5.2 shows a difference in FR between SS1, 

SS2 and SS3 larger sized starting materials (50 – 250 µm), which is thought to 

have an impact on the propensity for particle size reduction (Table 5.5). 

However the small sized SS1, SS2 and SS3 (< 20 µm) fractions did not show 

any notable difference between their FR, which indicates that morphology of SS 

crystals markedly influences the extent of particle size reduction. The 

magnitude of effect of FR on particle size reduction for the different 

morphologies of SS is further evaluated in Figure 5.12. 

 

Table 5.5 Particle size distribution data for micronised batches of SS1, 
SS2 and SS3 (values in bracket indicate standard deviation).  

 

Sample D10 (µm) D50 (µm) D90 (µm) PDI 
VMD (µm) 
measured 

at 4 bar  

SS1- 1 0.73 (0.01) 2.23 (0.02) 5.64 (0.02) 2.10  (0.01) 2.68 (0.07) 

SS1- 2 
0.60 (0.01) 1.65 (0.02) 3.72 (0.02) 1.85 (0.01) 1.93 (0.03) 

SS1- 3 
0.69 (0.01) 2.06 (0.01) 4.66 (0.03) 1.93 (0.02) 16.5 (0.73) 

SS2- 1 0.64 (0.03) 2.27 (0.02) 5.40 (0.04) 2.31 (0.05) 2.73 (0.05) 

SS2- 2 
0.62 (0.01) 1.69 (0.02) 3.72 (0.01) 1.83 (0.01) 1.98 (0.04) 

SS2- 3 
0.68 (0.01) 1.88 (0.02) 4.03 (0.04) 1.80 (0.02) 16.1 (0.56) 

SS3- 1 0.70 (0.02) 1.95 (0.02) 4.18 (0.03) 1.78 (0.02) 2.03 (0.02) 

SS3- 2 
0.60 (0.01) 1.50 (0.01) 3.43 (0.02) 1.79 (0.02) 1.80 (0.01) 
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Figure 5.11 SEM photomicrographs of a) SS3 - 1 (mag. – 5000X). 
 
 

The particle size of the feedstock has a marked effect on comminution and 

suggests that batches micronised from finer sized starting material (SS1-2, 

SS2-2 and SS3-2) typically exhibit lower VMD (Table 5.5) compared to batches 

micronised from larger sized starting material when using similar processing 

conditions. However, this impact of feedstock particle size is morphology 

dependent and appears to be greater for SS1 and SS2 than the SS3 needle like 

crystals. 

 
This finding can be explained with reference to the relatively high aspect ratio of 

SS3 crystals, which have the propensity to reorient along the long axis and so 

may pass through the 20 micron mesh during sieving. The apparent particle 

size of the needle like crystals (SS3) may therefore bias the effect of particle 

size on size reduction for SS3. Results also suggest that a high reduction ratio 

(ratio of initial median particle size to the micronised median particle size) was 

obtained for coarser grade starting materials. Vogel and Peukert (2003) 

observed that when applying a similar level of energy, smaller particles exhibit a 
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smaller breakage probability due to the smaller particle contact area containing 

fewer crystallographic flaws, providing reduced potential for particle fracture.  

Evaluation of the impact of process conditions on the micronisation of the SS 

powder with different morphologies has revealed a number of important effects. 

The feed rate at which the feedstock is delivered to the microniser has been 

shown to have marked effect on particle size reduction (Figure 5.12). 

 

 
Figure 5.12 Effect of feed rate on volume mean diameter observed for 
micronised batches of SS1, SS2 and SS3. 

 

This observation indicates that an increase in feed rate will lead to a greater 

degree of particle size reduction for SS crystals, due to larger numbers of 

particles in the mill chamber, with increased number of collisons and stress 

events leading to greater comminution. This behaviour is opposite to that 

observed for ibuprofen and results suggest that an increase in feed rate may 

facilitate the size eduction process for brittle material (eg. salbutamol sulphate) 

while decrease the size reduction potential for ductile material (eg. ibuprofen). 

Injector pressure was shown to have limited influence on the particle size 

achieved for the different starting materials of SS, with constant grinding 
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pressure (GP).  The grinding pressure was kept constant in this study since 

Brodka-Pfeiffer et al. (2003) have previously observed that GP markedly affects 

the micronisation of SS. 

 

5.4.5. Surface analysis 

5.4.5.1. Dynamic vapour sorption (DVS) 

Degree of crystallinity data determined by DVS (Table 5.6) showed small 

differences in relative crystallinity for batches micronised from the two different 

sieve sized starting materials (50-250 µm & < 20µm), which is probably 

attributed to the brittle behaviour of SS. Batches micronised from SS2 showed 

low relative crystallinity (93%) compared to batches micronised from SS1 and 

SS3 (Table 5.6) when using similar processing conditions (Table 5.2).  

 

Table 5.6 Percentage crystallinity data for the batches micronised from 
SS1, SS2 and SS3 (value in brackets indicate range value, where n = 2). 

 

Starting 
material 

Micronised 
samples 

code 
Storage time 

Relative 
crystallinity 

(%) 

SS1 

SS1-1 Freshly micronised 99.1 (0.2) 

SS1-1 After four months* 100.0 (0.1) 

SS1-2 Freshly micronised 98.3 (0.1) 

SS2 

SS2-1 Freshly micronised 93.0 (0.4) 

SS2-1 After four months* 95.6 (0.2) 

SS2-2 Freshly micronised 93.6 (0.3) 

SS3 

SS3-1 Freshly micronised 99.7 (0.3) 

SS3-1 After four months* 100.0 (0.1) 

SS3-2 Freshly micronised 100.0 (0.1) 

SS4 SS4- 1 Freshly micronised 95.0 (0.1) 

* indicate the storage condition 1 mentioned in Table 5.3 
 

This finding is thought to be due to the high crystal imperfection and 

dislocations observed for SS2 crystals, which were apparent in the starting 

material (see Figure 5.4). Brodka-Pfeiffer et al. (2003) observed that under 
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optimised micronisation conditions an average of 6.9% amorphous content was 

generated for micronised SS powders. Micronised batches of SS1 and SS3 in 

this study exhibited similar level of crystallinity (Table 5.6). Thus, these results 

suggest that the starting material morphology plays an important role during 

micronisation, particularly for crystals (SS2) with an initial higher density of 

dislocations.  The higher dislocation density would result in a more plastically 

deforming material requiring increased milling residence time for particle size 

reduction, thereby leading to micronised product with a high amorphous 

content.  

In contrast, processing conditions (FR and IP) showed no notable effect on the 

relative percentage crystallinity for the micronised batches of SS1, SS2 and 

SS3.  

In previous studies, Ward and Schultz (1995) showed that the critical relative 

humidity for recrystallisation of amorphous crystallographic domains for SS is 

50 % RH at 600C, whilst Columano (2002) found that the SS recrystallised at 

75% RH when the temperature was 250C. In this study DVS data indicated that 

micronised batches of SS showed a recrystallisation event at 50 % RH at 25 0C 

(Figure 5.13 a), as a consequence of surface disorder generated after 

micronisation. DVS data also revealed a double recrystallisation event for a 

number of micronised batches of SS2 which occurred at 50 % and ~ 75 % RH 

(Figure 5.13 b). 
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Figure 5.13 Sorption data measured by DVS for a) freshly micronised SS3-
1 b) freshly micronised SS2-1 c) micronised SS2-1 after four months 
storage in closed vial (see condition 1 of Table 5.3). 
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and surface amorphous content in the micronised SS2-1. SS2-1 initially showed 
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However DVS data for this batch after four months storage showed only a 

single recrystallisation event at 50 %RH (Figure 5.13 c) with a decreased 

percentage of amorphous content from 7.0 to 4.4 % (Table 5.6), when stored in 

sealed vials in desiccators (20 - 25% RH) at room temperature. This change is 

attributed to the recrystallisation of amorphous domains after four months 
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storage. This phenomenon also may be related to the heterogeneous 

nucleation occurring for surface disordered micronised SS materials which 

recrystallises at low RH% compared to the bulk disordered particles which 

require higher percentage of relative humidity to overcome the energy barrier of 

recrystallisation (homogenous nucleation) and therefore recrystallised at 

approximately 75 % RH conditions. PXRD data of the stored sample shows 

scattered diffuse peaks at lower 2Ɵ angles (Figure 5.14), which indicates the  

  
Figure 5.14 PXRD data for the starting material SS2, micronised SS2-1 and 
stored micronised batch SS2-1 in condition 1 (see Table 5.3). 
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presence of bulk amorphous material and emphasises that time dependent 

changes in amorphous SS samples is a complex phenomenon (Columbano et 

al. 2002).  

These findings also indicate that micronised drug powder may contain a mixture 

of crystalline drug with surface disorder and bulk disordered domains, for which 

the starting material characteristics and processing conditions have a great 

influence. 

 

5.4.5.2. Inverse gas chromatography (IGC) 

IGC data (Table 5.7) showed that dispersive and specific surface free energies 

increased for the micronised batches of SS compared to the starting materials, 

which is consistent with the results reported by Ticehurst (1995). In this study 

starting material SS1 exhibit higher specific surface free energy (for the CHCl3 

probe) compared to SS2 and SS3, which can be assigned to the morphological 

difference observed during the DVS study for this starting materials. However, 

micronised batch SS1-1 showed a decrease in specific free energy for CHCl3 

when compared with the starting SS1, which is attributed to the decreased 

basic surface characteristic of SS1 after micronisation. This phenomenon is 

explained via the increased relative surface area of (200) faces for the 

micronised batches of SS1 with decreased electron donating capacity (Figure 

5.5), which is thought to be the cleavage plane for SS1 crystals. 
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Table 5.7 Dispersive and specific surface free energy for the starting and 
micronised batches of SS1, SS2 and SS3 (values in brackets indicate 
range value, where n=2). 

 

Batches 
Dispersive 

surface free 
energy (mJ/m2) 

Specific surface energy (kJ/mol) 

CHCl3 THF AC 

SS1 34.10 (1.12) 2.33 (0.20) 2.30 (0.09) 2.86 (0.08) 

SS1- 1 39.21 (2.20) 1.48 (0.07) 2.28 (0.07) 3.30 (0.07) 

SS1- 1 (after 
4 months) 38.01 (1.31) 1.50 (0.25) 2.31 (0.08) 3.31 (0.03) 

SS2 47.03 (3.90) 1.35 (0.17) 6.01 (0.17) 8.10 (0.25) 

SS2- 1 77.80 (4.21) 1.32 (0.10) 8.54 (0.25) 8.94 (0.13) 

SS2- 1 (after 
4 months) 63.13 (4.51) 1.50 (0.25) 8.60 (0.21) 9.02 (0.30) 

SS3 41.20 (1.60) 1.44 (0.23) 4.79 (0.16) 6.75 (0.25) 

SS3- 1 50.71 (1.20) 1.58 (0.14) 7.51 (0.19) 8.64 (0.12) 

SS3- 1 (after 
4 months) 48.22 (1.12) 1.65 (0.10) 7.54 (0.14) 8.70 (0.09) 

 

 

Batches micronised from the distorted plate like crystals (SS2) however showed 

higher dispersive and specific surface free energy than the batches micronised 

from SS1 and SS3 (Table 5.7). These crystals with a large number of defects 

are likely to behave more plastically during particle size reduction, leading to 

more disordered micronised product compared to batches micronised from SS1 

and SS2. IGC data recorded after storage of four months after processing 

showed a marked decrease in dispersive surface free energy for micronised 

batches of SS2-1, with no notable changes observed for the micronised batches 

of SS1-1 and SS3-1 (Table 5.7). This effect is linked to the recrystallisation of 

high amount of amorphous content observed during the DVS study for 

micronised SS2-1 compared to SS1-1 and SS3-1 (Table 5.6). This finding gives 

support to a proposal that mechanical activation of micronised drug particles is 

not only dependent on the processing conditions of the microniser but also on 

the morphology and quality (defects and dislocations) of the starting materials. 
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The morphology of the starting material showed a marked impact on the 

dispersive surface free energy for the micronised batches of SS1, SS2 and SS3 

(Table 5.7). Thus starting materials having higher dispersive surface free 

energy (SS2), typically lead to micronised materials with the highest dispersive 

surface free energy after processing. Increased values of dispersive surface 

free energy for the micronised batches of SS1, SS2 and SS3 are thought to be 

related to the degree of disorder generated (Figure 5.14), opening of new 

crystalline facets with high surface energy (Heng et al. 2006) and the particle 

size distribution observed after micronisation (Table 5.5). However, batches 

micronised from SS1 demonstrated a small increase in dispersive surface free 

energy, which is attributed to the more brittle behaviour of this material during 

processing. It was hypothesised that particle size reduction for SS1 crystals 

most likely occurrs by brittle fragmentation via the (200) face, which has the 

lowest attachment energy (-61.8 kJ/mol) (Feeley, 1999). This plane is believed 

to be the slip and cleavage plane for this crystal, at which forces can 

concentrate to facilitate size reduction leading to a decrease in milling residence 

time (Table 5.7). However for SS2 and SS3 crystals, the (002) face is believed 

to be the major habit face. Therefore particle size reduction is more likely to 

occur by brittle fragmentation via the (002) face which also has a relatively low 

attachment energy (-81.1 kJ/mol). Thus these results suggest that for SS 

crystals either (200) and (002) faces can be the slip and cleavage planes 

(Figure 5.5) due to their low attachment energies (Feeley, 1999), which is 

markedly dependent on the morphology of SS crystals. 

 
The particle size of the starting material was shown to have a marked effect on 

the dispersive surface free energy for the batches micronised from SS1 and 

- 

- 

- 
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SS2, whilst having no marked effect for the micronised batches of SS3 (Figure 

5.15). This is thought to be linked to the difficulties associated with sieving of 

needle like crystals of SS3. The particle size of SS2 starting material 

demonstrated a greater effect on dispersive surface free energy compared to 

batches micronised from different sized SS1 starting materials (Figure 5.15). 

This phenomenon is attributed to small sized particles of SS2  containing a 

reduced number of defects compared to the larger sized SS2, which leads to a 

shortened residence time during milling and reduced subsequent effect on 

surface free energy. 

 

 
 

Figure 5.15 Effect of starting material particle size on dispersive surface 
free energy observed for micronised batches of SS1, SS2 and SS3. 
 

Feed rate and injector pressure showed no marked effect on the dispersive 

surface free energy for the micronised batches of SS1, SS2 and SS3.  

In contrast, from Table 5.7, it can be observed that specific interactions were 

increased with the amphoteric probe (AC) for the micronised batches of SS, 
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micronised drug powders leading to increases in the exposure of both electron 

donor and acceptor groups at surface. The starting material SS2 and batches 

micronised from SS2 and SS3 showed high specific surface free energy 

measured using acetone and THF, compared to batches micronised from SS1 

(Table 5.7).  These features are thought to be due to the degree of disorder and 

low VMD observed for micronised batches of SS2 and SS3 respectively, which 

is consistent with DVS data (Table 5.6) and particle size distribution data (Table 

5.5). This phenomenon is most likely also due to the difference in morphology 

observed for these starting materials, which influences the slip direction during 

particle size reduction with subsequent influence on surface free energy. As 

described above for SS1 crystals, particle size reduction is thought to occur by 

brittle fragmentation via (200) face (Figure 5.5), while for SS2 and SS3 crystals 

it is likely to occur via (002) face (Figure 5.5). These proposals are consistent 

with the IGC data (Table 5.7) observed for the micronised batches of SS1, SS2 

and SS3. However, high specific surface free energy for SS2 starting material is 

attributed to the greater number of defects and cracks observed for these 

materials, which exposes the polar functional groups to a greater extent.  

 

5.4.6. In-vitro aerosolisation study of SS 

In vitro data (Table 5.8) generated using the TSLI showed that a high % FPF 

was achieved for batches micronised from SS2 compared to batches 

micronised from SS1, SS3 or the micronised batches obtained from the two 

generic suppliers (A - Cipla, India & B – 3M, UK). In this study the highest % 

FPF observed for SS2-1 (51%) was also higher than that observed by Kaialy et 

al. (2010) (44%) using a similar flow rate (92 l/min) and DPI device (Aerolizer®). 

 

- 
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Table 5.8 Volume mean diameter, % crystallinity, dispersive surface free 
energy and in-vitro study data (using TSLI) for micronised batches of SS1, 
SS2, SS3 and two supplied generic micronised powder (values in brackets 
indicate standard deviation, except for % crystallinity and dispersive 
surface energy where it indicates range n = 2).  
 

Sample 

Volume mean 
diameter (µm) 
measured at 4 

bar  

Crystallinity 
(%) 

Dispersive 
surface free 

energy 
(mJ/m2) 

FPF (%) 
Emitted 
dose (%) 

SS1- 1 2.68 (0.07) 100.0(0.1) 38.01 (1.31) 20.0 (2) 67.0 (2) 

SS2- 1 2.73 (0.05) 95.4 (0.2) 63.13 (4.51) 51.0 (3) 68.0 (3) 

SS3- 1 2.03 (0.02) 100.0 (0.1) 48.22 (1.12) 24.0 (3) 50.0 (2) 

Generic 
A 

6.21 (0.26) 100.0 (0.1) 42.52 (1.51) 12.0 (2) 90.0 (6) 

Generic 
B 

1.78 (0.03) 100.0 (0.1) 51.90 (1.60) 37.0 (2) 50.0 (3) 

 

Figure 5.16 (a) shows that the percentage emitted dose, calculated as a 

proportion of the recovered dose increased with higher volume mean diameter 

of micronised powders, which is likely to be due to improved flow characteristics 

for these materials.  

 

  
 
Figure 5.16 Relationship between a) volume mean diameter and % emitted 
dose and b) dispersive surface energy and % FPF for micronised SS (for 
samples detailed in Table 5.8). 
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The high value of FPF for SS2-1 is related to the marked cohesion and 

consequent aggregation of micronised powder produced for SS2 (Figure 5.16 b) 

giving aggregates of approximately 60-70 µm size (Figure 5.17), which were 

characterised by high dispersive surface energy from IGC data (Table 5.7). 

During delivery from the DPI device these aggregates will have experienced 

greater fluidization energy due to high levels of cohesion, a feature also 

observed by Kinnumen et al. (2010) using lactose blends containing high levels 

of fines.   

 

  

Figure 5.17 SEM photomicrographs showing aggregates of micronised 
SS2-1 a) SS2-1 (magnification- 1300X) and b) SS2- 1 (magnification- 80X). 

 

Price and Young (2004) also suggested that greater aerodynamic drag forces 

were required to aerosolise aggregated drug particles, which will initially resist 

dispersion until a critical force is achieved, causing them to disperse rapidly and 

consequently give high % FPF.   

 

(a) (b) 
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Figure 5.18 ACI drug deposition patterns of SS2-1 and Generic A. 

 

Figure 5.18 shows the deposition patterns for the different stages of the 

Andersen Cascade Impactor (ACI) for SS2-1 and Generic A. The % FPF data 

achieved using the ACI for SS2-1 and Generic A were 48% and 10% 

respectively, which are similar to the results observed using the TSLI (Table 

5.8). Results indicate a high percentage of throat deposition for Generic A 

compared to SS2-1. This is most likely related to the greater VMD of Generic A 

material compared to SS2-1 (Table 5.8). Figure 5.18 highlights the higher 

percentage of fine particle mass deposition on stage 1 to 5 for SS2-1 compared 

to Generic A. However, SS2-1 shows a relatively high percentage of drug 

retention in the device compared to Generic A, which is probably attributed to 

the high surface free energy of this material and the ultrafine primary particle 

size. 

5.4.7. Aerosolisation stability study for SS 

Batches micronised from SS4 (SS4-1) (Figure 5.19) were stored for 1 month 

under four different conditions (Table 5.3) for the aerosolisation stability study.  
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Figure 5.19 SEM photomicrographs of micronised SS4-1 (mag.- 5000X). 

 

In general, results showed a decrease in aerosolisation efficiency for micronised 

SS4-1 samples after one month storage, apart from SS4-1 D (Table 5.9). High 

% FPF for SS4-1 D is attributed to a reduced change in particle size (Table 5.9) 

compared with other samples and a likely decrease in surface free energy due 

to sample storage conditions (Table 5.3) with subsequent influence on 

aerosolisation behaviour. However, batches stored at low humidity conditions 

and in a closed system showed a higher percentage decrease in fine particle 

fractions, which is attributed to greater electrostatic force at low RH storage 

conditions (Das et al. 2009). In contrast Young et al. (2003) found that 

aerosolisation efficiency decreased on storage at high RH level after 12 hours 

due to increased capillary interaction. In this study, the decrease in % FPF for 

the batches stored at the high humidity condition (SS4-1 C) could therefore be 

due to a similar increase of capillary interactions for these powders.  
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Table 5.9 Volume mean diameter, % crystallinity and in-vitro study data for 
micronised batches of SS4-1 samples stored under different conditions 
(value in brackets indicate range value, where n=2). 

Sample %FPF 
VMD (µm) 

measured at 1 
bar 

 
Crystallinity 

(%) 

Dispersive 
surface free 

energy (mJ/m2) 

SS4-1 freshly 
micronised 

32.0 (1.0) 2.50 (0.01)  95.0 (0.1) 49.13 (2.10) 

SS4 -1 A 26.9 (2.0) 2.67 (0.02)  100.0 (0.0) - 

SS4 -1 B 13.5 (1.5) 2.81 (0.01)  100.0 (0.2) - 

SS4 -1 C 25.0 (2.0) 2.62 (0.03)  100.0 (0.1) - 

SS4 -1 D 34.0 (1.8) 2.53 (0.03)  100.0 (0.1) - 

 

Decreased in % FPF after one month for the batch stored in desiccators at 

ambient temperature (SS4 -1 A) is thought to be related to the recrystallisation 

of amorphous domains (Figure 5.20 & Table 5.9), which leads to increases in 

the size of particles with associated changes in electrostatic force. However, 

particle size data (Table 5.9) indicates that the increased VMD particle size is 

still within the respirable size range and therefore decreased % FPF values are 

more likely to be due to changes in the electrostatic energy of this batch. 

  

Figure 5.20 Sorption data measured by DVS for a) SS4-1 freshly 
micronised and b) SS4-1 after 1 month storage at condition 1 (see Table 
5.3). 
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In summary, the particle size of stored micronised samples (Table 5.9) showed 

relatively large particle size growth for batches conditioned at low temperature 

and humidity conditions compared to batches stored at high temperature and 

relative humidity conditions (Table 5.9). This is explained by increases in the 

kinetics of any recrystallisation taking place, while nucleation predominates over 

crystal growth and vice versa. Although particle size growth was observed, in 

the present study particles remained in the respirable size range (< 5 µm) 

(Pritchard, 2001).  

These results suggest that electrostatic force probably demonstrate a greater 

influence on drug dispersion and aerosolisation characteristics compared to 

capillary interaction and particle size growth, which may be dependent on the 

solid surface chemistry of micronised drug particles. As Stewart (1986) 

suggested, interparticle interactions play an important role during drug 

dispersion, which is influenced by the material properties and storage 

conditions. Results also suggest that micronised SS should be conditioned at a 

temperature above room temperature and at high RH in an open system to 

reduce the growth of particles and provide subsequent improvement in powder 

aerosolisation behaviour. 

5.5. Conclusions 

The findings detailed in the chapter indicate that crystallographic quality (cracks, 

defects and dislocations) and the morphology of crystals influence the 

micronisation behaviour of SS, which can be linked to the crystallisation 

conditions used in their production. Results indicate that stirring rate and 

duration of stirring directly influence the surface free energy and aerosolisation 
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behaviour of micronised SS particles. Further work however needs to be 

undertaken to understand the influence of crystallisation conditions on the 

morphology of SS. Results suggest that larger sized starting materials have a 

greater density of crystal cracks and dislocations compared to small sized 

starting material with similar morphology. This phenomenon has influenced the 

micronisation behaviour of SS crystals and subsequent quality of micronised 

drug particles. It has also been observed that the processing conditions used 

during micronisation markedly impact the quality of micronised drug substance. 

More specifically results indicate that batches micronised from SS3 needle like 

crystals demonstrate lower VMD compared to batches micronised from SS1 

and SS2. Batches micronised from SS2 exhibit reduced crystallinity and had 

higher surface free energy than batches micronised from SS1 and SS3, which 

is attributed to the greater degree of defects and dislocations of the SS2 starting 

material. IGC data suggest that starting SS1 materials were more basic 

compared to starting SS2 and SS3, which was determined using the acidic 

probe CHCl3 (Table 5.6). However, micronised batches of SS showed more 

amphoteric behaviour most likely due to increased surface area to volume ratio 

for these drug particles, which increases the exposure of both electron donor 

and acceptor groups at particle surfaces. Furthermore, in vitro studies have 

indicated that the aerosol characteristics of SS are also linked to the attributes 

of the starting materials. Aggregates in the size range 60-70 µm, produced from 

SS2 with high dispersive surface energy (60 – 70 mJ/m2) showed most 

favourable aerosol performance for all of the samples studied.  

Results of stability study indicate that electrostatic force are likely to be 

important factors for aerosolisation from a DPI, which is dependent on the 
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storage conditions and surface characteristics of micronised drug powders. It is 

therefore clear that optimisation of crystallisation conditions is critical to the 

subsequent control of micronisation and the resultant characteristics of size 

reduced materials, which enable the improvement of aerosol performance. 

From previous chapters, it was observed that materials with different size and 

morphology behaved differently during micronisation. This difference in 

micronisation behaviour is most likely related to the variation in mechanical 

properties of powders with different size, morphology and crystal structure. 

Measuring mechanical properties is an important and complex issue, 

particularly for a new drug material which has not been well characterized. The 

next chapter focuses on relationships between the mechanical behaviour of 

pharmaceutical powders and their crystal structure, in an attempt to identify a 

rapid method for predicting the processing behaviour of pharmaceutical 

powders. 
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Chapter 6 

Towards a rapid method for predicting the mechanical behaviour of active 

pharmaceutical ingredients 

 

6.1. Introduction 

Crystal structure and morphology play an important role in determining the 

physical and mechanical properties of pharmaceutical powders, and hence 

determine processing behaviour (Hancock et al. 2000). On a fundamental level, 

the key determinants of mechanical behaviour are the strength and 

directionality of the intermolecular interactions within the crystal lattice and their 

reaction to mechanical stress. Payne et al. (1996) suggested that anisotropy in 

the mechanical properties of molecular crystals was probably attributed to the 

anisotropic nature of hydrogen bonding and the directionality of the 

intermolecular interactions contained within the crystal lattices. Zugner et al 

(2006) suggested that fracture characteristics were not only related to elastic - 

plastic properties but also to additional factors such as specific density which is 

linked to the efficiency of molecular packing and the interplanar distances within 

the crystal structures. According to this hypothesis, the weak intermolecular 

interactions in soft crystals will exhibit a greater tendency for cleavage than 

crystals with stronger interactions between the constituent molecules (Morris et 

al. 2001).  

Earlier, Cottrell (1964) observed that particle deformation via shearing occurred 

along slip planes between molecules and suggested that plastic flow occurs 

when intermolecular forces are exceeded. The slip plane has the lowest 

attachment energy and is subject to the weakest intermolecular interactions in 

the crystal lattice (Roberts et al. 1994). Structures containing weakly interacting 
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slip planes are likely to exhibit greater plasticity, resulting in tablets with high 

tensile strength owing to notable consolidation and densification occurring 

during compression (Feng and Grant, 2006).  However, the slip planes present 

in crystals are not solely responsible for the response of these systems to 

mechanical stresses, with flaws and defects in the crystal also markedly impact 

on the propensity of a crystal to fragment under pressure (De Vegt, 2007).  

Within organic crystals, the molecules are able to form a range of different 

hydrogen bonding patterns (chain, ribbon, sheet or dimer). These are 

dependent on the number and types of hydrogen bond donors and acceptors 

and the directionality of the interactions formed, with each bond impacting 

greatly on the packing energy of the crystals (Roberts et al. 1994). For example, 

for adipic acid and salicylamide, molecular slip is known to take place through 

networks of hydrogen bonds, while in sucrose and lactose monohydrate, 

deformation occurs through the cleavage of the weakest hydrogen bonds 

(Roberts et al. 1994). In addition to plastic flow through breakage of 

intermolecular interactions, deformation in all crystalline solids also involves the 

motion of defects such as vacancies, edge or screw dislocations within the 

crystal lattices along specific directions (Sherwood, 1979). These 

considerations are supported by the findings of Roberts (1991), who observed 

that specimen quality (specimen size, cracks, dislocations and defects) 

influenced the physical and mechanical properties of crystalline powders. In this 

context, it was reported that intermolecular interactions can be characterised 

using a range of methods including the additivity concept, intermolecular energy 

calculations and prediction of bulk and surface properties using solubility 

parameters or cohesive energy density (Roberts, 1991). 
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However although the mechanical nature of crystalline materials is directly 

linked to crystal and molecular structure, it is well known that these properties 

can vary depending on crystal size, strain rate, temperature, and the nature of 

applied hydrostatic stress (Roberts, 1991). Kendall (1978) suggested that when 

the size of the deformation zone is small enough, even the most brittle solid will 

flow, therefore creating the impossibility of comminuting particles smaller than a 

certain critical size (dcrit) by compressive stress alone. 

Since many new chemical entities developed by the pharmaceutical industry 

require particle size reduction to enhance the surface area for rapid dissolution 

and for respiratory drug delivery, there is a need to assess the mechanical 

properties of these substances in order to estimate the probability of success of 

size reduction experiments. Many of the available methods for characterising 

mechanical properties of materials are laborious, time consuming, complex and 

suffer from inter-laboratory and personal variability (Payne et al. 1996). An 

ability to rank materials rapidly and reliably in terms of their mechanical 

behaviour is therefore highly desirable.  

There are two distinct approaches in the literature that attempt to link the 

intermolecular interactions within the crystal structure to the mechanical 

behaviour of a material: the calculation of elastic constants of the crystal (Day et 

al. 2001) and the use of attachment energies (Sun and Kiang, 2008). The 

elastic constant calculations involve the determination of the force constants 

that characterize both axial and shear deformations in the harmonic 

approximation (Day et al. 2001). The attachment energy approach involves the 

calculation of the energy of attachment of a crystal slice of molecules onto a 

given crystal surface. This method is commonly employed to predict crystal 

morphologies based on a kinetic hypothesis that the rate of crystal growth of a 
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given face is proportional to the attachment energy for that face (Boek et al. 

1991). In the current context the attachment energies are employed to 

characterize and identify the crystal planes that are the mostly weakly 

interacting and could serve as the slip planes (Sun and Kiang, 2008). Both 

methods have shown some success in linking the crystal packing and the 

associated molecular interactions to the mechanical behaviour of the material 

including tabletting (Beyer et al. 2001).  

In this study a combined approach is employed involving both experimental 

data and computer modelling to correlate the mechanical behaviour of organic 

crystals to their crystal structures, with a particular emphasis on linking the 

weakest interacting crystal planes that could serve as slip planes to the crystal 

propensity for fracture. The use of attachment energies is revisited in identifying 

the slip planes and extends previous studies by investigating a much larger 

range of pharmaceutical materials. An aspect of this study was to identify a 

rapid method to enable prediction of the mechanical properties of molecular 

crystals without the need for complex laboratory experiments. In this respect it 

is proposed (on the basis of appropriate data) that the use of the largest d-

spacing of a crystal structure as a first-order indicator of the propensity for a 

material to exhibit fracture. The largest d-spacing may be calculated given the 

unit cell parameters of a crystal or can be readily determined from a powder X-

ray diffraction pattern. 

 

6.2. Materials  

Ibuprofen was supplied by Albemarle Corporation (LA, USA) Lot No. 7050-

0354, salbutamol sulphate by Cipla, India (Batch No. H80142), lactose 

monohydrate (Respitose-SV003 and SV010) by DMV Fonterra, Netherlands, 
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and paracetamol by Mallinckrodt Chemical Ltd., Stavely, U.K. (Lot No. 

6088903P874).  

 

6.3. Methods 

6.3.1. Molecular Modelling 

The single crystal structure data for the range of pharmaceutical materials 

studied (two polymorphs of paracetamol, lactose monohydrate, ibuprofen, 

aspirin, adipic acid, tolbutamide, theophylline, sucrose, phenacetin, 

sulfadiazine, caffeine and five polymorphic forms of sulfathiazole)  

 

                                        
 
 
 

CH3

CH3

CH3

O

OH

                            
 
 
 
 
 
Figure 6.1 Molecular structure of a) paracetamol, b) lactose monohydrate, 
c) ibuprofen, d) aspirin, e) adipic acid, f) tolbutamide g) theophylline, h) 
sucrose, i) phenacetin, j) sulfadiazine, k) caffeine and l) sulfathiazole.  
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Figure 6.1 Molecular structures of materials (continue). 
 

 

were acquired from the Cambridge Structural Database (CSD, UK) (Allen, 

2002) (Figure 6.1).  

(e) (f) 
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Figure 6.2 Flow diagrams for identification of weakly interacting slip 
planes using crystal attachment energies. 
 
 
 
Mercury (version 2.3) (Mercury software package, CCDC, Cambridge, UK) was 

used to display the crystal packing motifs, ascertain the hydrogen bonding 

dimensionality, and to generate simulated powder X-ray diffraction patterns for 

all materials using the single crystal structure data acquired from CSD, UK.  

The molecular modelling software Materials Studio 4.1 (Materials Studio, 

Accelrys, Inc.) was used to calculate lattice and attachment energies of the 

Single crystal structure data (CSD) 

BFDH method based on interplanar distances 

of crystallographic orientations 

Optimise crystal structure data CVFF and 

DREIDING (Qeq and Gasteiger charges) 

force-fields 

Growth morphology prediction based on 

growth rate of a crystal face being proportional 

to its attachment energy 

Add missing hydrogen atoms  

Identification of weakly interacting slip 

planes from a list of attachment energies 

characterising the various crystal surfaces 
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materials studied. Prior to commencing the computational studies, missing 

hydrogen atoms were added and inappropriate bond angles and distances were 

set to ideal values. Geometrical optimisations on the single crystal structure 

data were performed using the CVFF (with force field assigned charges) 

(Mapple et al. 1994) and Dreiding (with Qeq and Gasteiger charges) (Mayo et 

al. 1990) force fields. Morphology calculations were performed using both the 

BFDH (Donnay and Harker, 1937) and the growth morphology methods 

(Docherty et al. 1991) (Figure 6.2). The BFDH method was used to generate a 

list of possible growth faces, associated d-spacings and percentage facet area 

for a range of different faces. The BFDH method relates relative growth rates 

(Rhkl) of different crystallographic orientations to the interplanar distances (dhkl). 

The growth morphology approach utilises the atom-atom potential method and 

yields the lattice energy as well as attachment energies of the different faces 

from which the crystal habit is calculated using the Wulff construction (Wulff, 

1901). 

 

6.3.2. Micronisation 

The micronisation behaviour of ibuprofen, lactose monohydrate, salbutamol 

sulphate and paracetamol (starting particle size = < 40 µm) was evaluated using 

a small scale microniser (FPS Spiral Jetmill, FPS, Italy). Grinding pressure (GP) 

was kept at 5 bar, while injector pressure (IP) was kept constant at 8 bar and 

the feed rate (FR) was set at the highest level of the feeder. 

For each micronisation experiment, 5 g samples were used. Grinding and 

injector pressure were set using the appropriate regulators, calibrated using an 

external pressure gauge (accuracy ± 1.6%). Samples were collected from the 

collection vessel at the end of the experiments and stored over phosphorous 
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pentoxide at room temperature to avoid any moisture-induced changes before 

characterisation. For all experiments, the moisture content of supplied 

compressed air was 2-6 % RH, which was measured using a hand held 

hygrometer (Testo 610, Testo, UK).  

Starting materials and micronised batches of lactose monohydrate, ibuprofen, 

salbutamol sulphate and paracetamol were then characterised using laser 

diffraction particle size analyses, powder x-ray diffraction and inverse gas 

chromatography methods, which are described in general methods section (see 

section 2.2) 

 

6.3.3. Brittleness index 

There are two major types of mechanical behaviour, which determine the 

propensity of powders to comminution, namely brittle fragmentation and plastic 

flow. Brittle materials show little or no plastic deformation with low energy 

absorption during fracture. Ductile materials exhibit greater plastic deformation 

with high energy absorption during fracture (Larsson and Kristensen, 2000). 

The brittleness of all materials considered in this study was determined using 

two different approaches, and all values were taken from the literature (Roberts, 

1991; Rowe and Roberts, 1995). 

Brittleness Index 1: This index is calculated from the ratio of the critical stress 

intensity factor to the modified yield stress of individual materials (Roberts, 

1991).  Low values indicate highly brittle materials and high values indicate 

ductile materials. 

 

Brittleness Index 1 = (KICo / σym)2 µm   6.1 
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where KICo is the critical stress intensity factor determined using a three point 

beam bending test and σym is the modified yield stress. The latter is obtained by 

multiplying the yield stress (σy), as measured according to the Heckel method 

(the reciprocal of the slope when measuring changes in relative density of 

compacts under increasing pressure), by a factor of 1.37 (Roberts, 1991). It was 

postulated that the measured yield stresses are typically lower than the true 

yield stress of materials. In this regard a relationship between indentation 

hardness and yield stress was constructed and the slope determined for the 

straight line was 4.11, which when divided by the constraint factor C (ratio of 

hardness to yield stress), for most plastic materials C=3 yields the factor 1.37.  

Brittleness Index 2: This index is calculated from the ratio of the hardness to the 

critical stress intensity factor (Rowe and Roberts, 1995).  High values indicate 

high brittleness and low values indicate ductility. 

 

Brittleness Index 2 = (H/ KICo) µm-1/2   6.2 

 

where H is the hardness and KICo is the critical stress intensity factor. Using this 

approach, the critical stress intensity factor was measured using the three point 

beam bending test and the hardness was determined from micro-indentation 

(Rowe and Roberts 1995).  

 

6.3.4. Anisotropic and isotropic materials  

The materials used in this study were classified as being anisotropic or isotropic 

on the basis of their hydrogen bonding dimensionality, which was characterized 

using the software Mercury 2.3. Hydrogen bonding dimensionality can be 

classified as: (a) 3-dimensional bonding: where every molecule in the crystal is 
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inter-connected by hydrogen bonds; (b) 2-dimensional bonding: where the 

hydrogen bonds provide linkages between molecules within a given layer, but 

there are no interlayer hydrogen bonds; (c) 1-dimensional bonding: where the 

molecules are connected by hydrogen bonds to form chains or columns; (d) 0-

dimensional bonding: where hydrogen bonding is absent apart from 

unconnected molecular clusters such as dimers. Materials with 3D or 0D 

hydrogen bonding are considered to be isotropic materials, while materials 

demonstrating 1D or 2D hydrogen bonding are considered to be anisotropic. 

Crystal structure, median particle size of micronised powders and surface free 

energy data for starting materials acquired for a range of pharmaceutical 

powders using different methods was then correlated with the mechanical 

properties of these materials measured previously (Roberts, 1991; Rowe and 

Roberts, 1995). 

 

6.4. Results and discussions 

The objective of this study was to investigate the relationship between the 

mechanical properties of a range of crystalline molecular substances and the 

energy required to displace the most weakly interacting slip planes in the 

respective lattices. To evaluate this relationship, knowledge of the crystal 

structure is essential. When a crystal is stressed it will respond by either 

fracturing or deforming. The deformation will invariably involve crystal planes 

that are the easiest to displace and hence characterized by the lowest 

(absolute) slip-plane interaction energy. To this end it has been examined 

whether the slip plane interaction energy (derived from the crystal surface 

attachment energies that are normally employed in morphology predictions) 

can be related to brittleness for a variety of pharmaceutical materials 
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including pharmaceutical actives (Roberts et al. 1994). For the situation 

when the crystal structure of a material and brittleness values are not 

available, the use of the largest interplanar d-spacing as a potential tool for 

predicting the mechanical behaviour of crystals has been explored. The d-

spacing has found some application in identifying the main crystal growth 

surfaces, and hence can serve as a first indicator for characterizing the 

strength of interaction between a given set of planes, the larger the d-

spacing the weaker the interaction between the planes. 

The attachment energy calculations based on intermolecular interactions can 

depend on the force field employed. In view of this, the two force fields 

considered, CVFF and Dreiding, were compared as to whether they can 

reproduce the crystal structure of each of the materials considered. For each 

material the crystal structure was optimised using both CVFF and Dreiding 

and the percentage deviation between the optimised structure and the 

experimental structure assessed (results are tabulated in Appendices E, F 

and G). A percentage deviation in the lattice parameters of less than 5% was 

considered to be acceptable (Payne et al. 1996). The CVFF force field was 

observed in general to yield a lower percentage deviation (< 5%) between 

the optimised unit cell parameters and the experimental parameters 

(Appendices E, F and G) when compared to the Dreiding forcefield. Despite 

being generally better, the CVFF force field however did show large 

deviations (5 - 12 %) for a number of specific materials such as aspirin, 

adipic acid, caffeine and sulfathiazole forms 2, 3 and 4 (Appendix E).  

It is clear from these results that the accuracy of the two force fields 

employed is not sufficient to discriminate, for instance, the stability of 

polymorphic forms based on lattice energies. The situation is different with 
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respect to the attachment energies which can exhibit marked differences for 

specific crystal faces that can be captured by such force fields (Hartman, 

1980). Whilst the attachment energy calculations were done in parallel using 

both force fields, only the data calculated using CVFF force field were used 

for further study, given its performance was overall superior. 

Earlier studies investigated the relationship between the mechanical 

properties of crystals and crystal attachment energies (Roberts et al. 1994). 

The attachment energy is the energy of interaction between a single 

molecule within a specific slice dhkl and all molecules in the lattice but not 

including those within the slice (Clydesdale et al. 1993). For characterizing 

the behaviour of lattice planes to applied stress the required quantity is the 

interaction energy between the planes. This is an extensive quantity and 

needs to be normalised with respect to the contact surface area, suggesting 

that the appropriate energy for characterizing the strength of interaction 

between a set of planes is the specific interaction energy. The attachment 

energy, being the energy required to attach a single molecule to a given 

surface, is therefore not appropriate. However the specific (absolute) 

interaction energy hkl for a set of planes characterized by the d-spacing dhkl 

(which is equivalent to the surface energy for the corresponding surface) can 

be estimated from the attachment energy Ehkl
att using the relationship 

(Hartman, 1980) 

 

VEdZ att

hklhklhkl 2/..
     6.3
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where Z is the number of molecules in the primitive unit cell and V is the 

volume of the primitive cell.   

The molecular modelling method used in this study calculated attachment 

energies per unit cell, therefore the specific interaction energies were 

calculated from the following equation 

 

VZEdZ att

hklhklhkl 2/..
    6.4 

 

The specific interaction energy has been termed as slip plane energy in this 

study. For each of the materials, the plane with highest d-spacing, the 

highest d-spacing value, the lowest attachment energy, the slip plane 

energy, the brittleness indices, hydrogen bonding dimension and number of 

molecules in primitive unit cell are tabulated in Table 6.1. 
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Table 6.1 Crystal and mechanical properties for a range of pharmaceutical compounds. 
 

Material 
Plane with 
highest d-
spacing 

Highest 
d-spacing 

(Å) 

Lowest 
attachment 

energy 
(kcal/mol) 

Slip plane 
energy 

(kcal/mol/
a2) 

Brittleness 
index 1 

 (KICo / σym)
2 

µm 

Brittleness 
index 2 
(H/KIC)      
µm-1/2 

Hydrogen 
bonding 

dimension 

Number of 
molecules in 

unit cell, Z 

Adipic acid (10-1) 6.93 -14.12 0.16 8.16 0.88 
1 D 2 

Paracetamol 
(monoclinic) 

(011) 7.24 -16.46 0.31 0.68 3.65 
2 D 4 

Sulfathiazole - 5 (1-10) 8.42 -10.83 0.17 1.06 - 
3 D 4 

Tolbutamide (200) 10.07 -12.37 0.17 5.01 
 

1 D 4 

Sucrose (001) 10.64 -16.88 0.25 1.21 2.88 
3 D 2 

Lactose 
monohydrate 

(020) 10.71 -33.27 0.46 2.22 1.45 
3 D 2 

Aspirin 
(monoclinic) 

(100) 12.16 -7.26 0.21 6.58 0.56 
0 D 4 

Theophylline (200) 12.85 -8.93 0.29 11.35 - 
1 D 4 

Sulfadiazine (100) 12.96 -10.45 0.25 10.82 - 
2 D 4 

Phenacetin (100) 13.28 -17.85 0.30 4.47 - 
1 D 4 

Ibuprofen (100) 14.26 -6.23 0.15 51.49 0.34 
2 D 4 

Caffeine  (200) 20.19 -8.16 0.34 3.20 - 
1 D 4 
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The lowest absolute attachment energy of each of the examined materials is 

plotted as a function of the Brittle Index 1 in Figure 6.3. The plot shows no 

correlation, indicating that as expected the attachment energy as defined is an 

inappropriate quantity for characterizing the relative strength of interaction 

between planes. This explains the variable results reported earlier by, for 

example, Sun and Kiang (2008) who reported a success rate of less than 50% 

for slip plane prediction using attachment energy calculations. 

 

 

Figure 6.3 Attachment energy versus brittleness index 1.  

 

Plot of the slip plane energy as a function of the Brittle Index 1 for each of the 

materials is shown in Figures 6.4. This figure shows a general trend between 

the respective quantities of slip plane energies and brittleness index 1 value, 

however the plot also reveal some clusters of outliers. 
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Figure 6.4 Slip plane energy versus brittleness index 1. 
 “very brittle” = sucrose, sulfathiazole and paracetamol,  “very ductile” = sulfadiazine and theophylline 

 

The general trend in Figure 6.4 indicates a relationship between the slip plane 

energy and brittleness index 1, with higher slip plane energies (corresponding to 

a stronger interaction) characterizing greater brittleness. This finding suggests 

that during milling, materials with planes that have a high slip plane energy 

being less able to exhibit slip will fracture more easily than those with lower slip 

plane energy, hence providing a greater propensity for size reduction. The 

correlation therefore offers a practical approach for ranking materials for ease of 

comminution. Despite the general trend there are two clusters of outliers. These 

include the group of materials; paracetamol (stable monoclinic form), sucrose, 

and sulfathiazole (sulfathiazole 5) are ‗very brittle‘ materials, and the second 

group comprising sulfadiazine and theophylline, which are ‗very ductile‘ in 

respect of brittleness index 1 value (Table 6.1).  The probable reasons for 

deviation of these groups of materials from the observed trend are discussed 

later in this chapter. 
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The plot of the brittle-ductile transition size (dcrit) as a function of the slip plane 

energy in Figure 6.5 also shows a general trend and a couple of clusters of 

outliers, the behaviour being very similar to the variation of brittleness as a 

function of slip plane energy. The general trend links higher slip plane energy to 

a lower particle size at which dcrit occurs, again confirming that materials with 

high slip plane energy have a greater propensity for size reduction. The physical 

view of this trend is that when all potential slip planes have interaction energy 

above some critical level, the crystal is unable to accommodate the stress by 

slip and instead fractures. However, since the slip plane energy is a function of 

the contact area between the planes, whether a crystal can exhibit slip or 

otherwise will depend on some coherent length (a length over which the planes 

are structurally ordered) limited by defects, and below this coherent length on 

the size of the crystal.   

 

 

Figure 6.5 Slip plane energy versus brittle-ductile transition size.  
“very brittle” = sucrose, sulfathiazole and paracetamol,  “very ductile” = sulfadiazine and theophylline 
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For crystals smaller than the coherent length the likelihood of accommodating 

stress by slip would be higher, as the overall contact area and the interaction 

energy between the planes are limited by the crystal size. As the particle is 

further reduced, there will come a distinct point (which will be different for each 

material) when the contact area and the associated overall interaction energy 

between the planes being limited by the particle size is low, and all applied 

stress is accommodated by slip.  

The experimental hardness (resistance of a material to local deformation) 

(Roberts, 1991) as a function of the slip plane energy for the weakest 

interacting plane for the range of materials is shown in Figure 6.6. These data 

also reveal a general trend, linking higher interaction-energy planes with greater 

hardness, and also show a couple of outliers (paracetamol and sucrose). This 

link is intuitive and expected, higher barriers to deformation defining greater 

hardness.    

 

  
 

Figure 6.6 Slip plane energy versus hardness value. 
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Whilst there do appear to be general trends in correlating brittleness and 

hardness to the specific interaction energy of the weakest interacting set of 

planes, it is clear from the outliers in the data that the mechanical behaviour of 

the crystals is not entirely captured by the slip plane energies. Slip by definition 

is the lateral displacement of a layer of molecules relative to another layer. The 

slip plane energies calculated here however reflect the work required to detach 

a layer in a direction perpendicular to the slip plane. The implication is that 

whilst low interaction energies may be indicative of slip planes with surfaces 

that are relatively flat, the interaction energies cannot be expected to predict slip 

planes when the surfaces are corrugated. 

Indeed, conceptually a set of planes with complementary corrugated surfaces 

which has zero interaction energy, for which the interaction energy hypothesis 

would falsely predict high slip tendency. In practice this set of planes is unlikely 

to exhibit slip as the required lateral displacement will be restricted by the inter-

twined corrugations. In a particularly exceptional case involving flat surfaces, 

the interaction energy as a predictor may still fail if the potential energy 

landscape for the relative displacement of the layers is equi- or near equi-

potential. Here although the interaction energy between the planes may be high 

or low but does not change (much) as the layers are translated, and the force to 

displace the layers is low or zero.  

With a view to identifying whether the outlier materials can be linked to inter-

twined corrugated surfaces which are not being captured in the slip plane 

energies, a qualitative visual assessment of the extent of corrugation for each of 

the materials (Figure 6.7, 6.8 and 6.9) was attempted.  
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Figure 6.7 Crystal structures without discernable slip planes a) lactose 
monohydrate b) sulfathiazole and c) sucrose. In all these crystal the 
molecules are connected by three dimensional hydrogen bonding 
networks. 
 

The extent and nature of the hydrogen bonding (i.e. whether restricted to within 

the layers or between the layers or both) thought to be a potential cause for the 

outliers. Hydrogen bonding would in fact be captured by the interaction energies 

and hence would not be expected to explain the outliers. Indeed lactose 

monohydrate, despite a strong three-dimensional hydrogen bonding network 

that link molecules within and between layers, complies with the overall trend 

(c) 
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and is not an outlier (Figure 6.3 & 6.4). This behaviour is probably due to 

potential energy landscape for the relative displacement of the slip planes of 

lactose monohydrate is equi- or near equi-potential, where hydrogen bond can 

break and form simultaneously and show some degree of ductility. Previously it 

is suggested that relatively weak hydrogen bonds connecting the slip planes of 

lactose monohydrate, on stressing molecular slip occurs by breaking these 

hydrogen bonds (Roberts et al. 1994).  

    

    

Figure 6.8 Crystal structures with less deformable slip plane a) 
paracetamol form 1 (monoclinic) b) aspirin (monoclinic) c) ibuprofen and 
d) tolbutamide. Molecules are connected by intraplanar hydrogen 
bonding. 

(a) (b) 

(c) (d) 
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Figure 6.9 Crystal structures with easily deformable slip planes of a) 
adipic acid b) caffeine c) paracetamol form II (orthorhombic) d) phenacetin 
e) sulfadiazine  and f) theophylline. Molecules are connected by hydrogen 
bonds within the slip plane and no interplanar hydrogen bonding occurs. 

(a) (b) 

(c) (d) 

(e) (f) 
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Results (Figure 6.7 & 6.8 a) suggest that the deviation observed for very brittle 

materials - sucrose, sulfathiazole and paracetamol are probably due to the 

corrugated and intertwined crystal structure observed at the slip planes for 

these crystals. Deviations for the extremely ductile materials are thought to be 

due to the presence of easily deformable slip planes and very high d-spacings 

(Figure 6.9 & Table 6.1).  

Ibuprofen was not considered in this correlation due to the marked dissimilarity 

in the brittleness indices measured using the two different methods (Table 6.1). 

However, the specific interaction energy and highest d-spacing of ibuprofen 

(Table 6.1) suggest that this material will demonstrate considerable ductility 

during processing. Micronisation of ibuprofen in this study also supports this 

finding and indicates that ibuprofen was less brittle compared to salbutamol 

sulphate and lactose monohydrate. 

From the above results and discussion it is probable that plastic deformation of 

pharmaceutical powders is not only related to the attachment energy or specific 

interaction energy of slip planes but also to the slip plane structure (how 

corrugated or intertwined), interplanar distance, hydrogen bonding motif, unit 

cell volume and dimension.  

The alternative approach elastic constants calculation (Day et al. 2001), would 

be a better predictor of slip behaviour. However, this approach too has 

limitations. Elastic constant calculations are based on the harmonic 

approximation and reflect the force constants for miniscule displacements of the 

lattice about the energy minimized crystal structure (Day et al. 2001). They only 

characterize the initial unperturbed state and not any subsequent stages 

involving additional barriers that may need to be overcome as the planes begin 

to displace. A better approach is possibly the use of molecular dynamics 
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simulation to simulate the relative lateral displacement of the planes and to 

monitor the energy barrier. Such simulations have in fact been carried out for 

crystals of the amino acid DL-norleucine but in another context (Anwar et al. 

2007).  

Figure 6.10 shows a general trend between the highest d-spacing (achieved 

from CSD data) and brittleness index 1 (Table 6.1) for materials used in this 

study, however a couple of outliers were observed in this trend. Figure 6.11 

shows a better trend compared to Figure 6.10, between the highest d-spacing 

and brittleness index 2 (Table 6.1) for different materials. Results (Figure 6.10 

and Figure 6.11) indicate that the higher the d-spacing the less brittle the 

material, which is probably due to slip planes with higher d-spacing 

demonstrating a greater propensity for plastic flow than slip planes with lower d-

spacing.  

 

 
 

Figure 6.10 Highest d-spacing versus brittleness index 1 (value on each 
point indicate brittleness index 1 value). 
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Figure 6.11 Highest d-spacing versus brittleness index 2 ((value on each 

point indicate brittleness index 2 value). 
 

However adipic acid is found to be an outlier in both figures (Figure 6.10 and 

6.11) and caffeine as an outlier in Figure 6.10. The reason for the deviation of 

these materials from the observed trend probably relates to the differences in 

methods used to determine the mechanical properties of these materials (Rowe 

and Roberts, 1995).  

To evaluate the observed correlations further, experimental surface free energy 

data were measured using inverse gas chromatography (IGC) (see section 2.2) 

for four of the starting materials (< 40 µm) mentioned in Figure 6.12. Surface 

free energy is the energy required to increase one unit surface area (Ticehurst, 

1995), therefore surface free energy of powders would have relationship with 

specific interaction energy and the brittleness values of materials. Experimental 

d-spacings for these materials were acquired by PXRD (see section 2.2). Figure 

6.12 shows the relationship between dispersive surface free energy and highest 
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will also demonstrate a high degree of brittleness with increased propensity for 

size reduction. 

 

 
 

Figure 6.12 Dispersive surface free energy versus highest d-spacing. 

 
 

  
 

Figure 6.13 Dispersive surface energy versus brittleness index 2. 
(circle mark indicates proposed brittleness value of SS, since the brittleness value for this compound is not available) 
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It is probable that materials with high d-spacing and low surface energy will 

deform more easily, therefore reducing the potential for brittle fragmentation.   

Although brittleness values for salbutamol sulphate have not yet been 

characterized, milling experiments suggest that salbutamol sulphate undergoes 

size reduction more readily than lactose monohydrate (Shariare et al. 2011) 

(Table 6.2), when these materials are processed using similar processing 

conditions and feedstock of similar particle size distribution (see section 6.3.2). 

Based on the observed relationship between d-spacing with dispersive surface 

free energy and the experimental observations of brittleness for the materials, it 

can be assumed that the brittleness of salbutamol sulphate will be between that 

of lactose monohydrate and paracetamol. The brittleness of salbutamol 

sulphate as shown in Figure 6.13 was calculated with consideration for the ratio 

of highest d-spacing of salbutamol sulphate relative to lactose monohydrate and 

paracetamol.  

 

 

Table 6.2 Particle size distribution data for the micronised batches of 
ibuprofen, lactose monohydrate, salbutamol sulphate and paracetamol 
powders. 
 

 

Material D50 (µm) PDI 

Ibuprofen 3.55 (0.07) 2.40 (0.19) 

Lactose monohydrate 3.00 (0.05) 2.00 (0.11) 

Salbutamol sulphate 1.74 (0.02) 1.82 (0.06) 

Paracetamol 1.50 (0.03) 1.73 (0.04) 
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Figure 6.14 Highest d-spacings versus median particle size. 

 

Figure 6.14 shows the relationship between highest d-spacing and median 

particle size of micronised drug materials. This result supports the trends 

observed in Figures 6.10 and 6.11 and suggests that material with low highest 

d-spacing demonstrates greater propensity for particle size reduction.  

The results indicate the potential for using highest d-spacing as a marker for 

processing of a polymorphic system. Beyer et al. (2001) observed that the 

orthorhombic form II of paracetamol having easily deformable slip planes 

(Figure 6.9 d) was facilitating compression process compared to the stable 

monoclinic form of paracetamol with less deformable slip planes (Figure 6.8 a).  

In this study orthorhombic form II of paracetamol also showed low value of 

highest d-spacing (form I has highest d-spacing value of 7.24 Å and form II has 

highest d-spacing value of 6.0 Å) and high value of attachment energy 

compared to stable monoclinic form (Appendix H). A micronisation study of two 

forms of paracetamol needs to be undertaken to evaluate whether the 

orthorhombic forms facilitate particle size reduction or reduce the propensity for 

size reduction. 
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Though several general trends have been identified between low energy slip 

planes with mechanical properties and d-spacing of model materials, a number 

of issues must be further resolved in order to achieve better predictability of 

mechanical properties from x-ray diffraction data. Bassam et al. (1988) 

previously observed that particle size and sources of materials demonstrated a 

marked effect on mechanical properties of microcrystalline cellulose. The 

measured mechanical properties of materials used to calculate the brittleness 

index may vary due to differences in measurement methodology, inter-operator 

variability and variation in particle attributes. Table 6.3 shows the considerable 

differences observed for measurements of the critical stress intensity factor 

measured using different methods and by different researchers for sucrose and 

paracetamol.  

 

Table 6.3 Critical stress intensity factor measured using different methods 
for sucrose and paracetamol (adapted from Rowe and Roberts, 1995). 
 

 
Method 

Critical stress intensity factor 
(MPam1/2) 

Reference 

Sucrose 

Indentation 

0.078 Antis et al. (1981) 

0.089 Laguier (1987) 

0.104 Lankford (1982) 

Single 
edge 

notched 
beam 

0.224 
Roberts et al. 

(1993) 

Paracetamol 

Indentation 0.05 

Rowe and 
Roberts, 1995 

Single 
edge 

notched 
beam 

0.12 
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In this study while evaluating the relationships between highest d-spacing and 

the two different brittleness indices, brittleness index 2 showed relatively 

improved correlation with d-spacing than brittleness index 1. The 

methodological differences in calculating the brittleness indices could be partly 

responsible for the weaker correlation between attachment energy and 

brittleness indices. Furthermore the BFDH theory used to construct slices for 

the attachment energy calculation also does not consider the effects of any 

habit controlling factors (Liu and Bennema, 1996) on the relative growth rates of 

different crystal faces. More sophisticated methods (Hartman–Perdok 

approach) of calculating the attachment energy should therefore be investigated 

in order to enable improved prediction of mechanical properties. 

 

6.5. Conclusion 

The results of this study suggest that the CVFF force field has greater potential 

for calculating the attachment and lattice energies of molecular crystals 

compared to other force fields considered in this work. Relationships were 

observed between slip plane energy with brittleness index 1 and brittle-ductile 

transition sizes of materials, although correlations were not maintained for 

highly brittle and ductile materials. This phenomenon is most likely due to the 

influence of slip planes structure, slip plane energy, interplanar distances, unit 

cell volume and dimension of materials studied. Potential relationships were 

also observed between experimental surface free energy, experimental 

mechanical properties (brittleness indices) and median particle size with highest 

d-spacings for the materials tested. These results suggest that materials with 

corrugated slip plane structure, high slip plane energy and low highest d-

spacing demonstrate greater propensity for brittle fragmentation and therefore 
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greater propensity for size reduction. These findings give support for the 

hypothesis that PXRD data (highest d-spacing) can be used as a tool to predict 

rapidly the mechanical behaviour of organic materials, when the crystal 

structure data and mechanical properties are not available. This approach could 

be used to rank materials in terms of their mechanical properties for predicting 

the outcomes of processing steps. However it is recognized that to achieve 

stronger correlations, more rigorous force fields and methods are required. In 

addition variations in the measured values of mechanical properties due to 

specimen effects can contribute to deviations from predicted behaviour. Newer 

controlled methods such as nano-indentation should therefore be considered to 

provide more consistent and accurate measurements of mechanical properties. 
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Chapter 7  

General discussion and Future work 

 

7.1. Introduction 

Micronisation has been shown to have considerable impact on the bulk and 

surface properties of particulate drug substances, which can influence the 

performance of pharmaceutical finished products. The studies reported in this 

thesis have been designed to explore fundamentally and experimentally the 

interaction between crystal characteristics and process variables, and their 

influence on the quality of micronised materials. In particular this thesis was 

focussed an explicit assessment of the links between mechanical properties 

and crystal structure. To this end, crystal characteristics such as size, 

morphology, structure and density of defects combined with variations in 

processing conditions were found to influence the bulk and surface properties of 

a range of micronised powders; these findings are described and discussed in 

Chapters 3, 4, 5 and 6. This chapter highlights the major findings of this thesis 

and elaborates on their consequences and practical applications. 

 

7.2. General background, materials and methods used in this thesis 

In Chapter 1 the scientific background related to particle size reduction and 

details of the issues associated with comminution methods are presented. The 

effects of crystallisation conditions and the ability to modulate crystal properties 

through crystal engineering are also discussed. Chapter 2 provides details of 

materials, instrumentation and analytical techniques used to interrogate the bulk 

and surface properties of the model compounds evaluated in this thesis.  
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7.3. Major findings from studies with alpha lactose monohydrate 

In Chapter 3, the effect of particulate properties of three grades of lactose 

monohydrate, with sizes above and below the reported brittle-ductile transition 

size (dcrit), and relationships with process variables, on the quality of micronised 

material are described and evaluated. 

DSC data showed exothermic transitions (recrystallisation of amorphous 

lactose) for a number of batches micronised from coarser grade lactose 

monohydrate, whilst batches micronised from finer grade starting material (L-

Dcrit) did not show this event. This finding is thought to be due to the reduced 

residence time during milling for finer grade starting material, which reduces the 

number of fracture events when compared to coarser grade starting material. 

The DSC results also indicated that changes in dehydration behaviour of 

lactose monohydrate samples were dependent on particle size, with ultrafine 

materials showing more facile loss of water of crystallisation. This phenomenon 

was observed for particles below 75 µm, while particles above this size showed 

no marked difference in dehydration behaviour.  

Results also showed that it was possible to micronise lactose monohydrate to 

sizes below the reported brittle-ductile transition (23.7 µm) (Roberts, 1991). This 

observation is linked to the changes in comminution mechanism from impaction 

to attrition in the air jet mill. These results thus provide evidence that particle 

size reduction is achievable below the reported brittle-ductile transition, when 

attrition forces dominate. Particle size distribution data indicate an approximate 

linear trend between starting material median size and the average median size 

achieved for micronised drug particles, which demonstrates that smaller sized 

lactose monohydrate feedstock should be used to achieve ultrafine micronised 

drug particles. The degree of disorder induced in the micronised material was 
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however dependent on the particle size of the feedstock and the levels at which 

the process conditions were set, observations which support the data and 

conclusions drawn from corresponding DVS analyses. 

IGC did not indicate any notable changes in dispersive surface free energy for 

micronised batches of lactose monohydrate compared to starting materials. 

This lack of change is attributed to the absence of non-polar molecular 

fragments in lactose monohydrate. However, batches micronised from larger 

and intermediate sized particles exhibited increased specific surface free 

energy for the THF probe with the increased probability for exposure of acidic 

surfaces than the respective starting materials. This finding is explained by the 

increased surface area of major habit faces [(020) and (001)], which are more 

acidic in chemical nature due to the presence of hydroxyl moieties on these 

faces (Saxena et al. 2009). Micronised batches of the finest starting material 

(<20 µm) on the other hand, typically demonstrate amphoteric characteristics 

due to the increased relative facet area of the (001) face, which shows greater 

potential for both electron acceptor and electron donor ability compared to other 

major habit faces of lactose monohydrate (Saxena et al. 2009). 

In addition to the influence of feedstock characteristics, the results show that the 

impact of processing conditions was dependent on the size of three grades of 

lactose monohydrate. Grinding pressure (GP) was shown to be the most 

important of the three processing variables examined with marked impact on 

the degree of particle size reduction, the relative crystallinity and the surface 

free energy of micronised batches compared to starting materials. These 

findings are thought to be related to the decreased particle size and increased 

disruption of the crystal structure at the surfaces of micronised lactose 

monohydrate when processed at high GP. 

- 
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7.4. Major findings from studies with ibuprofen 

The studies reported in Chapter 4 were directed to evaluate the influence of 

crystallisation conditions (solvent, cooling rate and supersaturation ratio) on the 

overall morphology of ibuprofen crystals.  Manipulation of overall morphology 

enabled an assessment to be made upon the subsequent impact of this crystal 

property on particle size reduction behaviour. This allowed a molecular level 

rationale and perspective to be developed for improving the quality attributes of 

micronised ibuprofen powders. 

Results of this morphology based study show that crystallisation conditions and 

the solvents used during crystallisation influenced markedly the 

physicochemical and mechanical properties of ibuprofen crystals, which then 

influenced the particle size reduction mechanism for this material. Particle size 

reduction of ibuprofen was hypothesised to occur through slip planes (100) by 

brittle fragmentation for larger sized (50-250 µm) crystals isolated from ethanol 

(Et-Ibu) with consequent increases in the surface area of non-polar (100) faces 

after micronisation. This hypothesis is supported by evidence from IGC data 

which indicated increased dispersive surface free energy and decreased 

specific surface free energy measured using the probe THF for this micronised 

material. Conversely, micronisation of Et-Ibu < 40µm resulted in an increased 

specific surface free energy for all polar probes (Table 4.3). In this instance, the 

particle size reduction mechanism probably changes from brittle fracture to 

attrition leading to increased surface area of polar faces with increased surface 

exposure of both electron donor and acceptor groups. Non-polar faces 

dominate the morphology of Hx-Ibu crystals and therefore limited changes in 

exposure of non-polar groups during processing. It was hypothesised that 

attrition forces were primarily responsible for effective size reduction of Hx-Ibu 
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crystals for both (50-250 µm) and < 40 µm starting materials. This argument is 

also supported by findings from the IGC data, which showed similar trends in 

dispersive and specific surface free energy for batches micronised from both 

sized Hx-Ibu crystals. Particle size reduction data suggest that the critical 

particle size (dcrit) at which the fracture mechanism changes for ibuprofen 

occurred at sizes lower than the 854 µm dimension reported by Rowe and 

Roberts (1995) and the 125 - 355 µm range previously demonstrated by 

Larsson and Kristensen (2000). This observation is attributed to the effect of 

attrition forces, which typically dominate the comminution process in air jetmills. 

Results suggest that needle like Hx-Ibu crystals demonstrated a greater 

propensity for comminution than the counterpart Et-Ibu crystals when 

micronised under similar processing conditions. This finding is most likely 

related to the small width of needle like crystals for which the crack propagation 

length decreases. It may also be due to the differences in the relative facet 

areas for the different morphologies of ibuprofen crystals, with associated 

differences in the deformation behaviour and slip direction, which can influence 

the size reduction process.  

In addition to the effect of particle morphology, starting material particle size 

also showed marked effects on the propensity for particle size reduction of 

ibuprofen, with a similar trend to that observed for lactose monohydrate, and 

indicating that small sized starting material should be used to achieve ultrafine 

micronised powders of ibuprofen. However, starting material crystallised from 

hexane (Hx-S1L) using a large crystallisation vessel gave low VMD micronised 

powder when compared to batches micronised using Hx-S1 crystals with similar 

sized starting materials. This finding is thought to be due to the presence of 

cracks on the edges of the Hx-S1L particles (Figure 4.12) at which forces 
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concentrate to propagate these cracks, enabling interactions with neighbouring 

cracks. This event has the potential to lead to crack coalescence and 

subsequent macroscopic particle size reduction (Wong et al. 2001).  

IGC data showed higher dispersive surface free energy for crystallised and 

micronised Hx-Ibu crystals when compared to Et-Ibu crystals, which 

subsequently influenced the flow characteristics of this material. The high 

surface free energy of Hx-Ibu crystals is thought to be related to the high 

percentage of relative facet area of major non-polar faces and a notable degree 

of disorder generated on the surface of the micronised crystals. The dissolution 

behaviour of micronised powders was however directly linked to the morphology 

and the size of the micronised materials. Micronised Hx-Ibu crystals 

demonstrated a faster dissolution rate compared to micronised Et-Ibu crystals, 

which is probably due to the greater specific surface areas of Hx-Ibu micronised 

material. The increased acidic characteristics of micronised Hx-Ibu crystals 

occurs as a result of the increased facet area of relatively polar (011) and (110) 

faces after micronisation. This finding may also be due to the generation of 

surface disorder of these faces, for which hydroxyl groups are exposed to a 

greater extent, may also contribute to this effect and potentially give rise to 

faster dissolution rates. Alternatively, larger sized Et-Ibu crystals are believed to 

fracture through the non-polar (100) slip plane and thus the relative surface 

area attributed to the non-polar faces would be greater than that observed for 

polar faces.  

From an overall controlled processing perspective, GP was again shown to be 

important, with marked effect on the propensity for particle size reduction and 

surface free energy of micronised powders. However, the extent of this effect 

was dependent on the morphology of ibuprofen crystals. The GP was shown to 
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have a greater impact on the characteristics of Hx-Ibu needle like crystals than 

on Et-Ibu plate like crystals. It is proposed that the high aspect ratio of Hx-Ibu 

crystals gave rise to more fracture events compared to Et-Ibu crystals, so giving 

a greater propensity for size reduction. Decreased feed rate (FR) during 

micronisation was also shown to influence the magnitude of particle size 

reduction. At low FR, a reduced number of crystals will remain inside the mill, 

which gives rise to increased impact velocity and energy distribution per unit 

mass of material, with subsequent improvement in comminution for this ductile 

material. However for lactose monohydrate, FR did not show any marked effect 

on particle size reduction. This result is linked to previous findings (Rowe and 

Roberts, 1995) which indicated that lactose monohydrate not only demonstrated 

brittle behaviour but also ductility during processing.  

 

7.5. Major findings from studies with salbutamol sulphate (SS) 

In Chapter 5, studies undertaken to investigate the influence of crystallographic 

quality (cracks, defects and dislocations) and the morphology of crystals (which 

are linked to the crystallisation conditions used in their production) on the 

micronisation behaviour of SS were presented. A subtle but marked difference 

in morphology of SS crystals was achieved through changes in crystal growth 

mechanism and variations in the growth rate of different crystal faces. The 

principal controlling factor of crystal quality was the level of supersaturation 

produced under a range of cooling rates during crystallisation. Higher stirring 

rates and duration of stirring has probably caused secondary nucleation to 

occur, leading to difficulties in the incorporation of growth units into the crystal 

lattice. This phenomenon then results in a change in growth mechanism (BCF 

mechanism with spiral growth) with consequences for the morphology produced 
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for SS2 crystals. From the results of the crystallisation experiments, it is 

hypothesised that by controlling the stirring rate and duration of stirring the level 

of crystal cracks and defects can be controlled and that the frequency of cracks 

and defects will influence the behaviour of the crystals on subsequent 

processing. Solid surface characterisation of crystallised SS samples showed 

variations in the relative facet area of major habit faces and the degree of 

defects generated for the different morphologies of SS. Particle size data from 

batches micronised from SS3 needle like crystals demonstrated lower VMD 

compared to batches micronised from SS1 and SS2 plate like crystals. A similar 

phenomenon was observed previously for ibuprofen, where a needle like 

morphology facilitated the production of ultrafine powder by micronisation. 

Batches micronised from SS2 exhibited lower crystallinity and higher surface 

free energy than batches micronised from SS1 and SS3, which was attributed 

to the greater degree of defects and dislocations present in the SS2 starting 

material. Micronised batches of SS2 and SS3 indicated more surface 

amphoteric behaviour on IGC analysis compared to batches micronised from 

SS1 starting material. This finding is due to the increased exposure of both 

electron donor and acceptor groups at particle surfaces of SS2 and SS3 

micronised batches which have increased surface area of the (002) face. It can 

therefore be hypothesised that size reduction of SS2 and SS3 crystals occurs 

by brittle fragmentation, primarily through the (002) face (Figure 5.4), while for 

SS1 crystals size reduction is likely to occur by brittle fragmentation through 

(200) face which is the lowest attachment energy slip plane of SS (Feeley, 

1999).  

From milling experiments on SS it can be concluded that this compound is more 

brittle than lactose monohydrate, when using similar processing conditions and 

- 

- 
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feed stock. Micronised powder of smaller particle size was achieved for SS 

when compared to lactose monohydrate. As discussed above it is hypothesised 

that SS crystals have two possible slip or cleavage planes through which 

particle size reduction can take place. The results indicate that particle size 

reduction of SS crystals via the preferred slip plane is dependent on the 

morphology of these crystals. It is also possible that these crystals may have 

multiple slip systems due to low attachment energies of the major habit planes, 

as suggested by Roberts et al (1994), which will influence the propensity for 

particle size reduction. However from this study the degree of defects observed 

for different morphologies of SS has most likely influenced the size reduction 

process. Batches micronised from SS2 produced highly disordered micronised 

drug particles compared to batches micronised from SS1 and SS3, an effect 

which is attributed to the high density of defect observed for SS2 crystals. This 

finding is probably also due to increased plastic deformation for SS2 starting 

materials during micronisation, which increases milling residence time with the 

consequences on the quality of the micronised drug substances. Defects were 

observed for almost all crystallised batches of SS. It is therefore the location of 

defects in the crystals rather than their density which seems to be responsible 

for changes in mechanical properties. Previous studies (Wong et al. 1988) in 

this area suggest that when defects are positioned parallel to the cracks, their 

influence on the particle size reduction process is diminished. However when 

defects intersect cracks perpendicularly, particle size reduction is markedly 

affected by blocking the crack propagation process. In the presence of high 

levels of defects and dislocations, entanglement (or jamming) occurs, which can 

result in increased crystal hardness and a reduced propensity for size reduction 

(Roberts et al. 1994). Further studies to determine the impact of the position of 
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crystal dislocations with respect to cracks should be undertaken to develop a 

greater understanding of this aspect of crystal quality. 

Results from all model compounds indicate that during milling, surface disorder 

is most likely to be introduced primarily on the cleavage plane and to some 

extent on other major habit faces of the crystals. The molecular orientation and 

the exposed functional groups of these faces therefore have a major influence 

on the overall surface characteristics of micronised drug particles. The findings 

also indicate that during milling, forces are mainly concentrated on the major 

habit faces of the crystals, particularly the slip planes. Particle size reduction 

therefore might be facilitated by changing the surface areas of the slip planes 

through manipulating the morphology of crystals by means of crystal 

engineering (eg. solvent variation, cooling rate and tailor made additives etc).  

From the findings of previous (eg. Heng et al. 2006) and present studies, it can 

be hypothesised that an increase in surface free energy results from a number 

of factors - an increase in surface disorder, an increase in surface area, 

increase in elastic strain energy and the opening of new crystal faces with high 

surface free energy after micronisation. It can also be argued that the opening 

of new and more polar crystal faces after micronisation may affect the 

determination of relative crystallinity of micronised drug particles using dynamic 

vapour (water) sorption. An increase in facet area of more polar faces, likely to 

adsorb higher amounts of moisture, will affect the calculated relative crystallinity 

of the micronised batches based on DVS methods. This may affect the results 

even when considering the same morphology of small sized starting material as 

the 100% crystalline standard sample. 

In vitro studies undertaken using micronised samples of SS have indicated that 

the aerosol characteristics of these materials are linked to the attributes of the 
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starting materials. Aggregates in the size range 60-70 µm, produced from SS2, 

had a high dispersive surface energy (60 – 70 mJ/m2) yet showed favourable 

aerosol performance. Typical considerations for aerosol performance suggest 

that these characteristics may not be favourable for a DPI system, where drug 

particles are blended with carrier particles. Due to the highly energetic nature of 

SS2-1 drug particles, there will be a diminished balance between the cohesive 

and adhesive forces of the formulation with subsequent impact on 

aerosolisation behaviour. However in this study, the results suggest that the 

electrostatic force experienced by the drug powder is likely to be a more 

important factor influencing aerosolisation from a DPI compared to capillary 

interactions and crystal growth. It is therefore important to investigate the 

factors influencing the electrostatic characteristics of dry powder inhaler 

formulations.  

From these results for SS, it is proposed that particle size reduction occurs 

through several mechanisms. For materials above the critical brittle-ductile 

transition size, particle size reduction may occur by brittle fragmentation through 

slip planes or brittle fragmentation through crystallographic cracks. When the 

particle size reaches the critical point, size reduction occurs through attrition 

forces. However the extent of plastic deformation during size reduction and the 

aerosolisation behaviour of micronised SS is influenced by the crystal structure 

(slip plane structure, slip plane energy, hydrogen bonding motif and interplanar-

spacing), size and morphology of the crystals. Structure, size and morphology 

of crystals are markedly influenced by the crystallisation process (stirrer type 

and duration) and conditions, therefore particle size reduction and 

aerosolisation behaviour of drug particles can be facilitated by controlling the 

crystal characteristics during crystallisation. 
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The starting material particle size showed a marked influence on the propensity 

of particle size reduction for SS crystals, in a manner similar to the observations 

made for lactose monohydrate and ibuprofen. For each compound, it is 

proposed that small sized starting material be used to produce ultrafine 

powders which are highly crystalline. However, a higher degree of size 

reduction was observed for larger sized starting materials compared to small 

sized starting materials. This finding is most likely related to larger sized starting 

materials having a greater number of cracks and flaws compared to small sized 

starting materials with similar morphology. This behaviour influenced the 

micronisation behaviour of SS crystals and the subsequent quality of micronised 

drug particles.  

In studies to evaluate the effect of processing parameters on SS micronisation, 

GP was kept constant during micronisation, since Brodka-Pfeiffer et al. (2003) 

found that GP has a marked impact on particle size reduction whilst also 

influenceing the crystallinity of SS. FR however, also showed marked influence 

with increases in this parameter, facilitating size reduction of SS, which is in 

contrast to the results observed for ibuprofen. From this finding it is proposed 

that increased FR increases the comminution potential for brittle materials (eg. 

salbutamol sulphate), while decreasing the magnitude of size reduction for 

ductile materials (eg. ibuprofen). 
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7.6. A rapid method for predicting the processing behaviour of 

pharmaceuticals 

The studies in Chapter 6 were focused on developing a method to enable a 

ranking of processing behaviour for comminution without the need for complex 

measurements of mechanical properties. Relationships between 

crystallographic planes with highest d-spacing and specific interaction energy 

(slip plane energy) and the mechanical behaviour of materials were evaluated in 

an attempt to provide a means of ranking the processing behaviour of 

pharmaceutical materials. Relationships between slip plane energy with 

brittleness index and brittle ductile transition size for a range of materials 

suggested that slip planes with high specific interaction energies lead to greater 

brittleness, enabling facile fracture and effective size reduction. This behaviour 

is thought to be due to materials with high slip plane energies being less 

deformable compared to materials with low slip plane energy. However 

materials at the extremes of brittleness and ductility did not follow the trend. 

Crystal structures of these materials were therefore investigated further. It 

became evident that corrugated and intertwined crystal structures were 

observed at the predicted slip planes for very brittle crystals. Lactose 

monohydrate, on the other hand, has a three dimensional hydrogen bonding 

pattern and did comply with the observed trend. This behaviour is probably due 

to potential energy landscape for the relative displacement of the slip planes of 

lactose monohydrate is equi- or near equi-potential, where hydrogen bond can 

break and form simultaneously and show some degree of ductility. Previously it 

is suggested that relatively weak hydrogen bonds connecting the slip planes of 

lactose monohydrate, on stressing molecular slip occurs by breaking these 

hydrogen bonds (Roberts et al. 1994).  
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Deviations for the extremely ductile materials are thought to be due to the 

presence of easily deformable slip planes and very high d-spacings.  

Thus, it is hypothesised that the plastic response of pharmaceutical powders 

during processing is not only related to slip plane energy but also to the slip 

plane structure, interplaner distance, hydrogen bonding motif , volume and 

dimension of unit cell. 

In addition, the relationship observed between experimental highest d-spacing 

with experimental surface free energy and brittleness indices suggests that 

materials with low values of highest d-spacings exhibit a high dispersive surface 

free energy and will behave as brittle materials during processing. It is likely that 

materials with high d-spacing and low surface energy will deform more easily, 

thereby reducing the potential for brittle fragmentation.  The brittleness index 

value of SS was predicted by considering the relationships of experimental 

highest d-spacing and dispersive surface free energy with brittleness index. 

This value is consistent with the observations following the milling behaviour of 

SS, when micronised with similar processing conditions and particle size of feed 

stock (< 40 µm) used for other materials (lactose monohydrate, ibuprofen and 

paracetamol).  

From these results it can be concluded that the highest d-spacing of a material, 

which can be observed within a period of 10 minutes analytical examination 

using PXRD could be used to predict the processing behaviour of 

pharmaceutical materials.  

It is also clear from the studies reported in this thesis that molecular modelling 

provides a valuable insight into the solid surface chemistry and thereby into the 

processing behaviour of pharmaceutical materials. However a range of issues 

must be resolved to improve these proposals and predictions. In reality, all 
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crystals contain impurities, cracks and defects, which markedly impact the 

crystal strength and other mechanical properties. Whilst crystal structures 

constructed using molecular modelling relate to perfect crystals, no account is 

taken on the impact of lattice defects on the material. The molecular orientation 

and exposed functional groups of major crystal faces demonstrated in this study 

for the model compounds have been constructed based on analyses using 

molecular modelling with material existing in vacuum. On the other hand, in real 

crystals molecular orientation and exposed functional groups may vary from the 

simulated surfaces due to the environment and conditions (eg. solvent) used for 

the crystallisation of the model compounds. Crystal growth kinetics therefore 

should be considered during the growth morphology calculations to provide a 

better understanding of the influence of solid surface chemistry during drug 

processing and delivery. 

 

7.7. Conclusions 

In summary, when considering the starting material particle size of the three 

model compounds used in this thesis, it has been found that the small sized 

starting material can be used to achieve ultrafine powders with high crystallinity. 

This finding is attributed to the reduced number of fracture events necessary to 

reduce the size of the particles to an adequately small size for exit from the 

microniser leading to a decrease in residence time. However, the frequency of 

crystal cracks has a marked impact on the micronisation behaviour, since size 

reduction was facilitated for ibuprofen crystals with a greater number of cracks 

(HxS1L) compared to crystals with a reduced number of cracks (Hx-S1) having 

similar size feedstock. On the other hand, the SS starting material with a high 

degree of crystal imperfection demonstrated highly energetic and less 
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crystalline micronised powder compared to starting material with fewer 

imperfection. Thus these results suggest that cracks in crystals facilitate particle 

size reduction, whilst crystal dislocations reduce the propensity for size 

reduction depending on their location with respect to crystal flaws. 

The morphologies of crystals showed a marked effect on the magnitude of size 

reduction of SS and ibuprofen. Results suggest that needle like morphology 

facilitated size reduction for both materials, which is attributed to the small crack 

propagation length of this morphology. This behaviour may also be related to 

differences in the relative facet area for the different morphologies of these 

materials, with associated differences in the deformation behaviour and slip 

direction which can influence the size reduction process. 

Crystal structure is known to have marked impact on particle size reduction. In 

this study it is proposed that for coarse size starting material, the presence of a 

flat slip plane with less specific interaction energy between the plane may 

facilitate particle size reduction by brittle fragmentation through the slip plane. 

However crystals with corrugated and intertwinned slip plane structure are likely 

be size reduced by brittle fragmentation via the crystallographic cracks and 

flaws. For crystal structures having both flat slip planes and crystallographic 

cracks, size reduction is most likely to occur through brittle fragmentation in a 

manner which requires less energy to overcome the fracture strength of 

crystals. This pattern of behaviour may also occur by a combination of both 

mechanisms, depending on how easily the slip plane fracture through the 

intermolecular bonds and the actual density of crystallographic cracks present 

in the crystals.  
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However below the critical particle size (dcrit), size reduction is thought to occur 

randomly by attrition or shearing forces and therefore crystal morphology and 

structure will have less influence during the size reduction of small particles.  

The above findings and knowledge generated, has allowed a simple method for 

ranking the processibility of drug substance with regard to the  milling of powder 

drug substances. A general relationship has been showed between highest d-

spacing and brittleness of materials, which are described using the 

crystallograhic structures and interactions.  Whilst certain materials appear as 

outliers to this general relationship, explanations are provided for this behaviour 

based on crystallographic architecture. 
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7.8. Future work 

From the overall findings, the following future work is recommended to develop 

this work further 

 

 Crystallise a range of pharmaceutical materials with different morphologies and 

measure their mechanical properties using a new sophisticated method (eg. 

nanoindentation) to probe relationships between the morphology of materials 

with mechanical properties and propensity for micronisation. 

 Generate single crystal and powder x-ray diffraction measurements of these 

pharmaceutical materials with different morphology, to explore linkages 

between crystal structure and mechanical properties of materials, which will 

assist in developing predictive rules enabling prediction of processing 

behaviour. 

 Develop a molecular level understanding of the generation of crystal cracks and 

defects; identifying methods to investigate the degree of cracks and defects 

generated in the crystal and their relative position in crystallographic orientation 

to evaluate the propensity for particle size reduction.  

 Conduct experiments to understand the aerosolisation behaviour of SS using 

carrier particles to demonstrate the differences in dispersion characteristics 

between drug alone and drug-carrier formulations.  

 Undertake molecular modelling studies using alternative methods (eg. 

sophisticated force field and charges) for a range of pharmaceutical materials, 

when considering both thermodynamics and kinetics of crystallisation to 
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understand further, whether changes in morphology has an impact on crystal 

structure parameters, lattice and attachment energies. 

 Combined modelling and experimental studies of the surface energetics for a 

range of pharmaceutical materials to understand the interaction mechanisms 

underlying the values determined by IGC. 
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Appendix A: PXRD data of freeze dried amorphous lactose standard 
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Appendix B: PXRD data of freeze dried amorphous salbutamol sulphate 
standard 
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Appendix C: Calibration curve used to calculate the concentration of 
ibuprofen in dissolution medium at fixed time interval 
 

 

 

 
 
 
 
Appendix D: Calibration curve used to calculate the concentration of SS at 
different stages of TSLI, ACI, device and capsule shell. 
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Appendix E: Experimental and optimised unit cell parameters for compounds using the CVFF (force field assigned 
charges) force field. (Values underlined and in bold showing percentage deviations of more than 5%) 

  
 

% Dev. = percentage deviation 

 
 
 
 
 
 

Material 

Experimental unit cell parameters Optimised unit cell parameters 

a (Å) b (Å) c (Å) α  (
0
) β  (

0
) γ  (

0
) a (Å) % dev. b (Å) 

% 
dev. 

c (Å) 
% 

dev. 
α  (

0
) β  (

0
) 

% 
dev. 

γ  (
0
) 

Ibuprofen 14.67 7.89 10.73 90.00 99.44 90.00 14.47 1.7 7.84 0.6 10.48 2.4 90.00 99.64 -0.2 90.00 

Aspirin (monoclinic) 11.23 6.54 11.23 90.00 95.89 90.00 12.18 -8.4 6.12 6.4 11.19 0.4 90.00 92.99 3.0 90.00 

Paracetamol-2 
(orthorhombic) 

17.17 11.78 7.21 90.00 90.00 90.00 17.12 0.3 12.00 -2.0 7.26 -0.6 90.00 90.00 - 90.00 

Paracetamol-1 
(monoclinic) 

7.09 9.26 11.66 90.00 97.67 90.00 7.07 0.4 9.41 -1.5 11.42 2.0 90.00 96.55 1.1 90.00 

Alpha lactose 
monohydrate 

7.98 21.56 4.82 90.00 109.6 90.00 7.74 3.1 21.41 0.7 4.87 -1.0 90.00 108.3 1.2 90.00 

Adipic acid 7.18 5.15 10.02 90.00 111.1 90.00 7.59 -5.7 4.78 7.2 10.01 0.8 90.00 109.9 1.1 90.00 

Sucrose 7.72 8.68 10.82 90.00 103.00 90.00 7.64 1.1 8.72 -0.5 10.94 -1.1 90.00 103.3 -0.3 90.00 

Theophylline 24.61 3.83 8.50 90.00 90.00 90.00 25.71 -4.4 3.98 -4.0 8.30 2.4 90.00 90.00 - 90.00 

Phenacetin 13.32 9.62 7.73 90.00 103.99 90.00 13.69 -2.8 9.54 0.8 7.49 3.1 90.00 104.2 -0.2 90.00 

Tolbutamide 20.16 14.95 6.79 90.00 97.83 90.00 20.13 0.1 9.18 -1.4 7.70 1.9 90.00 90.00 - 90.00 

Caffeine 42.52 14.95 6.79 90.00 97.83 90.00 41.25 3.0 14.81 0.9 7.32 -7.7 90.00 101.7 -3.9 90.00 

Sulfadiazine 13.68 5.82 14.80 90.00 115.04 90.00 14.36 -4.9 5.62 3.5 15.45 -4.4 90.00 115.6 -0.5 90.00 

Sulfathiazole 1 15.50 8.49 17.43 90.00 112.76 90.00 16.03 -3.4 8.44 0.6 17.27 0.9 90.00 107.8 4.4 90.00 

Sulfathiazole 2 10.50 12.96 17.18 90.00 107.65 90.00 10.52 -0.2 13.73 -5.9 16.31 5.0 90.00 107.0 0.6 90.00 

Sulfathiazole 3 10.82 8.49 11.40 90.00 91.88 90.00 9.75 9.9 9.46 -11.3 11.87 -4.1 90.00 94.33 -2.7 90.00 

Sulfathiazole 4 8.24 15.56 8.59 90.00 90.00 86.34 8.52 -3.5 15.6 -0.3 8.73 -1.59 90.00 90.00 12.0 76.00 

Sulfathiazole 5 10.87 11.46 8.54 90.00 90.00 91.87 10.99 -1.2 11.93 -4.2 8.84 -3.5 90.00 90.00 -3.3 94.92 



230 
 

Appendix F: Experimental and optimised unit cell parameters for compounds using the Dreiding (Qeq charges) force 
field. (Values underlined and in bold showing percentage deviations of more than 5%) 
  
 
 

% Dev. = percentage deviation 

 
 
 
 
 
 
 
 

Material 

Experimental unit cell parameters Optimised unit cell parameters 

a (Å) b (Å) c (Å) α  (
0
) β  (

0
) γ  (

0
) a (Å) 

% 
dev. 

b (Å) 
% 

dev. 
c (Å) % dev. α  (

0
) β  (

0
) 

% 
dev. 

γ  (
0
) 

Ibuprofen 14.67 7.89 10.73 90.00 99.44 90.00 14.90 1.6 7.84 0.6 10.67 0.5 90.00 96.63 2.8 90.00 

Aspirin (monoclinic) 11.23 6.54 11.23 90.00 95.89 90.00 11.43 -1.8 6.66 -1.9 11.13 0.9 90.00 95.02 0.9 90.00 

Paracetamol-2 
(orthorhombic) 

17.17 11.78 7.21 90.00 90.00 90.00 17.60 -2.5 11.85 -0.6 7.37 -2.2 90.00 90.00 - 90.00 

Paracetamol-1 
(monoclinic) 

7.09 9.26 11.66 90.00 97.67 90.00 7.32 -3.2 9.25 0.1 11.46 1.7 90.00 98.39 -0.7 90.00 

Alpha lactose 
monohydrate 

7.98 21.56 4.82 90.00 109.6 90.00 8.11 -1.6 22.19 1.7 5.05 -4.7 90.00 115.4 -5.3 90.00 

Adipic acid 7.18 5.15 10.02 90.00 111.1 90.00 6.30 12.2 5.78 -12.2 10.46 -4.4 90.00 103.0 7.3 90.00 

Sucrose 7.72 8.68 10.82 90.00 103.00 90.00 7.91 -2.4 8.87 -2.2 11.05 -2.1 90.00 103.8 -0.7 90.00 

Theophylline 24.61 3.83 8.50 90.00 90.00 90.00 25.15 -2.2 3.96 -3.4 8.37 1.5 90.00 90.00  - 90.00 

Phenacetin 13.32 9.62 7.73 90.00 103.99 90.00 13.12 1.5 9.40 2.2 8.18 -5.8 90.00 102.3 1.6 90.00 

Tolbutamide 20.16 14.95 6.79 90.00 97.83 90.00 22.58 -12 8.77 3.1 7.51 4.3 90.00 90.00 -  90.00 

Caffeine 42.52 14.95 6.79 90.00 97.83 90.00 44.20 -4.0 15.02 -0.5 7.06 -4.0 90.00 105.8 -8.1 90.00 

Sulfadiazine 13.68 5.82 14.80 90.00 115.04 90.00 13.75 -0.5 5.90 -1.4 15.09 -2.0 90.00 115.2 -0.1 90.00 

Sulfathiazole 1 15.50 8.49 17.43 90.00 112.76 90.00 15.56 -0.4 8.54 -0.5 17.76 -1.9 90.00 110.6 1.9 90.00 

Sulfathiazole 2 10.50 12.96 17.18 90.00 107.65 90.00 10.40 0.9 14.38 -11 15.86 7.7 90.00 107.2 0.4 90.00 

Sulfathiazole 3 10.82 8.49 11.40 90.00 91.88 90.00 11.22 -3.7 8.41 1.0 11.68 -2.4 90.00 93.16 -1.4 90.00 

Sulfathiazole 4 8.24 15.56 8.59 90.00 90.00 86.34 8.48 -2.9 15.40 1.0 8.64 -0.6 90.00 90.00 4.2 82.74 

Sulfathiazole 5 10.87 11.46 8.54 90.00 90.00 91.87 11.20 -3.0 11.69 -2.0 8.41 1.6 90.00 90.00 -1.4 93.18 
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Appendix G: Experimental and optimised unit cell parameters for compounds using the Dreiding (Gasteiger charges) 
force field. (Values underlined and in bold showing percentage deviations of more than 5%) 
 

% Dev. = percentage deviation 
 
 
 
 
 
 

Material 

Experimental unit cell parameters Optimised unit cell parameters 

a (Å) b (Å) c (Å) α  (
0
) β  (

0
) γ  (

0
) a (Å) 

% 
dev. 

b (Å) 
% 

dev. 
c (Å) % dev. α  (

0
) β  (

0
) 

% 
dev. 

γ  (
0
) 

Ibuprofen 14.67 7.89 10.73 90.00 99.44 90.00 15.27 -4.1 7.71 2.2 10.72 0.1 90.00 95.16 4.3 90.00 

Aspirin  (monoclinic) 11.23 6.54 11.23 90.00 95.89 90.00 11.18 0.4 6.90 -5.6 11.5 -2.1 90.00 97.36 -1.5 90.00 

Paracetamol-2 
(orthorhombic) 

17.17 11.78 7.21 90.00 90.00 90.00 
17.79 -3.6 12.12 -2.9 7.28 -0.9 90.00 90  - 90.00 

Paracetamol-1 
(monoclinic) 

7.09 9.26 11.66 90.00 97.67 90.00 
7.50 -5.8 9.06 2.2 11.64 0.1 90.00 97.84 -0.2 90.00 

Alpha lactose 
monohydrate 

7.98 21.56 4.82 90.00 109.6 90.00 
7.85 1.6 20.57 4.6 5.60 -16.2 90.00 110.3 -0.6 90.00 

Adipic acid 7.18 5.15 10.02 90.00 111.1 90.00 7.32 -2.0 5.02 2.6 10.56 -5.4 90.00 108.4 2.4 90.00 

Sucrose 7.72 8.68 10.82 90.00 103.00 90.00 7.98 -3.4 8.98 -3.4 11.23 -3.8 90.00 104.9 -1.8 90.00 

Theophylline 24.61 3.83 8.50 90.00 90.00 90.00 25.73 -4.5 3.94 -3.0 8.43 0.9 90.00 90.00 -  90.00 

Phenacetin 13.32 9.62 7.73 90.00 103.99 90.00 13.83 -3.8 9.48 1.4 7.94 -2.8 90.00 106.3 -2.3 90.00 

Tolbutamide 20.16 14.95 6.79 90.00 97.83 90.00 24.94 -23 9.22 -0.5 6.38 18.7 90.00 90.00  - 90.00 

Caffeine 42.52 14.95 6.79 90.00 97.83 90.00 44.55 -4.8 15.04 -0.6 7.06 -4.0 90.00 102.9 -5.2 90.00 

Sulfadiazine 13.68 5.82 14.80 90.00 115.04 90.00 13.67 0.1 5.99 -2.9 15.14 -2.3 90.00 114.6 0.4 90.00 

Sulfathiazole 1 15.50 8.49 17.43 90.00 112.76 90.00 16.00 -3.2 8.50 -0.1 17.61 -1.0 90.00 108.8 3.5 90.00 

Sulfathiazole 2 10.50 12.96 17.18 90.00 107.65 90.00 11.34 -8.0 15.23 -17.5 14.12 17.8 90.00 113.8 -5.7 90.00 

Sulfathiazole 3 10.82 8.49 11.40 90.00 91.88 90.00 11.25 -4.0 8.50 -0.1 11.53 -1.1 90.00 84.87 7.6 90.00 

Sulfathiazole 4 8.24 15.56 8.59 90.00 90.00 86.34 8.54 -3.7 15.56 0.0 8.83 -2.8 90.00 90.00 9.1 78.52 

Sulfathiazole 5 10.87 11.46 8.54 90.00 90.00 91.87 11.25 -3.5 11.53 -0.6 8.50 0.5 90.00 90.00 7.6 84.87 
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Appendix H: Attachment energies for four major faces of all compounds 
and their lattice energies using the CVFF and Dreiding force fields. 

Ibuprofen 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(100) (110) (011) (11-1) 

CVFF forcite -24.9 -84.7 -87.8 93.3 -150.24 

Dreiding Qeq -17.6 -72.6 -79.3 -83.9 -282.95 

Dreiding gasteiger -17.1 -58.0 -60.9 -60.1 -115.43 

Paracetamol- 2 
(orthorhombic) 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(020) (200) (111) (210) 

CVFF forcite -132.1 -159.0 -160.5 -179.0 -319.54 

Dreiding Qeq -128.9 -156.6 -142.4 -167.3 -831.93 

Dreiding gasteiger -86.3 -86.2 -95.2 -100.23 -273.53 

Paracetamol- 1 
(monoclinic) 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(110) (001) (20-1) (2-00) 

CVFF forcite -65.8 -79.2 -67.8 -83.4 -159.27 

Dreiding Qeq -60.3 -70.9 -76.7 -98.7 -449.31 

Dreiding gasteiger -39.9 -40.0 -41.2 -61.4 -140.82 

A-Lactose 
monohydrate 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(020) (0-20) (100) (110) 

CVFF forcite -66.5 -66.5 -78.2 -83.9 -163.50 

Dreiding Qeq -37.5 -37.5 -60.9 -64.5 -426.78 

Dreiding gasteiger -95.1 -95.1 -128.1 -137.3 33.64 

Adipic acid 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(10-1) (110) (101) (011) 

CVFF forcite -39.9 -28.25 46.0 48.9 -64.88 

Dreiding Qeq -52.3 -28.72 -64.4 55.9 -189.16 

Dreiding gasteiger -27.8 -19.2 -32.8 33.5 -66.78 

Sucrose 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(001) (100) (10-1) (011) 

CVFF forcite -33.8 -51.3 -56.8 -45.4 -106.38 

Dreiding Qeq -39.8 -82.6 97.6 -85.0 -136.12 

Dreiding gasteiger -26.6 -42.7 -45.6 -40.3 - 6.92 

Theophylline 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(200) (201) (20-1) (401) 
 

CVFF forcite -35.7 -54.1 -54.1 -70.3 -143.90 

Dreiding Qeq -34.0 -63.0 -63.0 -78.7 -95.16 

Dreiding gasteiger -14.9 -32.6 -32.6 -39.4 -105.77 

Phenacetin 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(100) (110) (011) (11-1) 
 

CVFF forcite -38.0 -59.3 -76.0 -75.7 -155.36 

Dreiding Qeq -31.7 -54.2 -69.9 -69.1 -415.07 

Dreiding gasteiger -27.7 -39.0 -50.7 -47.4 

-146.13 
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Tolbutamide 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(200) (101) (210) (2-10) 
 

CVFF forcite -49.5 -76.8 -87.5 -87.5 -166.98 

Dreiding Qeq -38.7 -101.8 -110.4 -110.4 -367.87 

Dreiding gasteiger -30.9 -68.2 -56.5 -56.5 -303.92 

Sulfadiazine 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(100) (10-2) (002) (20-2) 
 

CVFF forcite -41.8 -73.1 -72. -107.1 -183.33 

Dreiding Qeq -52.6 -127.7 -65.3 -144.4 -396.32 

Dreiding gasteiger -32.9 -68.7 -50.4 -85.3 -260.00 

Caffeine 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(200) (110) (310) (020) 
 

CVFF forcite -32.6 -74.6 -104.2 -147.2 -534.23 

Dreiding Qeq -20.5 -58.5 -78.5 -122.0 -171.53 

Dreiding gasteiger -17.7 -40.7 -57.7 -80.9 -358.47 

Sulfathiazole 1 

Force field charge 
Attachment energy of Faces (kcal/mol) lattice energy (kcal/mol) 

(001) (20 -1) (200) (011) 
 

CVFF forcite -45.4 -138.4 -132.7 -144.9 -290.62 

Dreiding Qeq -54.6 -174.3 -193.1 -213.7 -618.13 

Dreiding gasteiger -37.9 -98.2 -101.1 -107.3 -298.1 

Sulfathiazole 2 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(011) (100) (110) (11-1) 

CVFF forcite -105.6 -85.3 -135.6 -126.7 -289.21 

Dreiding Qeq -153.9 -109.8 -190.7 -172.7 -666.74 

Dreiding gasteiger -108.4 -62.9 -107.3 -96.3 -329.23 

Sulfathiazole 3 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(10-1) (011) (101) (110) 

CVFF forcite -56.5 -71.7 -80.2 -78.5 -148.11 

Dreiding Qeq -52.7 -100.8 -84.6 -131.7 - 307.90 

Dreiding gasteiger -39.7 -61.4 -52.2 -63.5 -152.00 

Sulfathiazole 4 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(100) (020) (011) (120) 

CVFF forcite -44.6 -69.1 -59.7 -76.2 -140.45 

Dreiding Qeq -65.9 -77.9 -83.5 -115.1 -310.51 

Dreiding gasteiger -39.7 -50.4 -46.4 -62.7 -149.02 

Sulfathiazole 5 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(1-10) (110) (011) (101) 

CVFF forcite -43.3 -67.5 -68.9 -70.2 -134.29 

Dreiding Qeq -52.3 -84.0 -101.3 -132.0 -308.01 

Dreiding gasteiger -39.8 -52.2 -61.4 -63.5 -152.02 

Aspirin 
(monoclinic) 

Force field charge 
Attachment energy of Faces (kcal/mol) 

lattice energy (kcal/mol) 
(100) (002) (110) (011) 

CVFF forcite -29.1 -68.8 -97.1 -100.9 -163.50 

Dreiding Qeq -20.6 -57.6 -105.8 -105.5 -426.78 

Dreiding gasteiger -17.5 -36.9 -53.1 -54.2 
-125.44 
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