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ABSTRACT 

The dissolution processes of active pharmaceutical ingredient (API) crystals have 

been extensively studied in the pharmaceutical industry, as they have a significant 

impact upon the bioavailability of drugs within the body. Although much experimental 

work has been conducted and many models have been established, none of the 

models comprehensively describe the dissolution process of the API. Moreover, the 

impact of physiochemical properties on the dissolution of the API is not well 

understood. A deeper understanding of dissolution behaviour and of the factors 

affecting the dissolution process is critical to the design, evaluation, control and 

therapeutic efficacy of solid dosage forms. Hence in this thesis, the dissolution 

processes of API crystals were investigated using both experimental and modelling 

approaches.  

A Biopharmaceutics Classification System Class (BCS) II drug, ibuprofen (IBU), 

characterized by a relatively low solubility but high permeability compared to other 

drugs was used as a model compound to investigate dissolution kinetics. The effect 

of physicochemical properties of the crystal particles on the dissolution kinetics was 

also investigated. 

Firstly, an ibuprofen preparation protocol for dissolution was established. Different 

ibuprofen crystals with tailored solid-state characteristics (such as crystal 

morphology and size distribution) were prepared by cooling crystallization (using a 

seeding strategy and different solvents). The crystallization process was monitored 

in situ by process analytical techniques (PATs) such as focused beam reflectance 

measurement (FBRM), particle vision measurement (PVM), and attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR). The properties of the obtained 

crystalline products were also characterized by off-line techniques such as high 

performance liquid chromatography (HPLC), microscope, scanning electron 

microscope (SEM), powder X-ray diffraction (PXRD), differential scanning 

calorimetry (DSC), and Malvern Mastersizer, etc.   
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A laboratory methodology for the dissolution processes of the obtained IBU crystals 

was then developed. UV and ATR-FTIR spectroscopic techniques were employed to 

measure the solute concentration and a FBRM probe was applied to track the 

change of the particle size and population profile during dissolution. The influence of 

the initial undersaturation ratio, agitation rate, crystal morphology and particle size on 

the dissolution were examined. Variations in the dissolution rate were observed, from 

which two distinct dissolution mechanisms during the dissolution process were 

proposed. The first of these from being a dissolution process limited by mass 

transfer (diffusion) at higher levels of undersaturation, with the second being 

dissolution limited by the rate of surface reaction at lower undersaturation ratios.  

Eight mathematical models which have been typically employed to quantify the 

dissolution of immediate and modified release dosage forms, including the zero-

order, first-order kinetics, Weibull, Higuchi, Hixson-Crowell, Korsmeyer-Peppas, 

Baker-Lonsdale and Hopfenberg models, were used to correlate the dissolution 

profiles of ibuprofen crystals. The dissolution parameters of each model were 

determined and the simulation accuracies of the different models were evaluated by 

comparing simulated and experimental results. It was found that the Weibull, 

Korsmeyer-Peppas and first-order kinetics models provided the most accurate 

results, suggesting that these models may be successfully applied to the dissolution 

of API powders in both API processing and drug product performance analysis.  

A diffusion-based model which can be used to predict non-sink circumstances was 

next devised to study the dissolution kinetics of ibuprofen. Variations of the model 

were created to compare the accuracy of simulation results when applied to 

spherical and cylindrical particle geometries, with and without the inclusion of a size-

dependent diffusion layer thickness component in the model. Experimental data was 

fitted to the model to obtain the diffusion layer thickness and post-dissolution particle 

size distribution predictions. The comparison between simulated and experimental 

results demonstrated that both size-dependent and size-independent models can 

give good simulation results. The results demonstrate the effectiveness and the 

general applicability of the model, making it applicable for the description and 

prediction of API dissolution kinetics. 
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1. INTRODUCTION 

1.1. Background  

Dissolution research started to develop about a century ago as a field of physical 

chemistry and since then, significant progress has been made (Dokoumetzidis and 

Macheras, 2006). However, specific interest in drug related dissolution did not grow 

until people realized in the 1950s that dissolution plays an important role in the  

bioavailability of drugs (Edwards, 1951; Nelson, 1957). The importance of dissolution 

in the absorption process was demonstrated schematically by Wagner (Figure 1.1) 

(Wagner, 1971; Qiu, 2015). 

 

Figure 1.1. Schematic of dissolution in the absorption of drugs from solid dosage 

forms (Wagner, 1971). 

(The dissolution kinetics of active pharmaceutical ingredient (API) crystals have been 

extensively studied in the pharmaceutical industry, as they have a significant impact 

on drug bioavailability within the body (Azarmi et al., 2007; Allen and Ansel, 2014). 

Gaining a deeper understanding of dissolution behaviour and of the factors affecting 

the dissolution process is critical to the design, evaluation, control and therapeutic 

efficacy of solid dosage forms (Ansel et al., 1995). Dissolution testing is an official 

test used by pharmacopeias for evaluating drug release of solid and semisolid 
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dosage forms. The focus of dissolution testing in quality control (QC) is the 

achievement of batch-to-batch consistency and the detection of manufacturing 

deviations to ensure consistent in vivo performance. In Research & Development, 

dissolution testing is typically used to provide some predictive estimates of the rate 

of drug release replicating in vivo performance (Azarmi et al., 2007).  

The importance of dissolution kinetics is not, however, confined to the in vivo 

behaviour of the drug but also to industrial crystallization processes. For example, 

the dissolution of fine crystals may enhance the production of large crystals with a 

narrow size distribution, in a phenomenon called kinetic ripening (Tromelin et al., 

1996; Marriner et al., 2012). In addition, in polymorphic transformations, the 

dissolution step of the metastable modification affects the potential solvent-mediated 

phase transition (Garcia et al., 2002). 

Many efforts have been made to describe crystal dissolution behaviour. As it is the 

reverse process of crystal growth, dissolution involves two primary steps 

(Koutsoukos and Valsami-Jones, 2004), as shown in Figure 1.2: (1) surface reaction 

and disintegration of the surface molecules; (2) mass transfer of these molecules 

into the bulk solution across the diffusion layer. It is typically assumed that the 

dissolution rate is limited by the slower step.  

 

Figure 1.2. Schematic of dissolution of crystals. 
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The first well documented powder dissolution experiments were carried out by Noyes 

and Whitney (Noyes and Whitney, 1897). They assumed that the process is 

controlled by diffusion and no chemical reaction is involved. The dissolution rate was 

found to be proportional to the difference between the saturation solubility and the 

instantaneous concentration of the solution. Based on the Noyes-Whitney equation, 

Brunner and Tolloczko developed an expression showing that the exposed surface, 

temperature, agitation rate, surface structure and apparatus arrangement affect the 

dissolution rate (Bruner and Tolloczko, 1901). Later on, Brunner and Nernst 

accounted for the diffusion layer and Fick’s second law and proposed the so-called 

“Nernst-Brunner equation” (Brunner, 1903; Nernst, 1907). Hixson and Crowell 

described the crystal surface with respect to weight, and applied the Nernst-Brunner 

equation to the dissolution of compact objects (Hixson and Crowell, 1931). 

Dressman and Fleisher modified the Noyes-Whitney equation by expressing the 

dissolution rate as a function of both the remaining crystal surface area and the 

concentration gradient across the diffusion layer (Dressman and Fleisher, 1986). The 

Noyes-Whitney expression was also adapted to describe the dissolution of drugs in 

polydisperse powder form by Hintz and Johnson (Hintz and Johnson, 1989). Lu et al. 

introduced a non-spherical geometry factor and a variation of the diffusion layer 

thickness with particle size into the Noyes-Whitney equation (Lu et al., 1993). More 

recently, Shan et al. assumed that not only diffusion but also surface reactions 

control the dissolution rates of drug crystals in well mixed and agitated vessels (Shan 

et al., 2002). A first-order expression was employed for the surface reaction step, 

which limits the dissolution rate at high agitation speeds.  

To optimize pharmaceutical formulations, more kinetic models have been proposed 

to enable the development of dosage forms with improved dissolution. Unlike 

dissolution of crystals, for most tablets, capsules, coated forms or prolonged release 

forms, it is difficult to derive equations from theoretical analyses due to the greater 

complexity of the interactions between the molecules (between API and excipients, 

between different excipients, etc.) and process effects, while empirical or semi-

empirical equations are more often applicable and utilized (Costa and Sousa Lobo, 

2001). The release kinetics depend on the dosage form of the drug, the strength 

(concentration of API in the pharmaceutical dosage form) and the physicochemical 
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characteristics of the drug, i.e. particle size, crystallinity, polymorphic form and 

solubility (Ei-Arini and Leuenberger, 1995). Mathematical models such as zero-order 

kinetics (Varelas et al., 1995), first-order kinetics (Gibaldi and Feldman, 1967; 

Kitazawa et al., 1977), Weibull model (Langenbucher, 1972), Higuchi model (Higuchi, 

1961; Higuchi, 1963), Korsmeyer-Peppas model (Korsmeyer et al., 1983), Baker-

Lonsdale model (Baker and Lonsdale, 1974), and Hopfenberg model (Hopfenberg, 

1976) have been proposed and commonly employed to express dissolution profiles 

of various dosage forms. To date, there are only a few reports applying these models 

to the dissolution of API crystals under well-mixed suspension conditions, which may 

be of significant interest to the industry as it could potentially standardize dissolution 

rate models for both API crystals and their final formulated forms. Therefore, this 

work attempts to test the suitability of the most commonly employed empirical 

models to describe the dissolution of API crystals. 

In this study, a Biopharmaceutics Classification System (BCS) Class II drug, 

ibuprofen, characterized by a relatively low solubility but high permeability compared 

to other drugs, was investigated as a model for the dissolution study. As its 

pharmacological effect is correlated to its concentration, rapid ibuprofen dissolution 

is critical to quick onset of its analgesic action. Due to its high membrane 

permeability, the dissolution from its dosage forms is the rate limiting step as part of 

its absorption. However, due to its low water solubility, ibuprofen dissolves slowly. 

Therefore, the improvement of ibuprofen dissolution for quicker release on its 

absorption site in the gastrointestinal tract following oral administration is desirable 

(Laska et al., 1986).  

In recent years, various formulations such as prodrugs (Murtha and Ando, 1994), 

inclusion complexes (Ghorab and Adeyeye, 2001), microcapsules (Adeyeye and 

Price, 1994) of ibuprofen have been developed in order to improve the dissolution 

rate. However, the dissolution rate and the bioavailability of ibuprofen from these 

formulations differed remarkably. These modification methods were developed at 

high-cost while and some formulations were bulky with poor flow characteristics and 

handling difficulties (Newa et al., 2008). 
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This study aims to understand the dissolution behaviour of API crystals, by using 

ibuprofen as a model compound (Figure 1.3). Both experimental and simulation 

methods were employed to investigate the dissolution process and its kinetics. The 

effects of particle properties were also investigated. The results obtained in this work 

can provide inspiration for formulation development and further contribute to the 

enhancement of the drug’s bioavailability. 

 

	 

Figure 1.3. Chemical structure of ibuprofen. 

 

Firstly, an ibuprofen preparation protocol for dissolution was applied and discussed 

in detail. Different ibuprofen crystals with tailored solid-state characteristics (such as 

crystal morphology and size distribution) were prepared by cooling crystallization 

(employing a seeding strategy and different solvents), to supply the DoE dissolution 

kinetics investigation. The crystallization processes were monitored by real-time 

process analytical technique (PAT) tools such as focused beam reflectance 

measurement (FBRM) for the particle size, particle vision measurement (PVM) for 

the crystal morphology in the solid phase, and attenuated total reflectance-Fourier 

transform Infrared (ATR-FTIR) for the concentration in the liquid phase. The 

properties of the obtained crystals (from crystallization) were also characterized by 

many off-line measurements such as high performance liquid chromatography 

(HPLC), microscope, scanning electron microscope (SEM), powder X-ray diffraction 

(PXRD), differential scanning calorimetry (DSC) and particle size distribution 

analysis using the Malvern Mastersizer, etc. The products were then sieved to 

narrow down the size distribution of IBU for each experiment to present more explicit 

dissolution kinetics with different crystal specifications. 
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The dissolution kinetics were then investigated using the crystals prepared under the 

previously described protocol. During dissolution, UV and ATR-FTIR spectroscopy 

methods were employed to measure the solute concentration, while a FBRM probe 

was applied to track changes of the particle size. The influence of the initial 

undersaturation ratio, agitation rate, crystal morphology and particle size were 

examined.  

Thereafter, the complementary modelling frameworks was developed to enable a 

better understanding of the dissolution kinetics of IBU. Eight simplified mathematical 

(empirical) models typically employed to quantify the dissolution of immediate and 

modified release dosage forms were used to correlate the dissolution profiles of 

ibuprofen crystals. The use of these model may enable the standardization of 

dissolution rate models for both API crystals and their final formulated forms, which 

may be of significant interest to the pharmaceutical industry. The dissolution 

parameters of each model were determined and the simulation accuracies of 

different models were compared using experimental data. Some of the studied 

models performed well, displaying a good ability to predict the experimental data. 

Finally, a diffusion-based model was devised from dissolution theory to simulate the 

dissolution kinetics of ibuprofen, which can be used to predict non-sink 

circumstances. This model could be more useful to explain and predict the 

dissolution behaviour compared to the previously analysed empirical models as it is 

derived from mass transfer fundamentals. Variations of the model were created to 

allow the comparison of simulation accuracy when using spherical and cylindrical 

particle geometries, with and without a size-dependent diffusion layer thickness. 

Experimental data was fitted to the model to obtain the diffusion layer thickness 

allowing the dissolution rate and post dissolution particle size distributions to be 

predicted using the model. A comparison between simulated and experimental 

results demonstrated that both size-dependent and size-independent model 

variations showed accurate simulation results while the size-dependent model is 

more applicable for smaller particles sizes.  
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1.2. Thesis Structure 

The following gives a brief description of each chapter in this thesis: 

Chapter 2: Literature Review: This section consists of a literature review to provide 

relevant context for this research. It can be divided into three distinct sections. The 

first part will focus on dissolution theory, the second part will provide an overview of 

dissolution testing, while the third part will introduce commonly used dissolution 

measurement techniques. 

Chapter 3: Ibuprofen Preparation Protocol for Dissolution Testing: In this 

chapter, different API manufacturing parameters have been adjusted to produce 

batches of API with tailored solid-state characteristics, i.e. morphology and CSD, 

using cooling crystallization (employing a seeding strategy and different solvents). 

PAT tools such as FBRM, PVM and ATR-FTIR were exploited for in situ monitoring 

of the crystallization process. The batches of API were then characterized by a range 

of analytical techniques, such as HPLC to examine their purity, Microscopy and SEM 

to measure their crystal morphology, PXRD and DSC to confirm their crystallinity and 

crystalline form, and Malvern Mastersizer to measure their CSD and crystal surface 

area. 

Chapter 4: Dissolution Experimental Method: This chapter presents a laboratory 

study examining the dissolution kinetics of ibuprofen crystals in water containing a 

phosphate buffer (pH=7.20) at 37˚C, investigating the influences of initial 

undersaturation ratio, agitation rate, crystal morphology and particle size. For each 

experiment, the concentration and particle size during the dissolution process was 

monitored using UV spectroscopy, ATR-FTIR and FBRM methods. During 

dissolution, two distinct behaviours were observed at different levels of 

undersaturation ratio. Therefore, it is postulated that the mechanism of dissolution 

switches from being mass transfer limited at higher levels of undersaturation to being 

limited by the rate of surface reaction at lower undersaturation ratio levels. 



 

 

8 

Chapter 5: Empirical Dissolution Models Correlation: In this chapter, eight 

simplified mathematical models typically employed to quantify the dissolution of 

immediate and modified release dosage forms were used to correlate the dissolution 

profiles of ibuprofen crystals. The dissolution parameters of each model were 

determined. By comparing experimental and simulated results, it is found that the 

Weibull, Korsmeyer-Peppas and first-order kinetics models give the most accurate 

results, indicating that those models may be successfully applied to the dissolution of 

API powders in both API processing and drug product performance analyses. 

Chapter 6: Dissolution Kinetic Model Validation & Prediction: A diffusion-based 

model was devised to simulate dissolution kinetics of a poorly water-soluble drug 

ibuprofen. The model is useful for predicting non-sink circumstances under which 

pure API polydisperse powders are suspended in a well-mixing tank. Variations of 

the model were developed to compare the accuracy of simulations using spherical 

and cylindrical particle geometries, with a size-dependent or size-independent 

diffusion layer thickness. Experimental data was fitted to the model to obtain the 

diffusion layer thickness. CSDs of post-dissolution were also predicted with this 

model, demonstrating a good agreement between the predicted results and the 

experimental results. 

Chapter 7: Summary & Conclusions: This chapter outlines the conclusions of the 

research and provides suggestions for future work. 
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2. LITERATURE REVIEW 

2.1. Dissolution Theory 

Dissolution is defined as the mixing of two phases with the formation of one new 

homogeneous phase (i.e. the solution) by the International Union of Pure and 

Applied Chemistry (IUPAC, 1997). Figure 2.1, cited from a previous review 

(Siepmann and Siepmann, 2013), schematically illustrates the process of drug 

dissolution: the mixing of the two phases (the blue stars stand for water and the 

green sphere represents the drug), leading to the formation of a new homogeneous 

phase – the aqueous drug solution (the drug and water molecules being intensively 

mixed at the molecular level). The surface of the solid drug particle (which is the 

boundary between the initially separated two phases) disappears. 

 

Figure 2. 1. Schematic presentation of the dissolution of a solid drug particle in an 

aqueous liquid (Siepmann and Siepmann, 2013). 

Drug dissolution has long been a significant subject in pharmaceutical research and 

formulation development, because it has great importance to the bioavailability of 

solid and semi-solid dosage forms, especially those of low aqueous solubility 

(Shekunov and Montgomery, 2016). Dissolution is widely acknowledged to often be 

the rate-limiting step in drug absorption processes and is a key factor to the overall 

efficiency (Abdou, 1989).  



 

 

10 

The dissolution rate of a drug in a liquid is generally defined as the rate of change in 

the concentration of the dissolved drug in the liquid phase. It has been well 

recognized that dissolution involves two main steps (Koutsoukos and Valsami-Jones, 

2004): (1) surface reaction and disintegration of the surface molecules; (2) mass 

transfer of these molecules into the bulk solution across the diffusion layer. The 

mathematical treatment can be restricted to the slowest mass transport step only, 

which in turn can lead to simple mathematical equations to accurately quantify a 

rather complex phenomenon. When step 2 is slower than step 1, which is in fact the 

most prevalent theory in drug dissolution, the mass transfer is the rate-determining 

step. If step 1 is slower than step 2, the concentration of drug molecules near the 

surface is lower than its solubility and the dissolution is limited by step 1. However, it 

has been rarely applicable for drugs in active use. Generally, dissolution theories can 

be summarized into a number of distinct categories as follows: (1) mass transfer 

control models (Lu et al., 1993; Tinke et al., 2005; Gao, 2012); (2) surface 

detachment control models (Cooney, 1972); (3) empirical or semi-empirical models  

(Uddin et al., 2011); (4) population balance models (Botschi et al., 2019); (5) 

dynamic modelling (Lovette et al., 2011); (6) hydrodynamic modelling using 

computational fluid dynamics (CFD) (D’Arcy et al., 2005); (7) other frameworks 

include quasi-steady state models (QSM) (Wang et al., 2015), surface complexation 

mechanism models (Hariharan et al., 2014), among others. 

  

2.1.1. Mass Transfer Control Models 

2.1.1.1. Diffusion Control Models 

Mass transfer is divided into two categories: diffusion and convection. For stationary 

systems, there is only diffusion without convection, so mass transfer control models 

can be considered as diffusion control models. However, when there is relative 

motion between the particles and the media, convection should also be considered. 
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In this context, mass transfer control models should be considered as diffusion-

convection control models.  

As the most common case, diffusion control model has been studied most 

intensively. The first dissolution theory, put forward by Noyes and Whitney, was a 

diffusion control model (Noyes and Whitney, 1897). As shown in Eq. (2.1), it is 

assumed that the process is controlled by diffusion and no chemical reaction is 

involved. The dissolution rate was found to be proportional to the difference between 

the saturation solubility and the instantaneous concentration of the solution. However, 

it cannot explain the physical meaning of the dissolution rate constant, which is 

dependent on the transport properties of the solute.  

( )s

dC
K C C

dt
= −                                                           (2.1) 

where C is the concentration of the solute at time t, 
sC  is the saturation solubility and 

K is a first-order constant. 

Based on the Noyes-Whitney equation, Brunner and Tolloczko developed an 

expression showing that the exposed surface, temperature, agitation rate, surface 

structure and apparatus arrangement also influence the dissolution rate (Bruner and 

Tolloczko, 1901), as shown in Eq. (2.2). 

                                                 (2.2) 

where S is the surface area, k1=K/S. 

Brunner and Nernst carried out experimental studies to confirm the Noyes–Whitney 

equation and addressed the physical meaning of the constant K. They incorporated 

the diffusion coefficient and static diffusion layer thickness by applying Fick’s first law 

to diffusion through the unstirred liquid boundary layer. These modifications to the 
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Noyes-Whitney equation resulted in the so-called “Nernst-Brunner equation” 

(Brunner, 1903; Nernst, 1907).  

                                                  (2.3) 

where D is the diffusion coefficient, h the thickness of the diffusion layer and V is the 

volume of the dissolution medium. 

In fact, neither the Noyes-Whitney or Nernst-Brunner equations took into account the 

significant change of the surface area of the particles exposed to the water as 

dissolution proceeds. Considering this issue, Hixson and Crowell described the 

crystal surface with respect to weight by the “cube-root law”, and applied the Nernst-

Brunner equation to the dissolution of compact objects (Hixson and Crowell, 1931). 

“Cube-root law” is based on the assumption of a constant thickness of the diffusion 

boundary layer over the whole dissolution process. In fact, the thickness of the 

effective diffusion boundary layer could not be constant over the whole dissolution 

process especially when polydisperse powders are used and an initial phase of poor 

disaggregation of granules or poor wetting of formulation is encountered (Macheras 

and Iliadis, 2006).  

                                              (2.4) 

where w is the particle weight at time t, w0 is the initial weight and ρ is the density of 

the particle. 

As the concentration gradient on a curved surface is non-linear, Wang and Flanagan 

further developed the “cube-root law”, and proposed that the dissolution rate 

depends on the diffusion boundary layer thickness and particle radius (Eq.2.5), 

assuming that the thickness of the diffusion layer is independent of the particle size 

(Wang and Flanagan, 1999).  
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                                                    (2.5) 

where heff is the effective diffusion boundary layer thickness, rp is the particle radius 

and hc,WF is the diffusion layer thickness. 

However, this model may not give an accurate prediction of the dissolution rate in an 

unsteady hydrodynamic diffusion boundary layer situation. In addition, relative 

velocities may also be changing, causing some deviations. 

For this reason Levins and Glastonbury added a Sherwood number (Sh) parameter 

(Eq.2.6), describing the fluid dynamic characteristics of mass transfer by diffusion 

and convective flow, into the “cube-root law” to obtain an accurate estimate of the 

thickness of the effective diffusion boundary layer (Levins and Glastonbury, 1972a; 

Levins and Glastonbury, 1972b). Sh is proportional to the mass transfer coefficient 

and inversely proportional to the thickness of the diffusion boundary layer.  

    (2.6) 

where L is a characteristic length (m), D is the mass diffusivity (m2/s), hc is the 

convective mass transfer film coefficient (m/s). 

                                                              (2.7) 

where kmass is the mass transfer coefficient, Sh is the Sherwood number. 

The relationship between the effective thickness of the diffusion boundary layer and 

the surface area has been reported in many studies (Higuchi, 1963; Rowe et al., 

1963). Higuchi applied the diffusion boundary layer theory in biopharmaceutics to 

predict drug release rates from a planar surface and also developed mixture models 

hc 

https://en.wikipedia.org/wiki/Mass_diffusivity
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to predict the dissolution rate of separated components in a mixture (Higuchi, 1967). 

Dressman and Fleisher modified the Noyes-Whitney equation by expressing the 

dissolution rate as a function of both the remaining crystal surface area and the 

concentration gradient across the diffusion layer (Dressman and Fleisher, 1986). The 

Noyes-Whitney expression was also adapted to describe the dissolution of drugs in 

polydisperse powder form by Hintz and Johnson (Hintz and Johnson, 1989). Lu et al. 

introduced a non-spherical geometry factor and a variation of the diffusion layer 

thickness with particle size into the Noyes-Whitney equation (Lu et al., 1993).  

 

2.1.1.2. Convection-Diffusion Control Models 

When relatively remarkable motion occurs between the particles and the media 

(such as the particles in a flowing fluid), convection should also be taken into 

account. Levich first developed a convective diffusion model (Eq.2.8) demonstrating 

that the mass transfer of solid to solution is controlled by a combination of liquid flow 

and diffusion (Levich, 1962) based on first principles, although this dynamic model is 

actually based on an empirical method. Different models were put forward for 

different situations, such as rotary disks, and free-falling solid particles, etc. Shan et 

al. also assumed that not only diffusion but also surface reactions control the 

dissolution rates of drug crystals in well mixed and agitated vessels (Shan et al., 

2002). A first-order expression (also an empirical model) was employed for the 

surface reaction step, which limits the dissolution rate at high agitation speeds. Bird 

et al. then gave a more accurate description of flow changes on a plate surface (Bird 

et al., 2007), and Nelson & Shah presented dissolution rate as a convective-diffusion 

equation integrated for both a rectangular (Eq.2.9) and round (Eq.2.10) dissolving 

surface (Nelson and Shah, 1975). 

                                                    (2.8) 
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                                                  (2.9) 

                                            (2.10) 

where grad c is the concentration gradient and v is velocity, R is the dissolution rate, 

α is the shear rate, cs is the drug solubility limit and r is the radius of round plate. 

 

2.1.2. Surface Detachment Control Models 

Surface control models are based on the condition that surface detachment is much 

slower than mass transfer. However, for compounds of pharmaceutical interest, this 

case has been rarely observed and hence there are few studies on surface control 

models for pharmaceutical dissolution. Cooney proposed different dissolution models 

for spheres and cylinders, to include the effect of geometry on the dissolution of low 

solubility solids, on the assumption that the range of solubility over which the surface 

detachment control model strictly applies (Cooney, 1972), however, no validation 

with experimental data was carried out. Dokoumetzidis et al. developed an interface-

controlled dissolution model in which the dissolution and precipitation of the particles 

were regarded as a reversible reaction. In fact, this model is highly empirical and 

lacks physicochemical validation. However, the experimental results could not be 

explained by the diffusion-layer model, which should be able to describe the 

downward curving of their concentration-time profiles (Dokoumetzidis et al., 2008). 

 

2.1.3. Empirical & Semi-Empirical Models 

The theoretical models described thus far are developed on the basis of crystal 

dissolution theory. However, for most tablets, capsules, coated forms or prolonged 
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release forms, it is difficult to derive equations from theoretical analyses, as their 

dissolution is affected by the dosage form (excipients bonding or mixing), the 

strength (concentration of API in the pharmaceutical dosage form) and the 

physicochemical characteristics of drug, i.e. particle size, crystallinity, polymorphic 

form and solubility (Ei-Arini and Leuenberger, 1995). A wide range of pure empirical 

and semi-empirical (combination of theoretical and mathematical) models have been 

proposed and have demonstrated broad applicability for drug formulations (Costa 

and Sousa Lobo, 2001). For example, Higuchi model (Higuchi, 1961; Higuchi, 1963), 

first-order kinetics (Gibaldi and Feldman, 1967; Kitazawa et al., 1977), Weibull model 

(Langenbucher, 1972), Baker-Lonsdale model (Baker and Lonsdale, 1974), and 

Hopfenberg model (Hopfenberg, 1976), Korsmeyer-Peppas model (Korsmeyer et al., 

1983), zero-order kinetics (Varelas et al., 1995), have been most commonly 

employed to describe dissolution profiles of various dosage forms. It is important to 

establish reliable mathematical dissolution models, which can combine the inherent 

properties of various APIs with specific conditions in dissolution testing, since the 

results are susceptible to a wide range of variables, including both the characteristics 

of drug itself and laboratory measurements. 

The most important progress in the development of dissolution theory has been 

summarized in Table 2.1 (Uddin et al., 2011).   

To date, there are only very few reports applying these models to the dissolution of 

API crystals under well mixed suspension conditions (sink or non-sick conditions), 

which may be of significant interest to the industry as it could potentially enable the 

standardization of dissolution rate models for both API crystals and their final 

formulated forms. Therefore, this work attempts to test the suitability of these most 

commonly employed empirical models to describe the dissolution of API crystals in 

Chapter 5, where more details of these models will be provided. 
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Table 2. 1. Summary of the most important progress in dissolution theory (Uddin et 

al., 2011). 

Year Contributor (s) Major contribution 

1897 Noyes and Whitney Conducted the first dissolution experiments 

and published an article entitled “The Rate 

of Solution of Solid Substances in Their 

Own Solutions”. 

Noyes-Whitney equation 

1900 Brunner and Tolloczko Showed that the rate of dissolution depends 

on the exposed surface, the rate of stirring, 

temperature, structure of the surface and 

the arrangement of the apparatus. 

1931 Hixson and Crowell Dependence of reaction velocity upon 

surface and agitation. Hixson and Crowell 

reported that the Noyes–Whitney equation 

in its original form and without any details 

about the mechanism of the process had 

been sufficiently validated with a wide range 

of experiments, as opposed to the various 

mechanistic explanations that had 

appeared, none of which were entirely 

satisfactory. 

1951 Edwards First to appreciate that following the oral 

administration of solid dosage forms, if the 

absorption process of the drug from the 

gastrointestinal tract is rapid, then the rate of 

dissolution of that drug can be the step 

which controls its appearance in the body. 
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1957 Nelson First to explicitly relate the blood levels of 

orally administered drugs (theophylline 

salts) to their in vitro dissolution rates. 

1961 Higuchi Reviewed the interfacial barrier model 

proposed by Wilderman in 1909 and 

Danckwerts model (1951). 

1962 Levich Improved the theoretical model of the 

dissolution experiment using rotating disks, 

taking into account the centrifugal force on 

diffusion. 

 

 

2.1.4. Population Balance Models 

Population balance equation (PBE) is often applied when the evolution of the particle 

population is to be described (Botschi et al., 2019). It has been developed for 

modelling the evolution of distributions of particles through nucleation, growth, 

dissolution and other processes (Hanchen et al., 2007). In this framework, equations 

describing a particle population balance are solved to describe the time-varying 

particle size distribution. The dissolution rate is defined as the rate of change of 

particle size by single or multiple characteristic particle dimensions. A single 

dimension PBE for dissolution can be written as follows: 

                                                  (2.11) 

where f(L,t) is the number density function, D is the dissolution rate of the 

characteristic particle dimension (D = -dL/dt), L is the characteristic particle length, t 

is the dissolution time. 

To fully describe the dissolution process, PBE is usually coupled with mass balance 

equation and solved by computationally expensive, complex numerical solution 
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techniques (Gerstlauer et al., 2006; Ramkrishna, 2000). These approaches can be 

categorised in four main groups: 

(1) Standard method of moments (SMOM). 

(2) Numerical non-linear model reduction approaches (i.e. method of characteristics 

(MOCH) and quadrature method of moments (QMOM)). 

(3) Dynamic Monte Carlo simulation (DMC). 

(4) Direct numerical solution approaches involving finite-element or finite-volume 

discretisation of the partial differential equation (discretised population balances, 

DPB).  

All four approaches ultimately transform Eq. 2.11, which is a partial differential 

equation (PDE) into a set of ordinary differential equations (ODEs). 

 

2.1.5. Dynamic Modelling 

In dynamic modelling, it calculates the crystal shape evolution on different crystal 

faces (Lovette et al., 2011).  The dissolution rate is determined by the change in the 

perpendicular distance from a central point within the crystal to different faces. 

The model for shape evolution can predict and track each of the faces of a fully 3-D 

crystal during dissolution. It requires a minimal set of physical properties for 

implementation (face dissolution rates and crystallographic information). The rate of 

change of the distance of each face from the center of a crystal is given by: 

                                                  (2.12) 

where Hi and Gi are the perpendicular distance and normal velocity of face i. 

respectively, and N is the number of real crystal faces, which may change as the 

crystal evolves. To determine the shape at any time point, a convex hull is calculated 

(Snyder et al., 2007). A convenient choice of variables for tracking the evolution are 

the relative perpendicular distance and relative growth or dissolution rate.  
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2.1.6. Hydrodynamic Modelling using CFD 

In hydrodynamic modelling, the velocity of the fluid and the thickness of the diffusion 

layer are examined in detail (D’Arcy et al., 2005). Such hydrodynamic conditions and 

velocity profiles can be well described within standard vessel and paddle apparatus.  

As a liquid flows over a solid surface, the velocity of the fluid in the region near the 

wall approaches zero due to the non-slip conditions of the wall. This laminar flow 

region in which the velocity decreases from the mainstream velocity to zero is known 

as the hydrodynamic boundary layer. For a given fluid, the thickness of this layer is 

dependent on the mainstream or bulk velocity at this point, the shape of the wall and 

the surface roughness (Bircumshaw and Riddiford, 1952; Khoury et al., 1988).  

As the diffusion boundary layer is proportional to the hydrodynamic boundary layer, it 

can be considered that the diffusion boundary layer is inversely proportional to the 

mainstream velocity. Therefore, the diffusion boundary layer thickness will vary as 

the mainstream velocity varies in the region of the dissolving surface depending on 

the geometry and hydrodynamics of the system. Since the apparent diffusion 

boundary layer is a function of the hydrodynamic boundary layer (Levich, 1962), and 

also a function of the angular velocity near the surface of the object (Khoury et al., 

1988), changes in the thickness of the hydrodynamic boundary layer and local 

hydrodynamic variation will affect the dissolution rate.  

The hydrodynamic condition of the system could be simulated using computational 

fluid dynamics (CFD), which involves building a 3-D computer model of the geometry 

of the fluid domain of interest. The fluid domain is then divided into a fine mesh of 

control volumes. A discretisation technique was used to solve the equations of 

motion for the fluid, resulting in a computerised simulation of fluid flow in the vessel. 
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2.2. Dissolution Testing 

Since the realisation about 100 years ago that dissolution is related to drug 

bioavailability, intensive studies have been conducted to understand their 

relationship with drug absorption and important progress has been made 

(Dokoumetzidis and Macheras, 2006).  

Dissolution testing is an official test required for accurate and reproducible evaluation 

drug release in solid and semi-solid dosage forms. Dissolution testing can speed up 

formulation development, enabling a prompt identification of potential drug release 

problems (Joshi et al., 2008). It is also a very important tool for batch-to-batch 

Quality Control (QC) (Siewert et al., 2003; Mehta, 1993). Dissolution testing 

measures the rate of drug release, with the aim to develop a discriminatory method 

that is sensitive to variables that affect the dissolution rate. Such variables may 

include characteristics of the API (i.e. particle size, crystal form & bulk density, etc), 

drug product composition (i.e. drug loading, the identity, type, and levels of 

excipients, etc), the drug product manufacturing process (i.e. compression forces & 

equipment, etc), and the effects of stability storage conditions (i.e. temperature & 

humidity, etc) (Brown et al., 2004). At early stages of formulation development, 

dissolution testing provides guidance on optimizing drug release from formulations. 

While at later stages, it may be employed as an indicator of the in vivo performance 

of drug products to potentially reduce the number of bioavailability / bioequivalence 

studies (Prabhu et al., 2008).  

At present, the United States Pharmacopeia (USP) recommends seven different 

types of apparatus for in vitro release testing. USP Apparatus 1 (basket) and 2 

(paddle) were designed for the evaluation of immediate-release and modified-

release oral formulations (Qureshi and McGilveray, 1995), whereas USP Apparatus 

5 (paddle over disc), 6 (cylinder), and 7 (reciprocating holder) were designed for the 

assessment of transdermal products. USP Apparatus 3 (reciprocating cylinder) and 4 

(flow-through cell) were designed for the evaluation of extended-release oral 
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formulations (Pandit et al., 2006). A brief comparison on the usage of all these USP 

apparatus is shown in Table 2.2 (Brown and Marques, 2005). 

Table 2. 2. Usage of USP apparatuses. 

USP 

apparatus 

Name Drug forms 

1 Basket Capsules, tablets 

2 Paddle Capsules, tablets, suspensions 

3 Reciprocating Cylinder Capsules, tablets, suspensions, granulates 

4 Flow-through Cell All 

5 Paddle over disk Transdermal patches 

6 Rotating Cylinder Transdermal patches 

7 Reciprocating Holder Transdermal patches, non-disintegrating tablets 

The basket method was first described in 1968 by Pernarowski and his co-workers 

(Pernarowski et al., 1968). In 1970, UPS and National Formulary employed the 

basket-stirred-flask testing USP Apparatus 1 (Figure 2.2a) (Uddin et al., 2011) as an 

official dissolution test for tablets and capsules. Due to the continuous intense 

interest in this field, the paddle-stirred-flask testing USP Apparatus 2 (Figure 2.2b) 

(Uddin et al., 2011) emerged as an alternative for tablets and capsules in 1978. The 

use of these two apparatus is generally based on the principle of operating under 

sink conditions, which normally occur in a volume of dissolution medium that is at 

least 3-10 times the saturation volume. USP Apparatus 1 provides a steady stirring 

motion in a large vessel with 500 - 1000 mL of fluid that is immersed in a water bath. 

USP Apparatus 2 consists of a 1000 mL capacity glass vessel, which may be 

covered to limit evaporation, and with a paddle made up of a blade and a shaft which 

were used as the stirring element (Chevalier et al., 2009). The height of the vessel in 

USP Apparatus 1 or 2 is 160-210 mm and its inside diameter is 98-106 mm. The 
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distance between the inside bottom of the vessel and the bottom of the basket / 

paddle is maintained at 25 ± 2 mm during the test. The basket is with a diameter of 

25 mm and height of 37 mm, while the size of the paddle is 74-75 mm. A stirring 

speed of 50-100 rpm is normally chosen (must not exceed 150 rpm). These two 

methods are referred to as “closed-system” methods because a fixed volume of 

dissolution medium is used (Sinko, 2010). Both the USP Apparatus 1 and 2 share 

common advantages which mean that they are widely accepted for dissolution 

testing, namely they are the first choice for solid oral dosage forms, standardized, 

easy to operate, robust and come with a broad range of operating experience (Gray 

et al., 2009). On the other hand, their disadvantages include limited volume of the 

dissolution media, inability to simulate the gastrointestinal transit, and unknown 

hydrodynamic conditions. Dissolution results obtained with USP Apparatus 1 and 2 

may be significantly affected by shaft wobble, location, centring, and coning (Uddin 

et al., 2011; Yu et al., 2002). 

 

Figure 2. 2. Schematic of (a) USP Apparatus 1 (b) USP Apparatus 2 (Uddin et al., 

2011). 

The reciprocating cylinder (Figure 2.3) (Pezzini et al., 2015) for extended-release 

products in 1991 was designed based on the disintegration tester. The assembly of 

USP Apparatus 3 consists of a set of cylindrical, flat-bottomed glass outer vessels, a 

set of glass reciprocating inner cylinders, and stainless-steel fittings and screens that 

are made of suitable material and that are designed to fit the tops and bottoms of the 

reciprocating cylinders. Operation involves programming the up and down agitation 
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rate for the inner tube inside the outer tube. On the up stroke, the bottom mesh in the 

inner tube moves upward to contact the product, and on the down stroke the product 

leaves the mesh and floats freely within the inner tube. Thus, the action produced 

carries the product being tested through a moving medium (Yu et al., 2002). The 

USP Apparatus 3 dips a transparent cylinder containing the dosage form at a rate 

determined by operator. The tubes have mesh base to allow the medium to drain 

into a sampling reservoir as the tube moves up and down, thus creating convective 

forces for dissolution. The cylinders can also be transferred to different media at 

specified times automatically. A second design is the rotating bottle apparatus, which 

also allows for changing of medium to simulate a pH gradient or fed and faster 

conditions (Sinko, 2010). USP Apparatus 3 offers advantages such as that it may be 

programmed for dissolution in various media for various times, and that the media 

and pH may be easily changed. It also has some disadvantages however such that 

results which are too low, foaming resulting from surfactants and a small volume of 

dissolution media (Uddin et al., 2011). 

 

Figure 2. 3. Schematic of the structure of USP Apparatus 3 (Pezzini et al., 2015). 
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The first published attempt at the development of the flow-cell method was made in 

the laboratories of the U.S. Food and Drug Administration (FDA) in 1957 (Uddin et 

al., 2011). USP Apparatus 4 (Figure 2. 4) consists of a reservoir and a pump 

ensuring a constant flow rate of the dissolution medium, a flow-through cell adapted 

to the dosage unit form and mounted vertically, a ruby bead and glass beads 

positioned at the apex and at the bottom cone of the cell respectively in order to 

ensure laminar flow of the dissolution medium entering the cell and a water-bath to 

control the temperature (Chevalier et al., 2009). It is worth mentioning that during the 

dissolution test, the dissolution media and flow rate can only be changed using the 

flow-through apparatus. Floating dosage forms can be fixed in the center of the cell 

of the flow-through apparatus, which enables full contact between the dosage form 

and the dissolution medium. Moreover, compared to the basket (USP Apparatus 1) 

and paddle (USP Apparatus 2) apparatus, the flow-through apparatus can maintain 

theoretical sink conditions easily, especially for drugs of poor solubility, as an 

unlimited amount of dissolution media may be used. The effects of variation in local 

concentration, over the course of the pulse, on dissolution rates are likely to be more 

complex than a simpler constant sink condition (Liu, 2011). Moreover, USP 

Apparatus 4 can be operated under different conditions such as open or closed 

system mode, different flow rates and temperatures and thus can be utilized in the 

dissolution testing of all different drug forms, making it more suitable in many ways 

than the other applications. However, the USP Apparatus 4 has got limited 

operational experience, pump precision may influence the results, and fractioned 

primary data may lead to greater experimental error when cumulative profiles are 

computed (Uddin et al., 2011). 
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Figure 2. 4. Schematic of USP apparatus 4 (Chevalier et al., 2009).  

 

A brief summary of the most important progress of USP apparatus is provided in 

Table 2.3 (Dokoumetzidis and Macheras, 2006). 

USP apparatus 5, 6 and 7 have been newly introduced for the testing of transdermal 

patches and gradually applied in recent years. Apparatus 5 consists of the paddle 

apparatus with the addition of a stainless-steel disk assembly designed for holding 

the transdermal system at the bottom of the vessel. The disk assembly holds the 

system flat and is positioned such that the release surface is parallel with the bottom 

of the paddle blade (USP, 2010). Apparatus 6 is a modification of the basket 

apparatus, which uses the vessel assembly from Apparatus 1 except it replaces the 

basket and shaft with a stainless-steel cylinder stirring element (USP, 2010). 

Apparatus 7 is a small-volume option for small transdermal patches, which has four 

additional holders for transdermal systems, osmotic pumps, and other low-dose 

delivery systems (Crist, 2009). 
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Table 2. 3. Summary of the most important progress of USP apparatus. 

Year Major Progress 

1970 The basket-stirred-flask test (USP Apparatus 1) was adopted as an 

official dissolution test in 6 monographs of the United States 

Pharmacopeia (UPS) and National Formulary. 

1978 Adoption of the paddle method (USP Apparatus 2). 

1981 The first guidelines for dissolution testing of solid dosage forms were 

published as a joint report of the Section of Official Laboratories and 

Medicines Control Services and the Section of Industrial Pharmacists 

of the Federation International Pharmaceutique. 

1991 Adoption of the reciprocating cylinder (USP Apparatus 3) for extended-

release products. 

1995 Adoption of the reciprocating cylinder (USP Apparatus 4) for extended-

release products. 

 

 

The intrinsic dissolution rate, defined as the rate of dissolution of a pure 

pharmaceutical active ingredient (API) under different conditions of factors such as 

surface area, temperature, agitation or stirring speed, pH, has also been studied 

using other apparatus (Uddin et al., 2011). For example, Viegas et al. determined the 

intrinsic dissolution rates of various model drugs by using a rotating pellet system (a 

rotary device) and a fixed pellet system (a stationary device) (Viegas et al., 2001) 

shown in Figure 2.5.  
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Figure 2. 5. Schematic of (a) the rotating disk apparatus (b) the stationary disk 

apparatus for intrinsic dissolution rate (Viegas et al., 2001). 

Generally, the dissolution behaviour of drugs is tested by analysing the concentration 

of drug dissolved versus dissolution time. The rate of drug release from the drug 

product (i.e. particles, capsules, compressed tablets, etc) is usually measured at 37 

± 0.5 °C (precisely controlled and maintained) in a specific degassed aqueous 

medium similar to a human bloodstream (Wang and Gray, 2005). In a dissolution 

test, the drug product is added into the medium under continuous stirring at a 

constant speed (normally 50-100 rpm) and then supernatant liquids are withdrawn 

regularly for the analysis of drug concentration over a certain period of time.  

Among the most important analytical techniques for QC, the focus of dissolution 

testing is the achievement of batch-to-batch consistency and the detection of 

manufacturing deviations to ensure consistent in vivo performance. In drug research 

and development, dissolution testing generally aims to provide some predictive 

estimates of the rate of drug release replicating in vivo performance (Azarmi et al., 

2007). Many internal and external factors can affect the results of dissolution testing, 

such as drug species, analyst, apparatus (i.e. specification, agitation speed, 

calibration), testing environment (i.e. aeration, pH and temperature) and so on 

(Healy et al., 2002; Kukura et al., 2004; Buhse, 2006). Therefore, it is essential to 

precisely control variables in dissolution testing to ensure reliability. 
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2.3. Dissolution Measurement Techniques (Off-Line & PAT Tools) 

To get a good understanding of the dissolution process, a wide range of 

measurement techniques, including both off-line and real-time tools (PAT), have 

been employed to track dissolution characteristics (De Beer et al., 2011; Knop and 

Kleinebudde, 2013; Gendre et al., 2011). Off-line techniques, including HPLC, 

microscopy, PXRD, DSC, TGA, particle size analysis (Malvern Mastersizer), and 

surface area analysis (BET), have been applied for a long time. In recent years, PAT 

tools, such as PVM, FBRM, ATR-FTIR and Raman, have emerged as powerful 

techniques to monitor changes in the drug particles throughout the dissolution 

process. 

 

2.3.1. Morphology 

It has been found that drug morphology can influence the dissolution process. 

Several techniques have been employed to characterise morphology in dissolution 

processes, as outlined in this section.   

 

2.3.1.1. Optical Microscope 

The optical microscope is a common instrument used to magnify microscale objects 

based on the interference and diffraction of light. A general optical microscope 

consists of an objective lens, several ocular lenses, a lens tube, a stage, and a 

reflector. An object placed on the stage is magnified through the objective lens. 

When the target is focused, a magnified image can be observed through the ocular 

lens (Figure 2.6). Optical microscopes have refractive glass (occasionally plastic or 

quartz), to focus light on the eye or on to another light detector. Mirror-based optical 

microscopes all operate in the same manner. For light in the visible range, the typical 
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magnification of the optical microscope is up to 1250 times with a theoretical 

resolution limit of around 0.250 µm or 250 nm (Lodish et al., 2000).  In fact, this limits 

practical magnification to ~1500 times. When a digital microscope equipped with a 

function of digital-to-analogue conversion is employed, images of drugs can be taken 

and saved for analysis. There is an in-built LED light source in a digital microscope, 

meaning the image is focused on the digital circuit.  

 

Figure 2. 6. Basic principle of the optical microscope (Lodish et al., 2000). 

 

2.3.1.2. SEM 

Scanning electron microscopes (SEM) are a subtype of electron microscopes, which 

generate images of a sample by scanning them with a focused beam of electrons 

(Figure 2.7) (Wikipedia). Various signals, from the secondary electrons, reflected or 

back-scattered electrons, characteristic X-rays and light (cathodoluminescence), 

absorbed current (specimen current) and transmitted electrons emitted by atoms in 

the sample by the bombardment of electron beam, can be detected and converted to 

visualized images. Due to a single value per pixel, SEM does not naturally produce 

colour images, instead it generally generates black-and-white images (Burgess, 

1987). Different from an optical system, the resolution of SEM is not limited by the 

diffraction limit, fineness of lenses or mirrors or detector array resolution. SEM is 
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suitable for the observation of nanoscale samples and it can achieve a resolution 

lower than 1 nm. The magnification of a SEM can be controlled over a wide range of 

about 6 orders of magnitude from about 10 to 500,000 times amplification. SEM is a 

powerful tool for analysing surface morphology and composition of a wide range of 

materials.  

 

Figure 2. 7. Schematic of an SEM (Wikipedia). 

 

2.3.1.3. PVM 

Particle vision measurement (PVM) is a probe-based high-resolution video 

microscope to monitor and characterize particle growth at mesoscale and the particle 

size distribution at macroscale. The instrument consists of a probe which is inserted 

into the reactor and connected to a field unit and computer for data analysis. The 

probe contains six independent monochromatic laser light sources that are located at 

the back end of the probe. The laser light is sent to the probe tip via fibre optic 

cables where there are six fixed lenses mounted in a hexagonal array. The 

technology utilizes the phenomenon of light backscattering from the surface of 
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particles. The backscattered light is acquired by the same probe and passes through 

a lens that focuses the light onto a light sensitive charged couple device where an 

image is generated. This image is then converted into a video signal and sent to a 

computer where it can be observed.  

PVM is typically used for real-time high-resolution imaging of particles within the 

process environment. Traditional imaging techniques require the isolation and 

desiccation of a sample from the process before any images are captured. The 

procedure is extremely time consuming and labour intensive, and a large number of 

images are required for statistical robustness. Moreover, many problems associated 

with sample preparation, handling and manipulation, will impact on the sample 

representation (Allen, 1990). Therefore, an in situ imaging technique like PVM avoid 

many of these problems.  

The PVM probe can be inserted to the sample system and thus real-time data can 

be obtained on the particles during dynamic processes. It is distinguished for taking 

high-resolution images (resolution below 3 µm) at a wide range of concentrations so 

that the surface morphology and / or microstructures of the particles can be well 

characterized. It allows quantitative analysis of particle characteristics during 

crystallization processes, such as length, width, aspect ratio and so on. Habit shifts 

can also be successfully tracked using PVM and quantified using image analysis. As 

shown in Figure 2.8, PVM has often been used in combination with FBRM to provide 

a more in-depth understanding of dynamic particulate process (Borsos et al., 2017). 

For example, Xu et al. employed both PVM and FBRM to analyze the aggregation of 

asphaltene in toluene solution (Xu and Liu, 2015). Hartwig et al. monitored the 

crystallization of lactose at industrially relevant concentrations using both PVM and 

FBRM (Hartwig and Hass, 2018). 
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Figure 2. 8. Schematic of the experimental setup with other PAT tools (Borsos et al., 

2017). 

 

2.3.2. Crystal Form & Crystallinity 

Crystals have a definite external and internal structure, the former represented by 

crystal habit and the latter by crystal forms. Most drugs are found to have more than 

one crystal form. The crystal form of APIs has been widely recognised to affect the 

dissolution, bioavailability and efficacy of a drug (Kapoor et al., 1998; Blagden et al., 

2007; Gardner et al., 2004). In addition, the crystallinity of APIs also has a significant 

impact on the dissolution of drugs in the bloodstream. Generally, amorphous drugs 

have higher solubility and faster dissolution than crystalline ones but weaker stability 

during production and storage. To study the crystal form and crystallinity, techniques 

such as PXRD, DSC and TGA, have turned out to be useful and reliable. 

 

2.3.2.1. PXRD 

Crystals are regular arrays of atoms, and X-rays can be considered waves of 

electromagnetic radiation. Powder X-ray diffraction (PXRD) is intensively used to 
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measure the diffraction pattern of X-rays by the internal lattice structure (regularly 

spaced atoms) of a crystal, in which the crystalline structure causes a beam of 

incident X-rays to diffract into many specific directions determined by Bragg’s Law 

(Eq. 2.13) (Camelia et al., 2018), as illustrated in Figure 2.9. Every crystal form has 

its own diffraction pattern, which can be used to distinguish it from others. PXRD is 

one of the most important non-destructive tools. It is a powerful technique to 

characterize the changes of crystal form of a drug by detecting the positions and 

intensities of characteristic diffraction peaks. In addition, it can also be employed for 

qualitative and sometime quantitative analysis of the crystallinity of pure APIs as one 

of the most frequently used off-line techniques in the pharmaceutical field. PXRD has 

shown significant potential in new drug development, manufacturing and QC of 

manufactured pharmaceutical formulations (Chauhan and Chauhan, 2014). 

                                                          (2.13) 

where n is a positive integer, λ is the wavelength of the incident wave, d is the 

interplanar distance and θ is the scattering angle. 

 

Figure 2. 9. Schematic of Bragg's Law (Camelia et al., 2018). 
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2.3.2.2. DSC 

Differential scanning calorimetry (DSC) is a thermo-analytical technique which 

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

of both a sample and a reference that are maintained at the same temperature 

throughout the experiment (Figure 2.10) (Hitachi). Generally, as a quantitative 

thermal analysis, DSC detects the heat flow as a function of time. When the sample 

undergoes a physical transformation such as phase transitions, its heat flow will be 

different from the reference. Therefore, the transformation of crystal forms can be 

detected by this technique. McGregor et al. demonstrated the utility of DSC as a fast 

analytical tool for studying the polymorphic behaviour of carbamazepine metastable 

polymorphs (McGregor et al., 2004). Coste et al. studied the transformation between 

Form I and Form III of pleconaril and found evidence for enantiotropy, by DSC 

together with other off-line techniques like PXRD (Coste et al., 2004). In the 

pharmaceutical industry, it is sometimes critical to determine the processing 

temperature based on the results of DSC. For instance, DSC can be used to control 

and process the drug at temperatures below those at which crystallization can occur 

if it is necessary to deliver a drug in the amorphous form (Pungor, 1995). 

 

Figure 2. 10. Schematic of the principle of DSC (Hitachi). 
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2.3.2.3. TGA 

Thermogravimetric analysis (TGA) is another type of thermal analysis, in which the 

mass change of a sample is recorded over time along with the change of 

temperature. A high-resolution balance for mass measurement, as well as the 

precise control of heating / cooling rates and atmospheric conditions, is essential for 

the high reliability of this technique (Figure 2.11) (Hitachi). Similar to DSC, it can also 

provide information on physical phenomena like phase transitions and achieve both 

qualitative and quantitative analysis of the sample during the measurement. TGA 

has found wide applications in evaluating the thermal stability of pharmaceuticals. 

Other common applications in the pharmaceutical sciences include the 

characterization of hydrates including the desolvation process and the determination 

of decomposition, vaporization or sublimation temperatures (Stodghill, 2010). 

 

Figure 2. 11. Schematic of the principle of TGA (Hitachi). 

 

2.3.3. CSD & Surface Area 

The control of crystal size distribution (CSD) and surface area is crucial to both the 

physical and chemical properties of drugs. In terms of the uniformity and consistency 

of drugs, CSD and surface area are important evaluation items as they can affect the 

dissolution and bioavailability of the drug in the bloodstream.  
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2.3.3.1. Particle Size Analysers 

Particle size analysers can achieve fast and reliable size measurement of particles in 

dry powders and / or wet suspensions. Flexible and detailed CSD data can be 

obtained using these instruments. For example, the Malvern Mastersizer 2000, 

based on laser diffraction, provides size distribution over a wide range (both micro 

and nano scales). Suspensions of solid particles, emulsion droplets, or even dry 

powders can be measured using this apparatus. It uses the principles of static light 

scattering and Mie theory to calculate the size of particles in a sample. The basic 

principle is that small particles will scatter light at large angles and large particles will 

scatter light at small angles, as shown in Figure 2.12 (USP <429>). The size 

distribution is provided as a frequency function of particle size.  

 

Figure 2. 12. Schematic of particle size analysers (USP <429>).  

 

2.3.3.2. FBRM 

Focused beam reflectance measurement (FBRM) is another probe-based real-time 

technique that tracks changes of particle size and particle count at all concentrations 

during the process. FBRM is based on the principle of backscattered laser light and 

there are numerous detailed descriptions of the principle in literature (Sparks and 

Dobbs, 1993; Tadayyon and Rohani, 1998; Barrett, 2002). As presented in Figure 



 

 

38 

2.13 (Kumar et al., 2013), a monochromatic laser beam of wavelength 790 nm 

generated by a Class 1 laser source travels via a fibre optic conduit to an optical 

assembly housed within the probe shaft. This optical assembly (Figure 2.13a) 

consists of a lens mounted eccentrically, and this entire assembly is made to rotate 

in a circular motion at high speeds (2-8 m/s). The laser scans a chord of a given 

particle in its path (Figure 2.13b). The chord is recorded and named as chord length, 

which is not equal to, but related to crystal size. The data is typically represented as 

a chord length distribution (CLD) between 1 and 1000 µm (Figure 2.13c).  

 

Figure 2. 13. FBRM measurement: (a) FBRM probe (b) chord length measurement 

and (c) chord length frequency distribution (Kumar et al., 2013). 

Since many thousands of these measurements are taken every second, a 

statistically robust measurement is rapidly obtained. Of particular importance is the 

fact that the probe is inserted directly into the measured system, as shown in Figure 

2.14 (Pandalaneni and Amamcharla, 2016). Therefore, the measurement is made 

within the actual process environment without separation of solid sample, which is an 

inevitable requirement for off-line techniques. 
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Figure 2. 14. Experimental set-up used for monitoring crystallization using FBRM  

(Pandalaneni and Amamcharla, 2016). 

Among all particulate processes, including flocculations (Blanco et al., 2002), 

suspensions (Sun et al., 2015) and emulsions (Sparks and Dobbs, 1993; Pham et al., 

2017), FBRM is perhaps most widely used in crystallization processes. In many 

pharmaceutical and industrial chemical processes, a crystallization step is needed 

since to produce highly pure crystalline solids from a mother liquor solution with 

complicated impurities (Mullin, 1993). In particular, FBRM has been widely employed 

to monitor crystal growth and the onset of nucleation in crystallization processes. 

Owing to high efficiency and easy automation, FBRM has also been used to 

characterize the crystallization design space through measurement of the metastable 

zone width and solubility, requiring a greatly shortened time period compared with 

conventional methods (Barrett and Glennon, 2002). 

 

2.3.3.3. Transformation between CSD & CLD 

As mentioned in the previous section, chord length is different to crystal size. 

Nevertheless, CSD can be calculated from CLD by statistical methods while applying 

some assumptions to the system examined, such as the particle shape type and that 

particles completely backscattered light in all directions (Togkalidou et al., 2004). For 
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example, transformation from CSD to CLD can be achieved by multiple integral and 

Monte Carlo analysis, and the inverse transformation was realized by solving a non-

negative least squares problem with a mapping matrix (Li et al., 2006; Unno et al., 

2018). Li et al. established an empirical FBRM model which was used to map CLDs 

to CSDs and then demonstrated the ability to extract the CSD with knowledge of the 

solution concentration for a batch cooling crystallization (Li et al., 2014).  

 

2.3.3.4. BET 

The Brunauer–Emmett–Teller (BET) method is the most frequently utilized to 

characterize the surface area of materials. BET measures surface area based on 

gas adsorption (Brunauer et al., 1938). More specifically, it allows determination of 

the overall specific external and internal surface areas of disperse (i.e. nano-

powders) or porous solids by measuring the amount of physically adsorbed gas 

according to the BET equation (Eq.2.14). In standard analysis, the measurement is 

often carried out at the boiling temperature of inert gas adsorbates (i.e. nitrogen, the 

most commonly used one), which do not react with material surfaces (Sing, 1998). 

The process of measurement is illustrated in Figure 2.15 (Connelly, 2017). It should 

be noted that this measurement can only be applied to dry solid samples.  

                                      (2.14) 

where p and p0 are the equilibrium and the saturation pressures of adsorbates at the 

temperature of adsorption, na is the adsorbed gas quantity, stotal is the surface area, 

nm is the monolayer capacity and CBET is the BET constant. 
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Figure 2. 15. Schematic of measuring surface area with BET method (Connelly, 

2017). 

 

2.3.4. Concentration 

In dissolution testing, accurate monitoring of the concentration is fundamental for 

determination of kinetics. The concentration of API is generally measured using the 

methods described in this section. 

 

2.3.4.1. UV Spectrophotometer 

The UV spectrophotometer is based on the Beer-Lambert law, as shown in Eq. 

(2.15), which states that the absorbance of a solution is directly proportional to the 

concentration of the absorber in the solution. In most cases, UV spectrophotometry 

is employed to determine the concentration of the absorber by measuring the 

absorbance at maximum wavelength and comparing the absorbance with a 

calibration curve for reliable results. It can only be used to measure the 

concentrations of the drugs which have absorbance in the UV region.  

                                                   (2.15) 
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where A is the measured absorbance, I0 is the intensity of the incident light at a 

given wavelength, I is the transmitted intensity, l is the path length through the 

sample, ε is the molar absorptivity and c is the concentration of the absorbing 

species. 

 

2.3.4.2. Conductivity 

Conductivity measurement can be used for analysis of inorganic systems in which 

one species is present in solution. The conductance is proportional to the 

concentration of the ions in solution. In general, standards of known concentration 

are prepared beforehand, and then the corresponding conductivity of the sample is 

measured. For non-isothermal systems, the effect of temperature should also be 

considered in the calibration model. Conductivity has been employed to monitor the 

supersaturation in many crystallization systems (Sikdar and Randolph, 1976; Hlozný 

et al., 1992; Nývlt et al., 1994). However, it is unsuitable for organic systems and 

easily disturbed by impurities in the solution (Lewiner et al., 2001). The application of 

conductivity measurement in the pharmaceutical industry is therefore limited. 

 

2.3.4.3 HPLC 

As a well-developed analytical method, high performance liquid chromatography 

(HPLC) has been validated to be an accurate tool for concentration analysis of APIs 

(Épshtein, 2004). The retention time, which is the time needed for a certain API to go 

through the column to the detector, is used to characterize the API species, as 

shown in Figure 2.16 (Choudhary, 2008). The maximum peak corresponding to the 

target API is utilized to calculate the concentration. HPLC is characterized by a wide 

linear range (up to many orders of magnitude), selectivity (by separation), and 

superior sensitivity and accuracy (Upadhyay et al., 2015). As a universal method for 

various kinds of drugs, reverse-phase HPLC is much more developed and useful in 

the pharmaceutical field than normal-phase HPLC. For example, Shaw et al. 
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adopted a reverse-phase HPLC method using different mobile phases for 

concentration analysis in a study of the dissolution behaviours of paracetamol and 

ibuprofen respectively in the presence of a range of selected potential excipients 

(Shaw et al., 2005).  Koduri et al. recently developed a reverse-phase HPLC method 

which realised the quantification and stability indication of pimavanserin in bulk and 

tablet dosage form (Koduri et al., 2018) and Badroon et al. also reported on 

development and validation of a stability indicating assay by HPLC method for 

estimation of Rivaroxaban (Badroon and Sreeramulu, 2019). 

 

Figure 2. 16. Schematic of HPLC (Choudhary, 2008). 

 

2.3.4.4. ATR-FTIR 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) is now one of the 

most widespread instruments of infrared spectroscopy, which tracks the progression 

and characteristics of liquid and solid phases. It can provide important information on 

the concentration, and how it evolves and changes over time. Owing to the 

evanescent wave resulted from total internal reflection, ATR-FTIR, has many 

advantages over transmission infrared (Wong et al., 1995). ATR-FTIR has a limited 

path length into the sample, avoiding strong attenuation of infrared signals in 

aqueous solutions which are highly absorbing (Mojet et al., 2010). As shown in 

Figure 2.17 (Yu, 2016), the infrared beam interacts with the surface of the sample 

without penetrating into it and sample thickness therefore needs not to be thin. It also 

allows the direct analysis of solid or liquid samples without any preparation. Partial 
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least squares methods have been utilized to construct calibrations where changes of 

the dissolved concentration are measured as a function of the absorbance across 

multiple wavelengths (Liotta and Sabesan, 2004).  

 

Figure 2. 17. Schematic of the principle of ATR-FTIR (Yu, 2016). 

 

Since Dunuwila et al. first utilized ATR-FTIR in crystallization process to determine 

the solubility curve and metastable zone width of aqueous citric acid solutions 

(Dunuwila et al., 1994), ATR-FTIR has found more and more applications in various 

fields, including crystallization processes. Togkalidou et al. first applied ATR-FTIR to 

a multicomponent pharmaceutical system. Inferential models constructed from ATR-

FTIR data and chemometrics techniques can be used to predict solution 

concentrations of pharmaceutical compounds in both cooling and antisolvent 

crystallization with high accuracy. Many studies have reported that ATR-FTIR can 

assist other techniques, such as FBRM, to facilitate further control of the operating 

parameters to achieve a more favourable final CSD. For example, Doki et al. 

reported a process control strategy for the production of metastable α-form glycine 

crystals of a desired mean mass size by manipulating the alternating temperature 

profile and the final termination temperature, which was achieved based on the 

concentration and CSD information collected by in situ ATR-FTIR and FBRM, 

respectively (Doki et al., 2004). 
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3. IBUPROFEN PREPARATION PROTOCOL FOR DISSOLUTION 

TESTING 

Abstract 

To obtain reliable and reproducible dissolution kinetic data, it is necessary to ensure 

the materials used in the dissolution experiments have desired and specific 

morphologies and CSDs. For this reason, commercial ibuprofen is not ideal for such 

experiments. Also, for the purpose of experimental comparison, crystals with 

different morphologies and CSDs are critical. To achieve this goal, it is important to 

develop different crystallization strategies to produce specific ibuprofen crystals with 

required qualities.  

In this chapter, a dedicated ibuprofen preparation protocol was applied to create IBU 

crystals with tailored solid-state characteristics, i.e. morphology and CSD. This was 

achieved using cooling crystallization and by adjusting operating parameters 

(crystallization seeding strategy, different solvents), using PAT tools (FBRM, PVM 

and ATR-FTIR) to monitor the process. To ensure the quality of the obtained IBU 

products (from the crystallization) for dissolution, the crystals were then 

characterized by a range of off-line analytical techniques, such as HPLC (to examine 

the product purity), microscope and SEM (to measure the crystal morphology), 

PXRD and DSC (to confirm the crystallinity and crystalline form), and the Malvern 

Mastersizer (to analyse the size distribution and the surface area of the crystals). 

The IBU crystals produced from this protocol were then sieved with narrower CSDs 

to target the specific characteristics required for DoEs throughout this thesis. 
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3.1. Introduction 

To prepare high quality API crystals, it is necessary to have a good understanding of 

the API’s critical characteristics (which also impact on the processability in drug 

product performance) such that appropriate specifications may be set. Failures in 

drug product manufacturing (either during processing or relating to final drug product 

performance) are often attributed to the API (ICH, 2009). However, many key quality 

attributes of APIs, which impact adversely on processability, end product 

characteristics or dissolution performance, are still unknown. It is hence important to 

understand the critical attributes of APIs, so that the end product design space may 

be more thoroughly defined (ICH, 2005).  

ICH Q8 (ICH, 2009) & Q9 (ICH, 2005) concepts of Quality by Design (QbD) and 

quality risk management are readily applied to control critical processing parameters 

relating to the operation of equipment. However, the degree of understanding of 

critical relationships between material variability, processing factors and resultant 

drug product performance is not as advanced. Identification of critical material 

properties relating to poor processability and drug product performance is 

challenging. The complexity of identifying the critical material properties increases 

significantly as the number of components increases.  The work in this chapter aims 

to create a predictive design space for API systems compared with current empirical 

approaches.  

The crystal size distribution of the product obtained from crystallization is governed 

by nucleation during the process, which in turn is difficult to control. Accordingly, 

even though the general features of product crystal size control are reasonably well 

known, the actual implementation and the required technology are not sufficiently 

advanced. When tailoring product properties to meet the requirements of secondary 

manufacturing, the influence of crystal morphology, size, and surface properties on 

powder flowability and compressibility are also not well understood. A significant 

challenge is how to obtain good isolation, powder handling, and size characteristics 
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at the same time, as strong inter-particulate cohesive forces generally lead to poor 

flow properties for small particles (<~10 μm).  

Ibuprofen was introduced in England in 1967 and in the United States in 1974 

(Thomas and Kantor, 1979). It is one of the most widely used analgesic-antipyretic-

anti-inflammatory drugs today ranking with aspirin and paracetamol for non-

prescription over-the-counter relief of symptoms relating to acute pain, inflammation 

and fever (of course patterns of use of these analgesics vary considerably from 

country to country). Ibuprofen is regarded as the least toxic among these three drugs 

and is rarely associated with deaths from accidental or deliberate ingestion or with 

serious adverse reactions. In fact, it has been described as “the mildest non-steroidal 

anti-inflammatory drugs with the fewest side effects which has been in clinical use for 

a long time” (Rainsford, 2009). In terms of physical properties, ibuprofen has a 

relatively low solubility but high permeability so it is classified as a Biopharmaceutics 

Classification System (BCS) Class II drug. As its pharmacological effect is correlated 

to its concentration, rapid ibuprofen dissolution is critical for quick onset of its 

analgesic action. As a result of high membrane permeability, its dissolution from the 

dosage forms the rate limiting step for its absorption. Due to its low water solubility, 

ibuprofen dissolves slowly during this step however. Therefore, the improvement of 

ibuprofen dissolution for quicker release on its absorption site in the gastrointestinal 

tract following oral administration is desirable (Laska et al., 1986).  

In recent years, various formulations such as prodrugs (Murtha and Ando, 1994), 

inclusion complexes (Ghorab and Adeyeye, 2001), microcapsules (Adeyeye and 

Price, 1994) of ibuprofen have been developed in order to improve the dissolution 

rate. However, the dissolution rate and the bioavailability of ibuprofen as part of 

these formulations differed remarkably. These modification methods were time-

consuming and costly, and some formulations were bulky with poor flow 

characteristics and resulting in handling difficulties (Newa et al., 2008). This study is 

aimed at improving the dissolution rate of ibuprofen on the basis of investigation on 

the dissolution process of pure ibuprofen. The results can provide inspiration for 

formulation development and further contribute to the enhancement of its 

bioavailability. 
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3.2. Experimental Section 

3.2.1. Materials 

In this study, ibuprofen (>99.8% purity) was purchased from Kemprotec Limited, U.K. 

The organic solvents, n-hexane (>= 95% purity) and methanol (>=99.8 % purity), 

were purchased from Fisher, U.K. All of them were used as obtained. Deionized 

water produced in lab was used in crystallization and washing. 

 

Table 3. 1. Description of materials used in this chapter. 

Chemical 

name 

CAS registry 

number 

Source Initial mass 

fraction purity 

Further 

purification 

method 

Analysis 

method 

Ibuprofen 15687-27-1 Kemprotec Ltd, UK 
 

>0.998 none HPLC 

n-Hexane 110-54-3 Fisher, UK   >=0.95 none HPLC 

Methanol 67-56-1 Fisher, UK     >=0.998 none HPLC 

DI H2O 7732-18-5 Lab produced - none - 

 

3.2.2. Experimental Set-Up 

A 1 L Mettler Toledo OptiMax reactor, in conjuction with the iControl OptiMax 

software platform was used as the crystallizer. Agitation in the vessel was achieved 

using a stainless-steel pitched-blade turbine, up-pumping with 4 blades. A FBRM 

probe (Lasentec G400, Mettler Toledo) was introduced to track the solid phase CLD, 

as shown in Figure 3.1. PVM (Lasentec v819, Mettler Toledo) was applied to monitor 

the morphology of the crystals. ATR-FTIR (ReactIR15, Mettler Toledo) was used to 

track the concentration change in non-aqueous liquid phase. The procedure of each 

process is described in the next section “3.2.3. Crystallization Process Design”. The 

final products were filtered and dried in an oven at 40 ˚C under vacuum (-900 mbar).  
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Figure 3. 1. Set-up of crystallization process of ibuprofen with FBRM. 

 

3.2.3. Solubility & Metastable Zone Determination 

3.2.3.1. Solubility 

The solubility measurements of ibuprofen were carried out by using gravimetric 

method, which has been extensively reported in the literature (Gonçalves et al., 2012; 

Zong et al., 2017). Firstly, excess solid ibuprofen was added into a 100 mL jacketed 

glass vessel containing about 50 mL of solvent (water, methanol, or hexane). The 

mixture was agitated for 6 h at a constant temperature to achieve solid-liquid 

equilibrium, which was verified by a preliminary experiment. The temperature of the 

mixture was controlled by the Mettler Toledo Easymax system to a temperature 

accuracy of ± 0.1 K. After 6 h, the agitation was stopped and the mixture was kept 

static for 4 hours at the same temperature in order to let the undissolved particles 
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settle to the bottom of the vessel. After this settling time, the upper clear saturated 

solutions were pipetted using syringes and filtered through a pre-heated or pre-

cooled 0.22 μm PTFE membrane. The filtered solution was then syringed into a pre-

weighed beaker, to allow measurement of the total weight of the solution and beaker. 

Finally, the beakers containing the solution were put into a vacuum oven and the 

solution was allowed to evaporate at 313.15K until it was observed that the weight 

remained constant. The weights of all the samples were determined by an electronic 

analytic balance (Mettler Toledo ML204, Switzerland) with an accuracy of ±0.0001 g. 

These solubility experiments were repeated in triplicate and the average values were 

used to calculate the mole fraction solubility (283.15 - 317.81 K) to ensure the 

veracity of the data. 

 

3.2.3.2. Metastable Zone 

The metastable zone refers to the region between the solubility curve and 

supersaturation curve. Metastable zone width (MSZW) measurements were 

conducted in a 100 mL jacketed glass vessel by the conventional polythermal 

method (Nyvlt et al., 1970), in which a saturated solution is cooled at a fixed cooling 

rate until spontaneous nucleation occurs (Lenka et al., 2014). The measurement 

procedure can be simplified as follows: different saturated solutions at different 

temperatures were prepared based on the solubility data measured as described in 

the previous section. The stirring speed of the agitator was set to 300 rpm, and the 

cooling rate was set to 0.1 K/min. The saturated solution was then cooled at this 

cooling rate until nucleation occurred, which was observed by FBRM. As the 

detection range of FBRM is from 0.5 to 2000 μm, the MSZW might be overestimated 

due to the detection limit by the device. The temperature difference between the 

saturation temperature and the nucleation temperature is referred to as the 

metastable zone width. 
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3.2.4. Crystallization Process 

Ibuprofen has been known to crystallize as plates (sometimes aggregates) in polar 

solvents and needles in nonpolar solvents (Cano et al., 2001; Rasenack and Muller, 

2002a; Rasenack and Muller, 2002b; Rasenack and Muller, 2002c; Karunanithi et al., 

2007; Karunanithi et al., 2008). In this work, cooling crystallization methods were 

used to prepare ibuprofen in n-hexane, and methanol-water solvent systems. For 

cooling crystallization, raw ibuprofen was dissolved in the chosen solvent at a 

specified temperature to prepare the solution. Then, crystalline ibuprofen was 

crystallized in the glass crystallizer by cooling the solution at a specified cooling rate. 

The effect of cooling rate, seeding and type of solvent on the morphology and size 

distribution of ibuprofen was investigated and optimized by varying the operating 

parameters. Each experiment was conducted at least in triplicate to ensure 

repeatability. 

 

3.2.5. Characterization 

3.2.5.1. Process Analytical Technology 

3.2.5.1.1. FBRM 

The particle chord length distribution (CLD) change in the batch crystallization 

process was monitored in situ with FRBM. The FBRM device is a Lastenec G400 

probe from Mettler Toledo, with a detection range from 0.5 to 2000 μm. Software iC 

FBRM developed by Mettler Toledo was used to collect and analyse the data. The 

sampling duration was set to 2 s.  
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3.2.5.1.2. PVM 

The change of the particle morphology during the crystallization process were 

tracked in situ with PVM. The PVM device is a Lastenec v819 probe from Mettler 

Toledo, with a detection range from 0 to 1000 microns. Software iC PVM developed 

by Mettler Toledo was used to collect and analyse the data. The sampling duration 

was set to 10 s.  

 

3.2.5.1.3. ATR-FTIR 

Concentration trends in the liquid phase in hexane system of the crystallization 

process were measured in situ with ATR-FTIR. The FTIR device is a ReactIRTM 

probe from Mettler Toledo, with a detection range from 2500 to 650 cm-1. Software 

iC IR developed by Mettler Toledo was used to collect and analyse the data. The 

sampling duration was set to 2 s.  

 

3.2.5.2. Off-line Characterization 

3.2.5.2.1. HPLC 

 

The purity of crystallised IBU product was quantitatively determined by high 

performance liquid chromatography (Agilent Technologies, USA) with the column of 

ZORBAX Eclipse Plus C18 (250 × 4.6 mm, 5 μm particle size from Agilent 

Technologies, USA) at 40 °C. Mobile phase A was 10 mM sodium phosphate buffer 

solution (pH=6.9), and mobile phase B was acetonitrile applying a flowrate of 1.0 

mL/min. The injection volume was 3 μL, and the analytes were detected at 214 nm. 
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3.2.5.2.2. Microscope 

 

Microscope images of crystals were taken with an optical microscope (Leica DM 

2500P, UK).  

 

3.2.5.2.3. SEM 

SEM images of crystals were taken with a scanning electron microscope 

(TM4000Plus, Tabletop Microscope, Hitachi, UK). Samples were fixed on an 

aluminum stub with conductive double-sided adhesive tape and coated with gold in 

an argon atmosphere (50 Pa) at 50 mA for 50 s (Sputter Coater, Bal-Tec AG, 

Lichtenstein).  

 

3.2.5.2.4. PXRD 

Powder X-ray diffraction measurements were obtained using a Rigaku MiniFlex II 

desktop X-ray diffractometer (Rigaku, Japan) with Haskris (USA) WA1 cooling unit. 

The Rigaku MiniFlex II diffractometer consists of a vertical goniometer with a 1.25° 

dispersion slit, a 1.25° anti-scatter slit and a 0.3 mm receiving slit. The Cu anode X-

ray tube was operated at 30 kV and 15 mA in combination with a Ni filter to give 

monochromatic Cu Kα X-rays. Measurements were taken from 5° to 40° on the 2θ 

scale at a step size of 0.05°/s. Analysis was performed in triplicate for each sample. 

 

3.2.5.2.5. DSC 

DSC scans were taken by using a DSC TA Q200 (TA instruments, UK) with a 

refrigerated cooling system. Nitrogen was used as the purge gas. Samples were 

loaded into sealed Al pans and scanned over a temperature range of 25-100 °C at a 

scanning rate of 10 °C/min. Weights of approximately 3 mg were tested. The DSC 

system was controlled by Q200 software and data was analysed using the same 
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software. The unit was calibrated with indium. Analysis was performed in triplicate for 

each sample. 

 

3.2.5.2.6. CSD 

The crystal size distributions (CSDs) of ibuprofen samples post crystallization were 

determined using a Mastersizer 2000 laser diffraction instrument (Malvern 

Instruments, UK) with a wet sample dispersion Hydro 2000 accessory for crystallized 

samples covering the size range 0.02-2000 μm. Samples were run in triplicate. 

Mastersizer 2000 software was used for data evaluation. For the measurement of 

ibuprofen, the particle refractive index is 1.52, particle absorption index is 0.1 and 

dispersant refractive index is 1.33, respectively. The result transform type is by 

volume. 
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3.3. Results and Discussion  

3.3.1. Solubility & Metastable Zone 

The solubility of ibuprofen in pure hexane, pure methanol and methanol-water mixed 

solvents are given in Figure 3.2, Figure 3.3 and Figure 3.4 respectively. The overall 

average relative deviation of the data is less than 5 %. The measured experimental 

data is closely aligned with the published data (Wang et al., 2010; Jimenez et al., 

2016), thus ensuring the assumption that the developed experimental method is 

sufficiently accurate. From these figures, it can be observed that the solubility data of 

ibuprofen in all tested solvent systems increases with increasing temperature, which 

indicates that cooling crystallization will be appropriate for these selected solvent 

systems. At a given temperature, the solubility order is methanol > hexane > 

methanol-water (w/w 3:2). Due to the high solubility of ibuprofen in methanol, it is 

very challenging to control the crystallization process, especially nucleation. Instead, 

the methanol-water system with its relatively low solubility (w/w 3:2) was chosen to 

produce the needle-like ibuprofen crystals in this work.    

The metastable zone data of ibuprofen in pure hexane and in methanol-water (w/w 

3:2) mixed solvents are given in Figure 3.2 and Figure 3.4, respectively. It should be 

noted that the experimental set-up used to determine metastable zone width (100mL 

vessel) in this work was different from that employed for crystallization (1L vessel), 

which might cause some degree of errors when designing the crystallization process. 

This is acceptable since the metastable zone width is quite large in both hexane or 

methanol-water system. From these two figures, it may be observed that the 

metastable zone width of ibuprofen in the two solvent systems are quite wide, which 

means that a seeding strategy will be needed to control the morphology and size 

distribution of the product during crystallization in these two solvent systems. It can 

also be seen that the metastable zone of ibuprofen in the water-methanol solvent 

mix becomes wider with increasing temperature.   
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Figure 3. 2. Solubility and metastable zone (cooling rate: 0.1 k/min) of ibuprofen in 

hexane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3. Solubility of ibuprofen in methanol. 
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Figure 3. 4. Solubility and metastable zone (cooling rate: 0.1 k/min) of ibuprofen in 

aqueous methanol solution (w/w methanol: water = 3:2). 
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3.3.2. Crystallization Process Design 

In order to produce ibuprofen with tailored crystal morphology (needle-like and 

polyhedral) and size for the further dissolution study, crystallization processes were 

designed with reference to the solubility and metastable zone data obtained in 

section 3.3.1. Different crystallization experiments were designed to evaluate the 

effect of different operating parameters on the quality of final product, especially the 

morphology and size distributions. Fast cooling is suitable for the crystallization of 

fine crystals while slow cooling for large ones. Therefore, the effect of cooling rate 

should be investigated. Since the solubility of ibuprofen varies with solvent and 

temperature, the effects of both supersaturation and temperature were also 

evaluated. As is well known, seeding is an approach to manipulate the morphology 

and size distribution of crystalline products. Hence, the effect of seeding was 

investigated in this work. Details of optimized operating conditions of the designed 

crystallization experiments are listed in Table 3.2. The crystallization processes were 

monitored by PAT tools in situ, while the different off-line technologies were used to 

characterize the ibuprofen crystals obtained under different operating conditions. The 

different crystallization experiments are schematically shown in Figures 3.5-3.6, 

respectively. 

As listed in Table 3.2 and illustrated in Figure 3.5, HCC (hexane cooling 

crystallization) product was crystallized by cooling hexane (a nonpolar solvent) 

solution (134.5 g ibuprofen in 600 mL hexane, 340.16 g IBU/kg hexane) at cooling 

rates as slow as 0.2 °C /min, with a crystal seed loading (1%), close to the 

metastable limit. In addition, as shown in Table 3.2 and Figure 3.6, AMC (aqueous 

methanol cooling crystallization) product was collected by cooling from a lower-

concentration methanol-water mixed solution (92.3 g ibuprofen in 500 g methanol-

water (w/w methanol : water = 3:2) mixed solution, 184.60 g IBU/kg methanol-water 

mixed solution) at a slower cooling rate (0.1°C /min), a 1% seed loading, close to the 

metastable limit. Each of the experiments was performed at least in triplicate to 

ensure repeatability. 
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Figure 3. 5. Design space of ibuprofen cooling crystallization from hexane solution 

(HCC). 
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Figure 3. 6. Design space of ibuprofen cooling crystallization from aqueous methanol 

solution (with a methanol composition of 60%, AMC). 
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Table 3. 2. Crystallization process design. 

EXP Name HCC a AMC b 

Method  Cooling Crystallization 

Solvent Hexane Aqueous methanol 

Initial Solvent 600 mL 500 g (w/w MeOH : H2O = 3:2) 

Initial IBU (g) 134.5 92.3 

Initial Conc. (g/kg solvent) 340.16 184.60 

Initial Conc. Sat. @ (°C)  38.7 36.76 

Seeding Temp. (°C)  36 35 

Seeds Raw material, rod-like (D[4,3]=193 um) 

Seed Loading (g) 1.4 0.9 

Aging Time (hr) 1 1 

Start Point (°C)  45 40 

Cooling Rate (°C/min)  0.2 0.1 

End Point (°C)  10 10 

a HCC: hexane cooling crystallization. 

b AMC: aqueous methanol cooling crystallization. 
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3.3.3. In Situ & Real Time Observation of the Process 

3.3.3.1. Crystallization Process HCC 

As shown in Figures 3.7-3.13 and Table 3.3, the HCC crystallization processes were 

measured in situ by FBRM, PVM and ATR-FTIR, which can provide real-time 

detection of the particle count and size (chord length), in addition to morphology and 

concentration information in both solid and the liquid phases over time.  

Figure 3.7 shows details of the process operating temperature (  Ref: Tr / °C) 

and agitation rate (  Ref: R / rpm), along with the trends of total particle 

population ( Counts, No Wt (Macro) / counts) and median size ( Median, No 

Wt (Macro) / microns) from the iControl and iC FBRM software. The agitation rate 

(blue line: Ref: R) increased periodically due to the increasing crystal population 

density. The pink line (Ref: Tr) shows the change of temperature over time during 

the whole process, based off the procedure outlined in Table 3.2. As indicated by the 

purple line (counts, No Wt (Macro)), the total population was stable during the aging 

period after seeding, while increasing during the cooling process due to crystal 

nucleation and growth. The purple line increased sharply when started cooling 

(02:45:00), indicating that secondary nucleation occurred largely at this stage. Then 

the purple line gradually decreased between 03:45:00 and 05:00:00 during cooling 

as smaller particles dissolved and larger particles grew (Ostwald Ripening) (Vetter et 

al., 2013). Meanwhile, the median size of particles (dark green line) increased 

slightly during the aging period after seeds were added (the number of total counts 

didn’t change, purple line), indicating that the seeds started consuming the 

supersaturation in the solution and grew in size, with no significant nucleation 

apparent. If primary nucleation did occur during this time, no change of particle count 

and size was detected by the FBRM due to the fine size of nuclei which may be out 

of the equipment’s detection limits. Starting at the constant cooling stage, the median 

size of particles dropped sharply as crystal nucleation generated a significant 

number of small nuclei or clusters in a short time. The median size then decreased 

gently from 02:50:00 to 03:40:00, as both crystal nucleation and growth were taking 
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place.  Nucleation still dominated at this stage, leading to the overall median size 

decrease evident in the dark green line. Crystal growth started dominating the 

crystallization process (in place of nucleation) after 03:40:00, as the median size 

increased gradually. During the aging process (post cooling), the system reached 

steady state as both the population count and particle size remained constant. The 

batch was stopped at this point for filtration.  

 

Figure 3.8 and Table 3.3 display the CLD change of the HCC crystallization process 

over time. The increase of CLD at 03:07:29 (pink line) showed the fast crystal 

nucleation and growth rates which correspond with Figure 3.7. Following this point, 

the CLD shift to the right (pink line – 03:07:29 to blue line – 04:39:44 to green line – 

05:05:35) illustrates that the crystallization process varied from nucleation dominated 

to growth dominated with time. In addition, the CLD at 05:05:35 (green line) and 

05:49:18 (yellow line) remained similar, as shown in Figure 3.8 as well as in Table 

3.3 representing the aging part of the process. 

 

 

 

 

 

 

Figure 3. 7. Crystallization process HCC measured by FBRM. 
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Figure 3. 8. CLD trends of ibuprofen in the HCC crystallization process. 

 

Table 3. 3. Stastistics of CLD trends of ibuprofen in the HCC crystallization process. 

Trend 
00:50:32 
(Macro) 

01:37:45 
(Macro) 

02:19:07 
(Macro) 

02:46:18 
(Macro) 

03:07:29 
(Macro) 

04:39:44 
(Macro) 

05:05:35 
(Macro) 

05:49:18 
(Macro) 

Ref:Tr 45 35.99 36 34.47 30.43 11.92 10 10 

Ref:R 248.28 347.47 350.43 449.24 448.71 500.43 499.94 503.02 

Median  
No Wt 

18.83 37.1 60.96 41.95 12.03 19.11 21.67 18.45 

Mean  
Sqr Wt 

36.15 156.35 168.9 143.64 53.09 95.98 98.65 80.33 

counts  
No Wt  
<10 

0.0106 0.728 10.05 88 22132.99 10303.4 7419.02 9796.17 

counts  
No Wt  
10-50 

59.76 79.33 133.25 340.77 28387.63 26576.18 21911.7 22884.95 

counts  
No Wt  
50-150 

1.53 50.4 164.98 285.72 1731.12 4811.18 5335.56 3993.67 

counts  
No Wt  
150-300 

0 12.15 31.32 34.78 38.11 301.56 280.32 142.97 

counts  
No Wt  
300-1000 

0 0.327 2.03 2.49 0 7.44 11.39 2.8 

counts  
No Wt 

61.3 142.93 341.63 751.77 52289.84 41999.76 34957.97 36820.56 
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Figure 3.9 shows the Relative Backscatter Index (RBI) trend and the corresponding 

images captured by PVM. The RBI is an image-based trend sensitive to changes in 

particle size and concentration, which is combined in Figure 3.9 with the most 

relevant images as well as recorded process variables. In this HCC process, the RBI 

trend provides information relating to the population density and crystal size change 

over time, moving from a low to a high value and ending up at steady state. As the 

images clearly shown in Figure 3.9, the needle-like crystal morphology and size can 

be detected viewed at seeding, aging (post seed added), constant cooling (crystal 

nucleation or growth dominated stages, or growth only stage) and aging (post 

cooling) stages, and are in good agreement with the FBRM results shown in Figure 

3.7.  
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           Seeding point                       Aging: seed growth        Cooling: NUCLEATION & growth 

 

   Cooling: GROWTH & nucleation          Cooling: growth                        Aging: steady 

 

Figure 3. 9. PVM of ibuprofen in crystallization process HCC. 
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Figure 3.10 displays the ATR-IR spectrum of pure solid ibuprofen, reproduced from 

SpectraBase, while Figure 3.11-3.13 illustrate the concentration change of IBU in the 

liquid phase of crystallization process HCC with ATR-FTIR.  

As shown in Figure 3.11, the 3-D surface gives an overview of the overall spectra 

change and the change of each trend at a specific peak over time. It can be 

observed that compared with the ATR-FTIR spectra of the pure hexane solvent, 

there are a number of different characteristic peaks for IBU, which could be used to 

tracking IBU concentration change in the liquid phase.  

Figure 3.12 shows the ATR-FTIR spectra of hexane solvent and IBU in hexane 

solution in the HCC crystallization process, respectively. Figure 3.12A displays the 

original IR spectrum of pure hexane, while Figure 3.12B shows the spectrum of 

hexane (blue line) as the baseline, and the spectrum of IBU in the solution (the pink 

line, which is equal to the hexane background deducted from the IBU + hexane 

spectra).  

A characteristic peak of IBU at 1713 cm-1 was chosen to track the concentration 

change of IBU in the HCC crystallization process, as shown in Figure 3.13. The 

ReactIR probe is very sensitive to the change of both temperature and materials, 

which means that even as the concentration in the solution remains constant, slight 

changes may be observed in the trend due to changes in temperature. This could be 

observed at the “generating supersaturation” stage in Figure 3.13. At this point the 

solution was clear with no crystal nucleation taking place (confirmed with FBRM in 

Figure 3.7), however the trend (blue line) increased gently with the decrease of 

temperature (confirming that the ATR-FTIR trend of the peak at 1713 cm-1 is 

inversely related to system temperature changes). During the “dissolution” stage, the 

raw IBU dissolved fully within the first 25 minutes, as the trend increased gradually 

until reaching a plateau (at 45°C). During “aging” (after seed addition) at 40°C, the 

trend decreased slightly showing that the concentration decreased a small amount. 

As shown in the FBRM and PVM results (Figures 3.7 and 3.9 respectively), there 

was no nucleation during this time, but instead some minor growth of the seeds, 

ensuring that the solution remained highly supersaturated. There was a sharp 

increase in the ATR-FTIR trend just 10 minutes after constant cooling was initiated, 
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similar to the change also observed in the relevant FBRM and PVM results, due to 

both crystal nucleation and temperature decrease. Crystal nucleation and growth 

consume the supersaturation leading to a decrease of the trend while decreasing 

temperature levels give rise to the trend ascending. Due to the fact that crystal 

nucleation and growth started from very small cluster or crystal sizes, they would not 

consume a large amount of supersaturation, leading to the overall rise of the trend. 

As the rate of nucleation and growth increased however, their effect increased, 

becoming larger than that the of temperature, leading to an overall decrease of the 

trend. During post-cooling “aging” stage, the trend decrease was steeper as the 

temperature remained constant at 10 °C.  

Although the ATR-FTIR trend in Figure 3.13 reveals information relating to the 

change of the liquid phase during crystallization in situ, it can’t provide the exact 

concentration value at any particular time. In order to do this, calibration curves 

(multi-calibration model) need to be developed based on standard concentration and 

temperature values. In this work however the ATR-FTIR trend was used to give an 

estimation of the concentration change (instead of exact concentration values), as 

this work is focused primarily on producing needle-like IBU crystals rather than 

optimizing the specific crystallization process itself. 
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Figure 3. 10. The ATR-IR spectrum of Ibuprofen (Reproduced from SpectraBase 

website, details provided in Appendix B). 

 

 

Figure 3. 11. 3-D surface of the ATR-FTIR results of the HCC crystallization process. 
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Peak at 1713 cm-1 

                       (A) 

 

 

           

            (B) 

 

Figure 3. 12. ATR-FTIR spectra of hexane solvent and IBU in hexane solution in the 

HCC crystallization process (A: pure hexane solvent; B: blue line-hexane as the 

baseline; pink line-IBU deducted from the hexane background). 
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Figure 3. 13. ATR-FTIR peak trend at 1713 cm-1 (pink line: temperature from the 

cooling procedure; blue line: IR peak trend at 1713 cm-1). 

 

3.3.3.2. Crystallization Process AMC 

Figures 3.14-3.16 and Table 3.4 represent the AMC crystallization process 

monitored in situ by FBRM and PVM (ATR-FTIR was not applicable in this system 

due to the 40% composition of water in the solvent), which can provide real-time 

investigation of the count (population) and size (chord length) of the particles and 

morphology in the solid phase over time.  

Figure 3.14 shows details of the process operating temperature (  Ref: Tr / °C) 

and agitation rate (  Ref: R / rpm), along with trends of total particle population 

add seeds 
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( Counts, No Wt (Macro) / counts) and mean size ( Mean, Sqr Wt (Macro) / 

microns) from iControl and iC FBRM software. The agitation rate (blue line: Ref: R) 

increased periodically as the crystal population density increased. The pink line (Ref: 

Tr) shows the change of temperature over time during the whole process, following 

the procedure designed in Table 3.2. As indicated by the purple line (counts, No Wt 

(Macro)), the total population was stable during the aging period after seeding, while 

it increased during the cooling process due to the nucleation and growth of ibuprofen 

crystals, similar to the HCC crystallization process. At the “constant cooling” stage, 

the purple line increased sharply from 02:45:00 to 03:30:00 due to the rapid crystal 

nucleation and growth due to the high levels of supersaturation.  The purple line then 

peaked at 05:00:00 until descending until the end of this stage. The increase 

observed during this time was due to the continuous consumption of the system’s 

supersaturation while the decrease was due to Ostwald Ripening (Vetter et al., 2013). 

The mean size of the particles (green line) showed some random ups and downs 

before seeding, due to noise from the FBRM instrument itself (during this time the 

solution was clear as confirmed by the population of the particles, the purple line). 

The green line (mean size) showed a sudden increase when seeds were added, as 

this action contributed to a rise of the overall mean size of the solid phase. This 

mean particle size line decreased as the system was cooled from 02:40:00 to 

03:00:00 while nucleation dominated the overall crystallization process, before 

beginning to increase gradually once more until the end of the process, as crystal 

growth began to become more prevalent.  

Figure 3.15 and Table 3.4 illustrate the CLD change of the AMC crystallization 

process over time. The increase of CLD from 02:24:21 (aqua line) to 03:07:29 (pink 

line) demonstrates the fast crystal nucleation and growth taking place, in agreement 

with Figure 3.14. The CLD shift to the right following this time point (pink line – 

03:48:38 to blue line – 05:02:43 to green line – 07:03:42) illustrates that the 

crystallization process varied from nucleation to growth dominated over time. In 

addition, the CLDs in Figure 3.15 show a bi-model distribution which could be 

explained by the existence of significant levels of aggregations, also confirmed by 

SEM images and discussed later in section 3.3.6.2. 
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Figure 3. 14. AMC crystallization process measured by FBRM. 

 

 

 

  

Figure 3. 15. CLD trends of ibuprofen in the AMC crystallization process. 
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Table 3. 4. Stastistics of CLD trends of ibuprofen in the AMC crystallization process. 

Trend 
00:38:53 
(Macro) 

01:06:15 
(Macro) 

01:29:57 
(Macro) 

02:24:21 
(Macro) 

03:48:38 
(Macro) 

05:02:43 
(Macro) 

07:03:42 
(Macro) 

Ref:Tr 40.02 36.53 35 35 26.82 19.43 10 

Ref:R 248.28 247.94 248.61 350.93 351.07 350.28 350.57 

Median  
No Wt 

19.64 16.36 63.05 64.43 10.62 10.96 14.25 

Mean  
Sqr Wt 

137.24 33.66 176.28 209.59 158.53 165.16 178.84 

counts  
No Wt  
<10 

0 0.0209 14.92 30.55 5935.31 6824.42 4475.07 

counts  
No Wt  
10-50 

127.17 55.67 50.85 79.21 4692.11 5479.04 5819.64 

counts  
No Wt  
50-150 

0.729 0.609 73.62 110.96 1474.34 1780.59 1742.82 

counts  
No Wt  
150-300 

0.364 0 20.32 34.22 279.05 309.42 401.44 

counts  
No Wt 
300-
1000 

0.182 0 1.01 5.08 18.06 22.48 35.78 

counts  
No Wt 

128.44 56.3 160.72 260.02 12398.88 14415.95 12474.75 

 

 

Figure 3.16 shows the RBI trend and the corresponding images captured by PVM. 

As demonstrated in Figure 3.16, crystals with a polyhedral morphology are observed 

throughout the various stages of the crystallisation process.  



 

 

74 

 

               Seeding point                        Aging: nucleation      Cooling: NUCLEATION & growth 

 

 Cooling: GROUTH & nucleation            Cooling: growth                        Aging: steady 

  

Figure 3. 16. PVM of ibuprofen in the AMC crystallization process. 
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3.3.4. Product Yield 

The product yields of process runs are listed in Table 3.5, with the calculation being 

conducted as follows:  

                
Product

Raw+Seeds

Wt
Yield 100%

Wt
=                                                                 (3.1) 

During cooling crystallization processes, the final temperature was 10°C prior to 

filtration, for both AMC and HCC methods. Due to the different IBU solubilities in the 

aqueous methanol and hexane systems, the product yields were therefore different, 

but show batch-to-batch consistency for the same method, confirming repeatability of 

the experiments. The average product yield of the 7 process runs (PRs) for the AMC 

method was 91.49%, while the average for the HCC method was 75.22%. While 

generally the higher yield method of AMC would be preferable, in this work the 

objective is to crystallize IBU with different morphologies, so both methods are 

implemented.  

Table 3. 5. Product Yield of IBU from crystallization process. 

PR# Process Wt (raw+seed) / g Wt (product) / g Yield % 

PR001 AMC 93.34 85.48 91.58 

PR002 AMC 93.35 85.54 91.63 

PR003 AMC 93.34 85.52 91.62 

PR004 AMC 93.42 85.30 91.31 

PR005 AMC 93.29 85.30 91.43 

PR006 AMC 93.34 85.35 91.44 

PR008 AMC 71.22 65.12 91.43 

   Average 91.49 

     

PR009 HCC 171.82 129.34 75.28 

PR010 HCC 136.11 102.54 75.34 

PR011 HCC 136.03 102.23 75.15 

PR012 HCC 137.31 103.15 75.12 

   Average 75.22 
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3.3.5. Product Purity  

HPLC was used to confirm the purity of the ibuprofen crystals. As the results show in 

Table 3.6, the retention time of ibuprofen is 6.59-6.60 min and all the processes 

produced IBU with the purity of 100%. 

 

 

Table 3. 6. Product Purity of IBU from the crystallization process. 

PR# Process RT / min Area Area % 

PR001 AMC 6.59 6734.66 100.00 

PR002 AMC 6.59 6446.34 100.00 

PR003 AMC 6.59 6303.06 100.00 

PR004 AMC 6.59 6443.65 100.00 

PR005 AMC 6.59 6391.14 100.00 

PR006 AMC 6.60 6533.49 100.00 

PR008 AMC 6.60 6541.84 100.00 

     

PR009 HCC 6.59 6305.79 100.00 

PR010 HCC 6.59 6505.81 100.00 

PR011 HCC 6.60 6460.25 100.00 

PR012 HCC 6.60 6847.58 100.00 

 



 

 

77 

3.3.6. Crystal Morphology 

3.3.6.1. Microscope 

Microscope images were taken of the IBU dried samples. As shown in Figure 3.17, 

AMC methods produced crystals with the polyhedral morphology while the HCC 

methods produced needle-like crystals. Due to the low resolution of the microscope 

images, SEM is introduced to investigate the morphologies of the IBU crystals in 

more detail, as discussed in the next section. 

 

(A)   

(B)   

Figure 3. 17. Microscope images of ibuprofen from: (A) AMC and (B) HCC methods. 
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3.3.6.2. SEM 

SEM was employed for morphology analysis of raw and crystallized ibuprofen 

crystals. Details of the accurate size (CSD) and surface area are reported in sections 

3.3.7 and 3.3.8, respectively. Three different batches of raw IBU materials were used 

for the preparation of IBU solution. These crystals were used as received, with no 

further processing.   

As shown in Figure 3.18, the Raw 1 ibuprofen crystals are more uniform than the 

batches of Raw 2 and Raw 3, also having a more rod-like shape and smaller aspect 

ratios than the other two. In addition, aggregation is only present in Raw 1 in very 

small proportions. More aggregates were found in Raw 2, and the overall crystals of 

Raw 2 are finer than in the other 2 batches. Raw 3 has the widest CSD among all of 

the raw materials with similar degrees of aggregation compared to Raw 1, and with a 

larger aspect ratio and more needle-like morphology. Through examination of the 

SEM images of the 3 raw batches, Raw 1 is the most uniform, least aggregated, and 

has the smallest aspect ratio, and hence Raw 1 was selected to be used as the 

source of crystallization seeds in this chapter. 

However, even though Raw 1 has good morphology properties, it is not ideal for the 

investigation of the dissolution kinetics of the IBU crystals, especially as the aspect 

ratio of this batch varies between needle-like and polyhedral values. More 

distinguished morphologies are required to allow a deeper understanding of the IBU 

dissolution behaviour as aspect ratio of the crystals is one of the key factors defining 

the total surface area during dissolution kinetics. The uniformity and size distribution 

of the raw materials are also not good enough for the further dissolution study. 

Therefore, it is necessary to develop crystallization strategies to produce ibuprofen 

crystals with specific morphologies and required size distributions. 
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Table 3. 7. Details of IBU raw materials used in this chapter. 

Raw # Process Source & Amount 

Raw1 & Seeds As is KEMPROTEC Ltd, Batch #4001/1201, 550g 

Raw2 As is KEMPROTEC Ltd, Batch #140520, 150g 

Raw3 As is KEMPROTEC Ltd, Batch #160307, 100g 

 

The SEM images of IBU products from the AMC and HCC crystallization processes 

are displayed in Figures 3.19 and 3.20 respectively. In general, these crystals 

generated by cooling crystallization are much more uniform than those in the raw 

material in both morphology and size.  

Figure 3.19 shows 3 representative batches generated using the AMC crystallization 

method, in which the particles all have a polyhedral morphology and similar size. 

This images also demonstrate the batch-to-batch consistency of the process. The 

images reveal a lot of aggregations in the crystals, which should be taken into 

account when estimating aspect ratios as part of the experimental and modelling 

investigations in following chapters. Moreover, the overall particle size is much larger 

than the more needle-like raw IBU materials, which may be observed by comparing 

SEM images at the same magnification. Although the size of the IBU particles is 

reasonably consistent (as observed in the SEM results), the crystals still require 

further mixing and sieving in order to have a sufficiently narrower and uniform size 

distribution.  

Figure 3.20 displays the SEM of 3 representative batches produced with the HCC 

crystallization method, with 2 different magnifications for each batch. These crystals 

from the hexane system are needle-like with very large aspect ratios. The similarity 

of the images from the three batches demonstrates the batch-to-batch consistency of 

the HCC crystallization process applied. Images on the right side of the figure show 

the IBU crystals at a higher magnification (10X larger than those images on the left). 
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Agglomerations / aggregations have been observed as well, which will once more 

give a smaller actual aspect ratio compared to a single crystal. This being the case, 

deaggregation might be taken into account prior to the dissolution of these particles 

when being dispersed into the solvent. 

The most obvious difference between the two crystallization methods, AMC 

(aqueous methanol system) and HCC (hexane system), is the difference in their 

distinguishing morphologies. It should be noted that in both HCC and AMC methods, 

the same rod-like ibuprofen crystals were added as seeds. This may be explained by 

the polarity of the solvent used in the cooling crystallization. The interactions 

between the solute molecules and solvent molecules at different crystal faces of the 

seed are different, leading to the different growth rates of the solute molecules on the 

crystal faces. Therefore, the morphologies from different solvents vary even 

crystallized from the same crystal seeds. Ibuprofen has been previously reported to 

grow as needles in nonpolar solvents and plates in polar solvents as the polarity of 

solvent can affect the growth of crystals in different faces.  
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(A)  

(B)  

(C)  

Figure 3. 18. SEM images of ibuprofen raw materials: (A) Raw 1 & seeds (B) Raw 2 

(C) Raw 3. 
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(A)  

(B)  

(C)  

Figure 3. 19. SEM images of IBU from the AMC crystallization process: (A) PR001 

(B) PR006 (C) PR008. 
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(A)   

(B)   

(C)   

Figure 3. 20. SEM images of IBU from the HCC crystallization process with different 

magnifications: (A) PR009 (B) PR011 (C) PR012. 

 

 



 

 

84 

3.3.7. Crystalline Form & Crystallinity 

Despite of the different morphologies and sizes discussed above, as shown in Figure 

3.21, it is obvious that all the crystals prepared in this study are of the same 

crystalline form as the raw material since the positions of diffraction peaks are all 

consistent. In addition, although there are some differences in the intensities of 

specific diffraction peaks, i.e. 2θ=24.8°, these crystals show similar crystallinity 

overall.  

 

 

Figure 3. 21. PXRD of ibuprofen crystals from different crystallization processes.  
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3.3.8. Thermodynamic Properties 

DSC was utilized to characterize the thermodynamic properties of the raw ibuprofen 

material and the crystals obtained in this work. Figure 3.22 shows the overlap results, 

exhibiting similar endothermic peak onsets at approximately 75°C and similar melting 

points: 78.301°C (RAW), 77.821 °C (AMC) and 78.205 °C (HCC), which are in 

agreement with the literature. The results confirmed that all the products belong to 

the same crystalline form and that their purities are sufficiently high.   

 

 

Figure 3. 22. DSC of ibuprofen materials. 

Onset 75 °C 

https://en.wikipedia.org/wiki/Differential_scanning_calorimetry
https://en.wikipedia.org/wiki/Differential_scanning_calorimetry
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3.3.9. Particle Size  

Table 3.8 shows the size distributions and the specific surface areas measured by 

the Malvern Mastersizer 2000 for all products. In the analysis, all particles are 

assumed to be spheres and the volume equivalent spherical diameter is adopted as 

the size. Volume weighted mean diameter D[4,3] is defined by Eq. (3.2). It can be 

concluded that small crystals generally have larger spans (Eq. 3.3) and surface 

areas than big crystals, potentially as small crystals are more prone to forming big 

aggregates. Different process runs from the same method are shown to produce 

particles with similar size distributions, confirming once more the reproducibility of 

each crystallization method. However, HCC products give relatively wider batch-to-

batch size variation, which might be caused by the different degree of aggregation 

among the particles.  
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Table 3. 8. Particle size and surface area of ibuprofen crystals from different crystallization processes. 

PR# Process 

D10/ 

μm 

D50/ 

μm 

D90/ 

μm 

D[4,3]/ 

μm 
Span 

Surface area/ 

m2/g 

PR001 AMC 376.747 755.007 1330.921 800.984 1.264 0.0123 

PR002 AMC 435.072 748.658 1253.904 794.131 1.094 0.0122 

PR003 AMC 408.519 760.109 1282.402 796.171 1.150 0.0137 

PR004 AMC 411.519 752.263 1246.579 792.418 1.098 0.0129 

PR005 AMC 425.454 745.755 1265.626 793.779 1.127 0.0120 

PR006 AMC 460.167 766.879 1291.868 827.969 1.085 0.00841 

PR008 AMC 424.310 755.065 1305.603 808.781 1.167 0.0115 

        

PR009 HCC 37.510 109.745 392.102 166.350 3.231 0.0916 

PR010 HCC 31.956 98.478 489.569 190.850 4.647 0.106 

PR011 HCC 32.423 102.010 581.631 213.992 5.384 0.103 

PR012 HCC 36.445 105.529 405.230 173.501 3.495 0.0991 
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3.4. Conclusions 

In this chapter a dedicated ibuprofen preparation protocol (crystallization strategy) 

was investigated in detail to ensure ideal sample materials with specific morphology 

and required size distributions for subsequent dissolution studies. Different ibuprofen 

crystals with tailored solid-state characteristics (such as morphology and CSD) were 

successfully produced using cooling crystallization (employing a seeding strategy 

and different solvents). It was found that ibuprofen products obtained by different 

conditions vary in morphology and CSD although all batches show the same 

crystalline form and similar crystallinity. Overall, the HCC and AMC procedures used 

produce needle-like and polyhedral IBU, respectively, which are used to prepare IBU 

samples for the experimental dissolution study in Chapter 4. To fulfil the requirement 

of having more specific and narrower CSDs of the crystals for the investigation of 

dissolution behaviour, relevant crystals with the same morphology should be further 

sieved, as discussed in Chapter 4.  
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4. EXPERIMENTAL INVESTIGATIONS ON IBUPROFEN 

DISSOLUTION * 

 

* The contents of this chapter have been published previously in Gao Y. et al., 2018. 

Abstract 

After successfully developing ibuprofen crystallization methods capable of creating 

specific morphologies and size distributions in Chapter 3, a laboratory study which is 

focused on the dissolution kinetics of ibuprofen crystals in water containing a 

phosphate buffer (pH=7.20) at 37 °C was carried out in this chapter using ibuprofen 

crystals with different morphologies and CSDs. The influence of initial 

undersaturation ratio, agitation rate, crystal habits and particle size on the dissolution 

were examined. For each experiment, concentration during the dissolution process 

was measured using UV spectroscopy and ATR-FTIR, while CSD was measured 

using FBRM. It was found that the CSD shifted slightly to the right after dissolution, 

confirming that smaller particles with higher surface areas dissolved more rapidly. 

During dissolution, two distinct behaviours were obtained at different levels of 

undersaturation ratio. It is postulated that the mechanism of dissolution switches 

from being limited by mass transfer (diffusion) at higher levels of undersaturation to 

being limited by the rate of surface reaction at lower undersaturation ratio levels.  
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4.1. Introduction 

Studies on the dissolution behaviour of API crystals are of significant interest in the 

pharmaceutical domain as these dissolution kinetics affect in vivo absorption and 

ultimately govern bioavailability of the drug (Dokoumetzidis and Macheras, 2006). An 

understanding of the dissolution rates, dissolution mechanism, solubility and physical 

stability of crystalline forms of pharmaceutical solids is also critical for the 

physiological availability (Prasad et al., 2002). Hence at the different stages of drug 

development, manufacturing and marketing, in vitro dissolution testing has been 

recognized as an important element as an alternative to the bioequivalence (Gao, 

2011).  

Dissolution testing is an official test used by pharmacopeias for evaluating drug 

release of solid and semisolid dosage forms accurately and reproducibly. It helps to 

identify the potential problems in drug release, which can speed up the formulation 

development (Joshi et al., 2008).  Dissolution testing is also routinely applied in 

quality control (to achieve batch-to-batch consistency and detect the manufacturing 

deviations) and Research & Development (to provide some predictive estimates of 

the drug release in respect to the in vivo performance) (Azarmi et al., 2007).  

In current decades, more research has been focused towards BCS Class II drugs 

which have relatively low solubility but high permeability compared with other 

compounds. The dissolution from their dosage forms is the rate limiting step for their 

absorption due to their high membrane permeability (Laska et al., 1986). In this 

chapter, the dissolution of ibuprofen crystals is conducted experimentally. It should 

be noted that the USP does not state any official method for dissolution testing of 

powders other than the evaluation of their intrinsic dissolution (powders are pressed 

into a tablet and dissolved only on a specific surface). Although dissolution testing of 

crystals can be carried out using USP Apparatus 2 or Apparatus 4 (Siewert et al., 

2003; Williams et al., 2005), the traditional apparatus will only provide the dissolution 

profiles with limited information of the drug concentration at different time points.  
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In this chapter, crystals of ibuprofen were directly suspended in a stirred vessel (in 

which the hydrodynamic conditions are well controlled). This method allowed the rate 

of dissolution to be measured with both in situ and off-line techniques. The 

concentration of ibuprofen was detected using UV and IR spectrographic methods, 

providing an insight into the drug's dissolution into the bloodstream in the body, 

especially in the case of compact disaggregation in the human stomach. In addition, 

FBRM was applied to track the change of the particle size during dissolution. The 

influences of initial undersaturation ratio, agitation rate, crystal morphology and 

particle size were examined. Furthermore, a change of mechanism during the 

dissolution process is proposed. 
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4.2. Experimental Section 

4.2.1. Materials 

As stated in Chapter 3, the commercial ibuprofen material from Kemprotec Ltd, U.K. 

is not ideal for the dissolution experiments being carried out. Therefore, the 

commercial IBU was recrystallized to produce IBU with required morphologies and 

specific size distributions by using the methods developed in Chapter 3. Needle-like 

crystals were obtained from cooling crystallization in hexane (HCC), while polyhedral 

crystals were prepared using aqueous methanol (w/w methanol: water = 3 : 2, AMC). 

Figure 4.1 presents the SEM images of ibuprofen crystals recrystallized using these 

two different solvents (pure hexane, and methanol-water mixed solution). For the 

purpose of comparison, especially to compare the effect of particle size on 

dissolution, the IBU products from the HCC & AMC crystallization processes in 

Chapter 3 were further sieved to obtain different particle size fractions (sub 150 μm, 

150-300 μm, 300-500 μm, 500-850 μm), respectively. The classified crystals were 

regarded as a monodisperse powder with an average size L between the upper and 

lower sieves. The phosphate buffer (with pH=7.20) used was prepared by mixing 0.2 

M aq NaOH (>98 % purity, Sigma Aldrich) and 0.2 M aq KH2PO4 (>99 % purity, 

Sigma Aldrich) then diluting with DI water, details shown in Table 4.1. 

Table 4. 1.  Description of materials used in this chapter. 

Chemical 

name 

CAS registry 

number 

Source Initial mass 

fraction purity 

Further 

purification 

method 

Analysis 

method 

Ibuprofen 15687-27-1 HCC & AMC Methodsa >0.998 none HPLC 

NaOH 1310-73-2 Sigma Aldrich, UK >=0.98 none HPLC 

KH2PO4 7778-77-0 Sigma Aldrich, UK >=0.99 none HPLC 

DI H2O 7732-18-5 Lab produced - none - 

a HCC & AMC crystallization process in Chapter 3.  
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(A)  

(B)  

Figure 4. 1. SEM images of ibuprofen crystals recrystallized from (A) hexane (HCC 

in Chapter 3); (B) aqueous methanol (AMC in Chapter 3). 
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4.2.2. Experimental Set-Up & Procedure 

A 100 mL (round bottom vessel) Mettler Toledo EasyMax system, in conjuction with 

the software platforms iControl EasyMax, iC FBRM and iC IR (Mettler Toledo), was 

employed to quantify dissolution kinetics. Agitation in the vessel was achieved using 

a stainless-steel pitched-blade turbine, up-pumping with 4 blades. In order to 

simulate the environment encountered by the drug in the human body, all 

experiments were carried out in 100 mL water maintained at 37˚C and a phosphate 

buffer was used to regulate the pH at 7.20 (in accordance with the requirements of 

the United States Pharmacopoeia, USP). 1 gram of ibuprofen crystals from one of 

the classified groups described above was added to the glass vessel and agitated at 

a given speed between 50 and 150 rpm. The dissolution rate was measured in situ 

using ATR-FTIR (React IRTM 15, Mettler Toledo) spectroscopy to track peak heights 

(which are specific to the solutes), and FBRM (Lasentec G400, Mettler Toledo) to 

track the solid phase CLD (same apparatuses as applied in Chapter 3). Figure 4.2 

shows a schematic diagram of the experimental set-up. Samples were periodically 

withdrawn with pre-heated 2 mL syringes and immediately filtered through a 

membrane filter (pore size 0.2 μm), enabling the concentration of the filtrate to be 

determined using a UV spectrophotometer (UV-1800 240V IVDD, SHIMADZU) with 

UV absorption at 221 nm. The final crystals after filtration were dried in an oven at 

40˚C under vacuum (-500 mbar). The initial and final CSDs were measured using a 

laser diffractometer (Mastersizer 2000, Malvern), and each experiment was 

conducted in triplicate to ensure repeatability.  
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Figure 4. 2. Schematic diagram of the dissolution process. 
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4.2.3. Validation of the Concentration Measurement Techniques 

In this work, the change of ibuprofen concentration during the dissolution process 

was measured by both UV spectrophotometer and ATR-FTIR. The signal of each 

instrument is proportional to the concentration and the chemical nature of the 

molecules, and will also reveal details of the chemical reaction taking place during 

the dissolution process. No reaction was observed in this study. In each of the 

method, the concentration values were calibrated by the calibration curve, and the 

signal detected from the UV spectroscopy was well correlated with the ATR-FTIR 

results as demonstrated in Figure 4.3. 

 

 

Figure 4. 3. Comparison of UV spectrophotometric and IR spectrographic 

measurements using the dissolution of ibuprofen in phosphate buffer. 
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4.3. Results and Discussion  

The solubility of ibuprofen under this condition was determined previously, which is 

found to be 0.00425 g/g solvent. Since in each experiment, 1 g ibuprofen crystals 

were dispersed into 100 g water for the investigation of dissolution behaviour, 42.5% 

of the total amount of ibuprofen was dissolved when reaching to the saturated state. 

The purpose of adding excess amount of ibuprofen is to ensure that there are 

enough crystals undissolved by end of the experiment, then they could be filled and 

dried for analysing the particle properties after dissolution. 

Note that the experimental set-up (reactor geometry and blade) in this research work 

is different than that used in USP Apparatus 2 (paddle), which the well mixing 

condition and temperature of the system are better controlled. In addition, the 

smaller sized reactor is easier to operate thus reducing the error in operation. For 

further comparison of the hydrodynamics condition of these two methods, 

computational fluid dynamics (CFD) could be introduced to simulate the flow pattern 

of the system. 

The details of the run conditions could be found in Table 4.2. 
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Table 4. 2.  List of run conditions of the dissolution experiments. 

Run # Morphology Particle Size/ 

μm 

Agitation Rate/ 

rpm 

Initial 
Undersaturation 

Ratio (-σ0) 

1 Polyhedral <150 100 1 

2 Polyhedral 150-300 100 1 

3 Polyhedral 300-500 100 1 

4 Polyhedral 500-850 100 1 

5 Polyhedral 150-300 150 1 

6 Polyhedral 300-500 150 1 

7 Polyhedral 500-850 150 1 

8 Polyhedral >850 150 1 

9 Needle-like <150 100 1 

10 Needle-like 150-300 100 1 

11 Needle-like 300-500 100 1 

12 Polyhedral 150-300 50 1 
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4.3.1. In Situ & Off-Line Observation of the Process 

Dissolution kinetics were analysed by examining the concentration profile versus 

time. A typical UV curve (off-line) obtained for the dissolution of ibuprofen powder in 

phosphate buffer with pH=7.20 at 37 ˚C is shown in Figure 4.4 (blue dotted line ). 

Several comments can be made about the results displayed in this figure. The IBU 

powder dissolved very rapidly during the first 150 seconds leading to a significant 

concentration rise. This rate then decreased due to the lower dissolution driving 

force remaining. 85% of the total ibuprofen dissolution occurred during the first 300 

seconds and the solution became saturated after 700 seconds. No change was 

observed after this time point. In addition, no pattern change was found in powder X-

ray diffraction examinations of ibuprofen crystals before and after dissolution in 

Figure 4.5, showing that there is no form transformation or any reaction under this 

condition.  

The CSDs of ibuprofen were measured both before and after dissolution using a 

Malvern Mastersizer (Figure 4.6), whilst FBRM was also employed to track the 

change of the particles’ CLD in real time, as shown in Figures 4.4 and 4.7. In Figure 

4.4, the FBRM probe signal (red dotted line , referring to the total number of 

particles in solution – No Wt, <1000 (Macro)) passed through a maximum (t = 60 s) 

time at which the well-mixed condition of the system was achieved. Then the number 

of particles decreased sharply between 60 and 150 seconds. This might be caused 

by the deaggregation of the aggregated ibuprofen particles (Figure 4.1), together 

with the dissolving of particles and aggregates. In the time range of 150-700 seconds, 

ibuprofen particles dissolved slowly and the steady state condition was achieved 

after 700 seconds, a result confirmed by the UV spectrophotometer (blue dotted line 

 in Figure 4.4), when the concentration in the solution didn’t change. The CLDs of 

ibuprofen particles, which may be correlated to the CSD (Pandit and Ranade, 2016), 

at t = 0 s, 60 s, 150 s, 300 s and 1000 s are demonstrated in Figure 4.7. The 

decreasing spacing between the curves illustrates that the dissolution rate varies 

from high to low over time.  
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Figure 4. 4. Dissolution process of polyhedral ibuprofen (R=100 rpm, -σ0=1) 

measured by UV spectrophotometer and FBRM probe. 

  

Figure 4. 5. PXRD pattern of ibuprofen crystals before and after dissolution. 
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Figure 4. 6. CSDs of ibuprofen before and after dissolution by Malvern Mastersizer. 

 

 

Figure 4. 7. CLDs of ibuprofen at different time points by FBRM. 
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During the first 60 seconds, the mean chord length (green dotted line  in Figure 4.4, 

referring to mean size of particles – Square Wt (Macro)) showed a significant peak 

which was caused by the heterogenous (undermixed) regime at the moment that the 

crystals were poured into the solution. Following the initial start-up period, the mean 

chord length continued to increase instead of decreasing (as may have been initially 

expected). In addition, the CSD of ibuprofen shifted slightly to the right after 

dissolution in Figure 4.6. Table 4.3 shows the CSD details of ibuprofen before and 

after dissolution, confirming that the mean particle size gets larger following the 

dissolution process. This may be explained by examining the Noyes-Whitney’s 

theory. According to the Noyes-Whitney equation, smaller particles dissolve at a 

faster relative rate compared to larger particles, as they have a greater surface area 

per unit volume. In this case, an excess amount of ibuprofen is added into the 

system, and as the smaller particles dissolve at a faster rate than larger particles, the 

remaining particle size distribution shifts slightly to the right.  

 

Table 4. 3.  Particle size of ibuprofen before and after dissolution process. 

Measure Stage D[3, 2]*, 

μm 

D[4, 3]**, 

μm 

D10, μm D50, μm D90, μm 

Before dissolution 157.273 256.622 83.173 210.773 502.081 

After dissolution 168.274 269.748 88.074 224.355 521.629 

*D[3, 2] is surface weighted mean diameter; **D[4, 3] is volume weighted mean diameter. 
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4.3.2. Experimental Data 

Ibuprofen crystals of different morphologies and sizes were investigated for 

dissolution testing at different agitation rates. The experimental dissolution data, 

which is the fundamental to further analyse the influences of different factors on 

dissolution rate, is listed in Table 4.4. 

The information of the particle size pre & post dissolution measured by Malvern 

Mastersizer is listed in Table 4.5. More detailed CSDs of the corresponding 

dissolution processes could be found in Appendix A. 

 

 

Table 4. 4.  Experimental dissolution profiles of ibuprofen in phosphate buffer 

(pH=7.20) at T=37 ˚Ca. 

t/s yexp t/s yexp 

Run1: L<150 μm, R=100 rpm, 

Morphology=Polyhedral, -σ0=1 

Run2: L=150-300 μm, R=100 rpm, 

Morphology=Polyhedral, -σ0=1 

0 0 0 0 

30.46 0.3271 30.24 0.2136 

63.42 0.4822 60.32 0.3702 

90.23 0.573 90.22 0.4863 

123.28 0.6436 120.22 0.5702 

150.79 0.6839 150.3 0.6383 

180.22 0.7203 180.16 0.6916 

210.35 0.7534 240.26 0.7621 

280.66 0.8042 301.15 0.8079 

340.99 0.8383 360.39 0.843 

401.15 0.862 480.32 0.8838 

530.67 0.9004 600.61 0.9064 

660.21 0.9221   
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Run3: L=300-500 μm, R=100 rpm, 

Morphology=Polyhedral, -σ0=1 

Run4: L=500-850 μm, R=100 rpm, 

Morphology=Polyhedral, -σ0=1 

0 0 0 0 

30.29 0.147 60.32 0.078 

70.27 0.2839 120.68 0.1482 

120.45 0.4083 182.43 0.2194 

180.59 0.5241 242.77 0.2728 

250.83 0.6241 303.1 0.3323 

330.38 0.7077 383.42 0.3956 

420.29 0.7652 504.15 0.4832 

520.23 0.8146 648.91 0.578 

630.49 0.8529   

    

Run5: L=150-300 μm, R=150 rpm, 

Morphology=Polyhedral, -σ0=1 

Run6: L=300-500 μm, R=150 rpm, 

Morphology=Polyhedral, -σ0=1 

0 0 0 0 

60 0.379 30 0.1321 

120 0.5799 60 0.2447 

180 0.6906 90 0.3343 

240 0.7688 120 0.4122 

300 0.8119 180 0.5298 

360 0.84 240 0.6246 

420 0.8481 300 0.6869 

480 0.8759 360 0.7348 

540 0.8744 420 0.7729 

600 0.8752 480 0.7931 

  540 0.8114 

  600 0.8272 
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Run7: L=500-850 μm, R=150 rpm, 

Morphology=Polyhedral, -σ0=1 

Run8: L>850 μm, R=150 rpm, 

Morphology=Polyhedral, -σ0=1 

0.00 0.0000 0.00 0.0000 

60.00 0.1011 60.00 0.0630 

120.00 0.1770 120.00 0.1368 

180.00 0.2524 180.00 0.1971 

240.00 0.3213 240.00 0.2548 

300.00 0.3777 300.00 0.3119 

360.00 0.4311 360.00 0.3615 

420.00 0.4877 420.00 0.4062 

480.00 0.5241 480.00 0.4468 

540.00 0.5641 540.00 0.4894 

600.00 0.6040 600.00 0.5144 

    

Run9: L<150 μm, R=100 rpm, 

Morphology=Needle-like, -σ0=1 

Run10: L=150-300 μm, R=100 rpm, 

Morphology=Needle-like, -σ0=1 

0 0 0 0 

30.26 0.3739 30 0.1594 

60.31 0.5255 60 0.3039 

90.04 0.6241 90 0.395 

120.22 0.7154 120 0.4607 

150.28 0.78 180 0.6041 

180.03 0.8369 240 0.7216 

240.19 0.8922 300 0.7867 

300.88 0.9314 360 0.8211 

360.29 0.9487 420 0.8257 

480.21 0.9749 480 0.833 

601.17 0.9785 540 0.839 

  600  0.8396  
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Run11: L=300-500 μm, R=100 rpm, 

Habit=Needle-like, -σ0=1 

Run12: L=150-300 μm, R=50 rpm, 

Morphology=Polyhedral, -σ0=1 

0 0 0 0 

30 0.0887 30.24 0.1158 

60 0.1472 65.75 0.1731 

90 0.2194 98.08 0.2398 

126 0.2981 125.21 0.2643 

180 0.4077 202.83 0.3312 

240 0.5154 299.85 0.384 

300 0.5905 360.39 0.4166 

360 0.6535 426.5 0.4498 

420 0.6801 547.33 0.5287 

480 0.7376 668.17 0.5843 

540 0.7686   

600 0.7959   

    

a Needle-like crystals were obtained by the HCC method in Chapter 3 and polyhedral 

crystals were produced by the AMC method in Chapter 3. 

 

 



 

 

107 

 

Table 4. 5.  List of ibuprofen particle size pre & post dissolution. 

Run # 

D [4, 3] 

(μm) 

D [3, 2] 

(μm) 

D10 

(μm) 

D50 

(μm) 

D90 

(μm) 
 

Span 

Pre Dissolution 

1 129.78 93.13 61.27 121.19 214.16  1.26 

2 285.87 206.69 141.36 269.79 461.78  1.19 

3 462.43 323.14 269.34 447.02 696.92  0.96 

4 630.85 366.10 336.86 594.46 998.63  1.11 

5 285.87 206.69 141.36 269.79 461.78  1.19 

6 462.43 323.14 269.34 447.02 696.92  0.96 

7 630.85 366.10 336.86 594.46 998.63  1.11 

8 1322.00 1273.51 999.13 1311.85 1643.33  0.49 

9 123.22 55.72 38.93 94.33 219.88  1.92 

10 180.90 75.35 47.25 132.03 388.44  2.58 

11 662.56 26.00 16.74 794.97 1480.69  1.84 

        
Post Dissolution 

1 139.33 101.44 63.75 126.28 235.36  1.36 

2 252.98 195.94 128.53 236.14 406.58  1.18 

3 422.22 346.02 247.69 399.83 635.12  0.97 

4 707.47 534.70 342.31 632.08 1195.04  1.35 

5 236.03 187.01 126.26 220.59 371.23  1.11 

6 433.15 346.06 238.70 405.81 673.73  1.07 

7 695.59 531.16 351.48 627.40 1146.78  1.27 

8 1021.00 836.71 564.70 982.33 1552.73  1.01 

9 106.89 51.86 36.99 86.99 187.03  1.73 

10 241.74 99.17 57.44 188.33 508.16  2.39 

11 334.94 152.96 74.98 250.70 698.90  2.49 

D[3, 2] is surface weighted mean diameter; D[4, 3] is volume weighted mean diameter. 
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4.3.3. Influence of Different Factors on the Dissolution Rate 

The dissolution rate of ibuprofen was measured experimentally using different initial 

crystal size distributions, initial undersaturation ratios, crystal morphologies, and the 

agitation rates. The influences of different factors on the dissolution rate are 

discussed in detail as follows. 

 

4.3.3.1. Influence of Undersaturation Ratio on the Dissolution Rate 

In this section, the influence of undersaturation ratio on the dissolution rate of 

ibuprofen is discussed. Undersaturation ratio, -σ, is defined as follows: 

 1 / sC C− = −  (4.1) 

where C and Cs are the instantaneous concentration and the solubility, respectively. 

Figure 4.8 displays dissolution profiles of ibuprofen under different initial 

undersaturation ratio conditions. The slope of the curve at each point represents the 

dissolution rate. It may be observed that under the same conditions, higher initial 

undersaturation ratio leads to an increase in dissolution rate.  
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Figure 4. 8. Dissolution profiles of polyhedral ibuprofen (150-300 μm size fraction) for 

different initial undersaturation ratio (-σ0) in phosphate buffer (pH=7.20) at T=37 ˚C, 

R=100 rpm. 

 

In addition, the typical dissolution rate (i.e. slope of yellow curve in Figure 4.8) of 

ibuprofen is plotted as a function of the undersaturation ratio in Figure 4.9. One set 

of dissolution data (initial undersaturation –σ =1) was correlated with Weibull model 

(E.q. 1 exp( ( ) )bt
y

a
= − −  , details discussed in Chapter 5), with the regressed 

parameters a and b, the dissolution rate could be calculated by dy/dt, and the data 

obtained in Figure 4.9 was the corresponding values at different time points. In 

general, dissolution rate decreased with the consuming of undersaturation (decrease 

of -σ). The figure also displays two distinct behaviours as a function of 

undersaturation ratio: at lower undersaturation ratio (-σ < 0.3), the dissolution rate 

varies quadratically with -σ, while at higher undersaturation ratio (-σ > 0.3), the 

dissolution rate varies linearly with -σ. This information might reveal two different 

dissolution mechanisms, which was discussed in section 4.3.3.2. 

Saturated line 

0 

0 

0 

0 



 

 

110 

 

Figure 4. 9. Dissolution rate of ibuprofen (150-300 μm size fraction, R=100 rpm, -

σ0=1) as a function of undersaturation ratio. 

 

4.3.3.2. Influence of the Agitation Rate on the Dissolution Rate 

In addition, to determine which is the dissolution rate limiting factor, mass transfer or 

surface reaction, experiments were also performed at different agitation rates at -

σ0=1.00 and -σ0=0.25 (Figure 4.10) with all other conditions remaining the same. In 

general, the diffusion boundary layer thickness decreases with the increase of 

agitation rate. The dissolution rate should be inversely proportional to the thickness 

of the unstirred layer, if diffusion is controlling the dissolution process. Hence it is 

assumed that influence of the agitation rate on the dissolution rate may be used to 

highlight which dissolution mechanism is dominant in this study.  This being the case, 

if the dissolution rate increase with the increase of agitation rate, the process should 

be controlled by mass transfer (diffusion); whilst if the dissolution rate doesn’t have 

any clear relationship with the agitation rate, the process should then be limited by 

the surface reaction. 
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In Figure 4.10a, it is observed that the dissolution rate increased significantly with the 

agitation rate, demonstrating that dissolution is controlled by mass transfer at high 

undersaturation ratio (-σ > 0.3), whereas in Figure 4.10b, the dissolution rate varied 

only slightly at different agitation rates, revealing that the process is controlled by 

surface mechanism at lower undersaturation ratio levels (-σ < 0.3). 

 

 

Figure 4. 10. Evolution of the dissolution release of polyhedral ibuprofen (150-300 

μm size fraction) at 50, 100 and 150 rpm for (a) -σ0=1.00, and (b) -σ0=0.25. 

Saturated line 



 

 

112 

4.3.3.3. Influence of Crystal Morphology on the Dissolution Rate 

Figure 4.11 shows the influence of the crystal morphology on the dissolution rate of 

ibuprofen crystals with particle length D50=130 μm (determined by Malvern 

Mastersizer). We can see that the needle-like crystals have a higher dissolution rate 

than the polyhedral crystals. As shown in Figure 4.1, crystals with a needle-like 

morphology have a larger surface area, compared to those with a polyhedral 

morphology, with the same or similar CSD.  

It should be noted that the examined particles with different morphologies are 

roughly with similar particle size, and the aggregates also give rise to some degree 

of errors. For further investigation of the influence of crystal morphology on the 

dissolution rate, single crystal dissolution should be taken into account. 

 

 

Figure 4. 11. Dissolution profiles of ibuprofen (<150 μm size fraction) with different 

crystal morphologies in phosphate buffer (pH=7.20) at T=37 ˚C, R=100 rpm. 

Saturated line 
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4.3.3.4. Influence of CSD on the Dissolution Rate 

The results of dissolution rates obtained using different CSDs are presented in 

Figure 4.12. It can be observed that ibuprofen dissolved more rapidly with lower 

particle sizes, due to the higher surface area per unit volume available for mass 

transfer. This is in agreement with conventional theory.   

 

 

Figure 4. 12. Dissolution profiles of polyhedral ibuprofen with different CSDs in 

phosphate buffer (pH=7.20) at T=37 ˚C, R=100 rpm.  

Saturated line 
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4.4. Conclusions 

In this work, the dissolution kinetics of ibuprofen crystals with different morphologies 

and size distributions which were prepared by the methods developed in Chapter 3 

were experimentally examined in water containing a phosphate buffer (pH=7.20) at 

T=37˚C, and the influences of initial undersaturation ratio, agitation rate, crystal 

morphology and CSD on the dissolution rate were investigated. UV and ATR-FTIR 

spectroscopies were employed to measure the solute concentration and a FBRM 

probe was applied to track the change of the particle sizes during dissolution. The 

mean particle size decreased sharply at the beginning of dissolution process, which 

might be caused by the deaggreagetion of the aggregates together with the 

dissolving of crystals and aggregates. It was then found to slightly increase after 

dissolution, indicating that smaller particles with higher surface area dissolve faster.  

It was also found that the higher initial undersaturation ratio, smaller CSD and higher 

agitation rate gave higher dissolution rate. The influence of morphology on 

dissolution rate is more comprehensive as the difference in CSD and the presence of 

agglomerates can have big effect on the dissolution rate in this case. Single particle 

dissolution should be taken into account for the further investigation when 

considering the morphology influence. Two distinct behaviours were observed at 

different levels of undersaturation ratio (by comparing the dissolution profiles at 

different agitation rates with different initial undersaturation ratios), which indicates 

that, the mechanism of dissolution is controlled by mass transfer (diffusion) at higher 

undersaturation ratios, while the process is limited by surface reaction at lower 

undersaturation ratios.  
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5. EMPIRICAL DISSOLUTION MODELS FOR IBUPROFEN * 

 

* The contents of this chapter have been published previously in Gao Y. et al., 2018. 

Abstract 

Following the experimental investigation of the ibuprofen crystal dissolution 

behaviour in Chapter 4, the dissolution kinetics of the API particles dissolution were 

examined.  This complementary modelling work of the process is important in order 

to gain a better understanding of the API dissolution kinetics. Much work has been 

conducted in the literature examining the simulation of pharmaceutical formulations, 

which has generated a number of empirical, semi-empirical or and pure 

mathematical models to date. In this chapter, the dissolution profiles from Chapter 4 

were correlated using eight mathematical (empirical) models to test the applicability 

of these well-developed formulation models to pure API particles, namely the zero-

order kinetics model, the first-order kinetics model, Weibull model, Higuchi model, 

Hixsion-Crowell model, Korsmeyer-Peppas model, Baker-Lonsdale model, and 

Hopfenberg model. The dissolution rate parameters of each model were determined. 

It was found that the Weibull model, the Korsmeyer-Peppas model and the first-order 

kinetics model gave better correlation results than the other models used in this 

chapter for the dissolution of ibuprofen crystals, which indicates the potential 

suitability of the most commonly employed empirical models to describe the 

dissolution of API crystals. 
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5.1. Introduction 

Dissolution research has been ongoing for more than a century as a field of physical 

chemistry. However, the study on drug related dissolution was not started until it was 

realised that dissolution is of importance to drug bioavailability in the 1950s and 

hence, most of the fundamental research in this field is not drug related. The basic 

laws of dissolution can be adapted to the dissolution process of drugs in order to 

gain a deeper understanding of the in vitro dissolution of the pharmaceutics 

(Dokoumetzidis and Macheras, 2006).  

Many attempts have been made to describe dissolution behaviour of crystals. In 

1897, Noyes and Whitney established the first mathematical equation of dissolution 

by assuming that the process is controlled by diffusion and that no chemical reaction 

is involved (Noyes and Whitney, 1897). Following this theory, the model has then 

extended by other researchers introducing new factors into the model (Bruner and 

Tolloczko, 1901; Brunner, 1903; Nernst, 1907; Hixson and Crowell, 1931; Dressman 

and Fleisher, 1986; Hintz and Johnson, 1989; Lu et al., 1993) or the application of 

different assumptions (Shan et al., 2002). These equations express that the 

dissolution rate is a proportional to the difference between the solubility and the 

solution concentration and that it is related to the hydrodynamic condition of the 

solution and the physiochemical properties of the solute. 

Compared to the dissolution of crystals, it is more difficult to derive equations 

theoretically for the dissolution of pharmaceutical formulations (i.e. tablets, capsules, 

coated forms and prolonged release forms). These release kinetics depend not only 

on the API but also the mixture of the excipients. Therefore empirical or semi-

empirical equations are often more suitable for the pharmaceutical formulations 

(Costa and Sousa Lobo, 2001).  Such mathematical models employed to describe 

the dissolution profiles of various dosage forms have rarely applied to the dissolution 

of API crystals under well-mixed suspension conditions. This might be of significant 

interest to the pharmaceutical industry since it has the potential to standardize 

dissolution kinetics models for both API crystals and their formulated forms.  
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This study therefore aims to test the suitability of some of the most commonly used 

models for formulation to describe the dissolution of API crystals. Dissolution profiles 

of ibuprofen generated in Chapter 4 are fitted by eight kinetic models which were 

originally developed for the dissolution of solid / semi-solid dosage forms (i.e. tablets 

and capsules), such as zero-order kinetics, first-order kinetics, Weibull model, 

Higuchi model, Korsmeyer-Peppas model, Baker-Lonsdale model and Hopfenberg 

model. The fitting performance of each model is then evaluated.  
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5.2. Theory - Empirical Models  

In this work, the experimental dissolution data of ibuprofen in phosphate buffer is 

correlated using the zero-order kinetics, first-order kinetics, Weibull, Higuchi, Hixson-

Crowell, Korsmeyer-Peppas, Baker-Lonsdale and Hopfenberg models. To ease 

comparison with the experimental data and to simplify these correlations, integrated 

versions of these models were used instead of their differential counterparts.  

 

5.2.1. Mathematical Models in This Work 

5.2.1.1. Zero-order Kinetics 

The zero-order model can be applied to pharmaceutical dosage forms without 

disaggregation which have a slow drug release rate (Varelas et al., 1995). In this 

model, it is assumed that the dosage area does not change and no equilibrium 

conditions are achieved. It can be represented by the following equation: 

 
0 tm m Kt− =  (5.1) 

where 
0m  and 

tm  are the masses of API in the pharmaceutical dosage form at time 

t=0 and t, respectively. K is a proportionality constant and t is the time of drug 

release. Dividing Eq. (5.1) by 
0m  and simplifying: 

 
0y k t=  (5.2) 

where 
01 ( / )ty m m= −  and represents the fraction of drug dissolved in time t while k0 

is the apparent dissolution rate constant or zero-order release constant.  
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This relation can be used to determine the drug dissolution of various types of 

modified release forms, i.e. some transdermal systems, matrix tablets with low 

soluble drugs coated forms, and osmotic systems etc. The dosage forms following 

this profile, release the same amount of drug by unit time and it is the ideal method 

of drug release in order to achieve a prolonged pharmacological action (Kalam et al., 

2007). 

 

5.2.1.2. First-order Kinetics 

Noyes and Whitney proposed that the dissolution rate is proportional to the 

difference between the instantaneous concentration and the saturation solubility, 

formulated mathematically as follows (Noyes and Whitney, 1897):  

 
( )s

dC
K C C

dt
= −  

(5.3) 

where C is the concentration of the solute at time t, Cs is the saturation solubility and 

K is a first-order constant. The equation has been further developed by incorporating 

the value of the solid’s available dissolution area using Fick’s first law (Costa and 

Sousa Lobo, 2001). If the pharmaceutical dosage form has a constant surface area 

and is studied in ideal conditions (sink conditions), then Eq. (5.3) above is integrated 

as follows:  

 
11 exp( )y k t= − −  (5.4) 

where k1 is the first-order release constant. 

This model was first applied for drug dissolution studies by Gibaldi and Feldman in 

1967 (Gibaldi and Feldman, 1967) and later by Wagner in 1969 (Wagner, 1969). It 

has also been adapted to describe absorption and / or elimination of drugs (Gibaldi 

and Perrier, 1982) as an empirical model due to the lack of theory.    
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5.2.1.3. Weibull Model 

This model is a semi-empirical function described by Weibull which has been 

adapted to dissolution processes (Langenbucher, 1972). It has been found to 

provide a physical link between its parameters and the geometry of the system 

(Giovagnoli et al., 2008). This equation can be successfully fitted to almost all kinds 

of dissolution profiles, and is expressed as follows: 

 
1 exp( ( ) )bt

y
a

= − −  
(5.5) 

where a is the scale parameter describing the time when 63.2% of the material is 

dissolved; b is the shape parameter characterizing the profile as either exponential 

(b=1); sigmoid, S-shaped, with upward curvature followed by an inflection point (b>1); 

or with a steeper initial slope than the exponential (b<1). 

It is an empirical model however, not deduced from any kinetic fundamental theory, 

and hence has certain deficiencies, i.e. it is of limited use of establishing in vivo / in 

vitro correlations (Christensen et al., 1980).  

 

5.2.1.4. Higuchi Model (Square Root Law) 

Higuchi proposed a mathematical model for drug release from diffusion-controlled 

systems, assuming that there is no surface coating or significant matrix alterations 

with moisture (Higuchi, 1961). A simplified Higuchi model is expressed as follows: 

 0.5

Hy k t=  (5.6) 

where 
Hk  is the Higuchi release constant.   
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Drug dissolution from some modified release dosage forms as in the case of some 

transdermal systems (Costa et al., 1996) and matrix tablets with water-soluble drugs 

(Desai et al., 1966a; Desai et al., 1966b) turned out to follow this equation.   

 

5.2.1.5. Hixson-Crowell Model 

Hixson and Crowell proposed that the particle regular area is proportional to the 

cubic root of its volume (Hixson and Crowell, 1931), and derived an equation that 

can be simplified to the following expression: 

 1/3(1 ) 1 HCy k t− = −  (5.7) 

where 
HCk  is a release constant. It is applicable to systems in which the release rate 

is limited by the drug particles dissolution rate instead of diffusion through the 

polymeric matrix and hence it is considered a suitable candidate in this study. 

 

5.2.1.6. Korsmeyer-Peppas Model (Power Law) 

This model is based on a semi-empirical function which relates exponentially the 

drug release to the elapsed time t (Korsmeyer et al., 1983):  

 n

KPy k t=  (5.8) 

where 
KPk  is a constant, and n is the release coefficient which depends on the 

geometry of the system and is correlated to the drug release mechanism.  

Peppas used the parameters in the model to characterize different release 

mechanisms, n=0.5 for Fick diffusion mechanism; 0.5<n<1.0, for mass transfer 

following a non-Fickian model; n=1 for swelling-controlled drug release (Peppas, 

1985).  
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This model is generally used to analyse the release of a polymeric dosage form, 

where the release mechanism is not well known or when more than one type of 

release phenomenon could be involved (Kalam et al., 2007). 

 

5.2.1.7. Baker-Lonsdale Model 

Baker and Lonsdale developed a model building upon the Higuchi approach, which 

describes the controlled release of drugs from a spherical matrix as follows (Baker 

and Lonsdale, 1974):  

 2/3

2

0 0

3
3 / 2 1 (1 ) m msD C

y y t
r C

 − − − =   
(5.9) 

where 
mD  is the diffusion coefficient, 

msC  is the drug solubility in the matrix, 
0r  is the 

radius of the spherical matrix and 
0C  is the initial concentration of drug in the matrix. 

Eq. (5.9) is simplified by letting 
2

0 0

3 m ms
BL

D C
k

r C
= : 

 2/33 / 2 1 (1 ) BLy y k t − − − =   (5.10) 

where 
BLk  is the release constant. 

This equation can be used to describe the release data from several formulations of 

microcapsules (Shukla and Price, 1989; Shukla and Price, 1991).  
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5.2.1.8. Hopfenberg Model 

This model is used to describe the drug release from slabs, spheres and infinite 

cylinders which undergo surface or bulk erosion (Hopfenberg, 1976). This can be 

represented by the following expression: 

 
0

0 0

1 (1 )nk
y t

C a
= − −  

(5.11) 

where 
0k  is the erosion rate constant, 

0C  is the initial drug concentration, 
0a  is the 

initial radius of the device and n is 1, 2 and 3 for a slab, cylinder and sphere, 

respectively. This equation can be simplified by letting k=k0/C0a0: 

 1 (1 )ny kt= − −  (5.12) 

where k is the overall release constant.  

 

5.2.2. Other Empirical Models  

5.2.2.1. Second-order Model 

Bolan et al. reported that the dissolution of gypsum in the absence of soil followed a 

second-order model, while in the presence of soil it followed a first-order model 

(Bolan et al., 1991).  Kumar et al. worked out the same nonlinear form of the (pseudo) 

second-order expression obtained by Bolan et al. to explain the dissolution kinetics 

of several solid compounds in solutions (Kumar et al., 2010), as shown in Eq. (5.13). 

2

21

s

s

c k t
y

c k t
=

+
                                                           (5.13) 

where k2 is the second-order kinetic constant.  
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5.2.2.2. Quadratic Model 

The quadratic model has four unknown parameters and can be expressed as 

Eq.(5.14) (Costa and Sousa Lobo, 2001): 

y =100(k1t2+k2t)                                                                (5.14) 

 

5.2.2.3. Gompertz Model 

The Gompertz model is expressed as Eq.(5.15) (Costa and Sousa Lobo, 2001; 

Pabón et al., 1994; Kervinen and Yliruusi, 1993):  

 y=A’exp(-α’eβlogt))                                                                (5.15) 

where A’ is a constant, α’ is the location or scale parameter and β is the shape 

parameter. 

 

5.2.2.4. Logistic Model 

The Logistic model also has four unknown parameters and can be expressed as 

Eq.(5.16) (Costa and Sousa Lobo, 2001; Kervinen and Yliruusi, 1993): 

y=A’’eα’+βlogt/(1+eα’+βlogt)                                             (5.16) 

where A’’ is a constant. 
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Table 5. 1. Mathematical (empirical) models used to describe the dissolution of ibuprofen API crystals. 

Models Equations in the cited study Equations used in this study 

Zero-order 
0 0tQ Q K t= +  

0y k t=   

First-order 
0 1ln lntQ Q K t= +  

11 exp( )y k t= − −  

Weibull log[ ln(1 ( / ))] log logtQ Q b t b a− − = −  

1 exp( ( ) )bt
y

a
= − −

 

Higuchi 
t HQ K t=

 Hy k t=
 

Hixson-Crowell 1/3 1/3( )t HCQ Q Q K t − − =  

1/3(1 ) 1 HCy k t− = −
 

Korsmeyer-Peppas / n

t KPQ Q K t =  

n

KPy k t=
 

Baker-Lonsdale 2/3(3 / 2) 1 (1 ( / )) ( / )t t BLQ Q Q Q K t 
 − − − =   

2/3(3 / 2) 1 (1 ) BLy y k t − − − =   

Hopfenberg 
0 0/ 1 [1 / ]n

t GQ Q K t C a = − −  1 (1 )ny kt= − −  

 

* tQ
 
is the mass amount of drug dissolved in time t, Q  

is the total mass amount of drug dissolved when the pharmaceutical 

dosage form is exhausted, 0Q
 
is the initial mass amount of drug in the solution (most times, 0Q

 
=  0), y is the fraction of drug 

dissolved in time ( /ty Q Q= ), respectively.  
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5.3. Results and Discussion  

5.3.1. Experimental v.s. Correlated Dissolution Profiles 

The dissolution rate of ibuprofen was measured experimentally using different initial 

CSDs, initial undersaturation ratios, crystal morphologies, and the agitation rates, all of 

which are listed in Table 5.2 (note this is the same experimental data as in Table 4.3). A 

typical dissolution profile of experimental data (Run 2 from Chapter 4) and the 

correlated dissolution data by the representative models is presented in Figure 5.1. 

Note that the results in Table 5.2 and Figure 5.1 only list the estimations from the First-

order, Weibull and Korsmeyer-Peppas models. For the remaining models (listed in 

Table 5.1), at least some of the parameters, if not all, demonstrate a poor fit in so far as 

the average relative deviations (ARDs) are large, which will be discussed later in section 

5.3.2. On the basis of these considerations, and also for reasons of simplicity, only the 

fitting results from the models of First-order, Weibull and Korsmeyer-Peppas were 

displayed in detail in this section. 
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Figure 5. 1. Experimental and correlated dissolution data (Run 2: polyhedral, 150-300 

μm, R=100 rpm, -σ=1) of ibuprofen by first-order model, Weibull model and Korsmeyer-

Peppas model. 

 

 Table 5. 2. Experimental and correlated dissolution profiles of ibuprofen in phosphate 

buffer (pH=7.20) at T=37 ˚C. 

 

t/s expy                              
caly  

  
First Order 

Model 
Weibull 
Model 

Korsmeyer-Peppas 
Model 

 

Run1: L<150 μm, R=100 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.46 0.3271 0.1994 0.3486 0.4188 

Saturated line 
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63.42 0.4822 0.3706 0.4870 0.5132 

90.23 0.5730 0.4825 0.5621 0.5658 

123.28 0.6436 0.5934 0.6311 0.6169 

150.79 0.6839 0.6674 0.6757 0.6523 

180.22 0.7203 0.7317 0.7147 0.6854 

210.35 0.7534 0.7847 0.7476 0.7154 

280.66 0.8042 0.8711 0.8058 0.7749 

340.99 0.8383 0.9170 0.8417 0.8179 

401.15 0.8620 0.9465 0.8691 0.8555 

530.67 0.9004 0.9792 0.9099 0.9245 

660.21 0.9221 0.9919 0.9359 0.9822 

     

Run2: L=150-300 μm, R=100 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.24 0.2136 0.1710 0.2466 0.3274 

60.32 0.3702 0.3120 0.3819 0.4227 

90.22 0.4863 0.4284 0.4808 0.4906 

120.22 0.5702 0.5254 0.5583 0.5456 

150.30 0.6383 0.6062 0.6209 0.5926 

180.16 0.6916 0.6727 0.6721 0.6337 

240.26 0.7621 0.7745 0.7511 0.7050 
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301.15 0.8079 0.8454 0.8088 0.7664 

360.39 0.8430 0.8929 0.8503 0.8191 

480.32 0.8838 0.9491 0.9063 0.9110 

600.61 0.9064 0.9759 0.9399 0.9895 

     

Run3: L=300-500 μm, R=100 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.29 0.1470 0.1087 0.1580 0.2104 

70.27 0.2839 0.2343 0.2883 0.3153 

120.45 0.4083 0.3673 0.4092 0.4086 

180.59 0.5241 0.4965 0.5183 0.4965 

250.83 0.6241 0.6145 0.6145 0.5815 

330.38 0.7077 0.7151 0.6963 0.6638 

420.29 0.7652 0.7975 0.7650 0.7453 

520.23 0.8146 0.8615 0.8212 0.8258 

630.49 0.8529 0.9089 0.8662 0.9058 

     

Run4: L=500-850 μm, R=100 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

60.32 0.0780 0.0754 0.0777 0.0922 

120.68 0.1482 0.1452 0.1487 0.1588 
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182.43 0.2194 0.2111 0.2154 0.2196 

242.77 0.2728 0.2706 0.2754 0.2747 

303.10 0.3323 0.3257 0.3308 0.3270 

383.42 0.3956 0.3925 0.3978 0.3932 

504.15 0.4832 0.4808 0.4861 0.4873 

648.91 0.5780 0.5698 0.5748 0.5940 

     

     

Run5: L=150-300 μm, R=150 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

60.00 0.3790 0.2811 0.4156 0.4729 

120.00 0.5799 0.4831 0.5729 0.5810 

180.00 0.6906 0.6284 0.6715 0.6553 

240.00 0.7688 0.7329 0.7400 0.7137 

300.00 0.8119 0.8080 0.7903 0.7625 

360.00 0.8400 0.8619 0.8284 0.8049 

420.00 0.8481 0.9007 0.8581 0.8426 

480.00 0.8759 0.9286 0.8816 0.8767 

540.00 0.8744 0.9487 0.9004 0.9079 

600.00 0.8752 0.9631 0.9157 0.9367 
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Run6: L=300-500 μm, R=150 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.00 0.1321 0.1077 0.1561 0.2073 

60.00 0.2447 0.2039 0.2581 0.2905 

90.00 0.3343 0.2897 0.3399 0.3539 

120.00 0.4122 0.3662 0.4084 0.4070 

180.00 0.5298 0.4954 0.5183 0.4958 

240.00 0.6246 0.5983 0.6028 0.5704 

300.00 0.6869 0.6802 0.6695 0.6358 

360.00 0.7348 0.7454 0.7232 0.6948 

420.00 0.7729 0.7973 0.7669 0.7489 

480.00 0.7931 0.8386 0.8028 0.7992 

540.00 0.8114 0.8715 0.8326 0.8464 

600.00 0.8272 0.8977 0.8573 0.8909 

     

Run7: L=500-850 μm, R=150 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

60.00 0.1011 0.0915 0.0974 0.1131 

120.00 0.1770 0.1747 0.1801 0.1882 

180.00 0.2524 0.2502 0.2536 0.2534 

240.00 0.3213 0.3189 0.3196 0.3130 
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300.00 0.3777 0.3812 0.3790 0.3687 

360.00 0.4311 0.4379 0.4329 0.4215 

420.00 0.4877 0.4893 0.4817 0.4720 

480.00 0.5241 0.5361 0.5260 0.5206 

540.00 0.5641 0.5785 0.5663 0.5676 

600.00 0.6040 0.6171 0.6030 0.6132 

     

Run8: L>850 μm, R=150 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

60.00 0.0630 0.0695 0.0706 0.0808 

120.00 0.1368 0.1341 0.1367 0.1418 

180.00 0.1971 0.1943 0.1982 0.1972 

240.00 0.2548 0.2502 0.2553 0.2491 

300.00 0.3119 0.3023 0.3085 0.2986 

360.00 0.3615 0.3508 0.3579 0.3463 

420.00 0.4062 0.3959 0.4038 0.3925 

480.00 0.4468 0.4379 0.4465 0.4374 

540.00 0.4894 0.4769 0.4861 0.4814 

600.00 0.5144 0.5132 0.5229 0.5244 

     

Run9: L<150 μm, R=100 rpm, Morphology=Needle-like, -σ=1 
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0.00 0.0000 0.0000 0.0000 0.0000 

30.26 0.3739 0.2766 0.3584 0.4505 

60.31 0.5255 0.4755 0.5294 0.5566 

90.04 0.6241 0.6184 0.6413 0.6294 

120.22 0.7154 0.7237 0.7220 0.6877 

150.28 0.7800 0.7997 0.7812 0.7364 

180.03 0.8369 0.8543 0.8254 0.7784 

240.19 0.8922 0.9235 0.8867 0.8503 

300.88 0.9314 0.9600 0.9249 0.9112 

360.29 0.9487 0.9788 0.9489 0.9630 

480.21 0.9749 0.9941 0.9755 1.0517 

601.17 0.9785 0.9984 0.9878 1.1267 

     

Run10: L=150-300 μm, R=100 rpm, Morphology=Needle-like, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.00 0.1594 0.1315 0.1931 0.2625 

60.00 0.3039 0.2457 0.3112 0.3521 

90.00 0.3950 0.3449 0.4025 0.4181 

120.00 0.4607 0.4311 0.4768 0.4723 

180.00 0.6041 0.5709 0.5914 0.5609 

240.00 0.7216 0.6763 0.6755 0.6336 



 

 

134 

300.00 0.7867 0.7559 0.7394 0.6965 

360.00 0.8211 0.8158 0.7888 0.7524 

420.00 0.8257 0.8611 0.8277 0.8032 

480.00 0.8330 0.8952 0.8586 0.8500 

540.00 0.8390 0.9210 0.8833 0.8935 

600.00 0.8396 0.9404 0.9033 0.9343 

     

Run11: L=300-500 μm, R=100 rpm, Morphology=Needle-like, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.00 0.0887 0.0806 0.0882 0.1262 

60.00 0.1472 0.1546 0.1650 0.1959 

90.00 0.2194 0.2228 0.2341 0.2534 

126.00 0.2981 0.2973 0.3087 0.3136 

180.00 0.4077 0.3959 0.4060 0.3932 

240.00 0.5154 0.4893 0.4973 0.4719 

300.00 0.5905 0.5683 0.5739 0.5437 

360.00 0.6535 0.6351 0.6384 0.6103 

420.00 0.6801 0.6915 0.6929 0.6730 

480.00 0.7376 0.7392 0.7390 0.7325 

540.00 0.7686 0.7795 0.7780 0.7893 

600.00 0.7959 0.8136 0.8110 0.8438 
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* yexp is the experimental dissolution data; ycal is the calculated results with the 

corresponding fitting model. 

     

Run12: L=150-300 μm, R=50 rpm, Morphology=Polyhedral, -σ=1 

0.00 0.0000 0.0000 0.0000 0.0000 

30.24 0.1158 0.0501 0.1149 0.1256 

65.75 0.1731 0.1058 0.1793 0.1841 

98.08 0.2398 0.1536 0.2237 0.2242 

125.21 0.2643 0.1917 0.2551 0.2529 

202.83 0.3312 0.2916 0.3278 0.3208 

299.85 0.3840 0.3994 0.3972 0.3889 

360.39 0.4166 0.4581 0.4330 0.4258 

426.50 0.4498 0.5157 0.4673 0.4626 

547.33 0.5287 0.6056 0.5205 0.5231 

668.17 0.5843 0.6789 0.5648 0.5772 
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5.3.2. Evaluation of the Correlated Models 

To simulate and predict the dissolution profile of ibuprofen under fixed conditions, the 

experimental data was correlated using the eight models described in Table 5.1. The 

model parameters were obtained by fitting the experimental dissolution profiles and 

minimizing the objective function exp exp( ) /calf y y y= −  using the least squares method. 

Examples of dissolution data correlated using the eight models are shown in Table 5.3, 

and the obtained model parameters are listed in Table 5.4.  

 

Table 5. 3. Evaluation of different models for Run2 dissolution profile of ibuprofen in 

phosphate buffer (pH=7.20) at T=37 ˚C. 

Model Parameters R2 

Zero-order kinetics 
0k  

0.0022 0.1952 

First-order kinetics 
1k  

0.0062 0.8773 

Weibull model A 156.37 0.9866 

 

B 0.7680 

 
Higuchi model 

Hk  
0.0442 0.9118 

Hixson-Crowell model 
HCk  

0.0012 0.7119 

Korsmeyer-Peppas model 
KPk  

0.0927 0.9250 

 

N 0.3701 

 
Baker-Lonsdale model 

BLk  
0.0006 0.9493 

Hopfenberg model K 0.0001 0.8671 

 

N 46.4100 
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Table 5. 4. Parameters of the three mathematical models for dissolution of ibuprofen in 

phosphate buffer (pH=7.20) at T=37 ˚C. 

 
First-order Model Weibull Model Korsmeyer-Peppas Model 

 
1k  

a b 
KPk  

n 

Run1 0.0073 123.87 0.6038 0.1625 0.2771 

Run2 0.0062 156.37 0.7680 0.0927 0.3701 

Run3 0.0038 266.09 0.8101 0.0408 0.4809 

Run4 0.0013 759.61 0.9929 0.0037 0.7843 

Run5 0.0055 153.13 0.6632 0.1403 0.2968 

Run6 0.0038 264.72 0.8145 0.0396 0.4867 

Run7 0.0016 651.86 0.9552 0.0056 0.7341 

Run8 0.0012 809.67 1.0044 0.0029 0.8125 

Run9 0.0107 87.16 0.7679 0.1583 0.3067 

Run10 0.0047 206.89 0.7971 0.0621 0.4238 

Run11 0.0028 353.65 0.9656 0.0146 0.6342 

Run12 0.0017 899.14 0.6200 0.0234 0.4928 

 

The ARD (Leturia et al., 2014) was used to quantify the difference between the 

measured and calculated data, and was determined by: 

 
exp

exp1

1
% 100

cal
P

i i

i

N

iP

y y
ARD

N
y

−

=

=   

 

(5.17) 
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where 
PN  refers to the number of data points for each dissolution profile; the 

superscripts exp and cal stand for the experimental and calculated fractions of dissolved 

API, respectively. The ARD of different correlation models are shown in Table 5.5. 

 

Table 5. 5. ARD of the three mathematical models for dissolution of ibuprofen in 

phosphate buffer (pH=7.20) at T=37 ˚C. 

 

First-order Model Weibull Model Korsmeyer-Peppas Model 

Run1 0.1060 0.0139 0.0541 

Run2 0.0754 0.0300 0.0966 

Run3 0.0779 0.0159 0.0827 

Run4 0.0162 0.0064 0.0355 

Run5 0.0819 0.0281 0.0537 

Run6 0.0750 0.0341 0.0974 

Run7 0.0202 0.0085 0.0290 

Run8 0.0263 0.0164 0.0470 

Run9 0.0466 0.0103 0.0626 

Run10 0.0812 0.0489 0.1159 

Run11 0.0278 0.0286 0.1024 

Run12 0.2094 0.0288 0.0340 

Overall 7.03% 2.25% 6.76% 
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As shown in Table 5.3, the R-square values of all eight models rank as follows: 

Weibull > Baker-Lonsdale > Korsmeyer-Peppas > Higuchi > First-order > Hopfenberg > 

Hixson-Crowell > Zero-order. Therefore, in order to enable comparison with 

experimental dissolution rates, simulated profiles calculated using the Weibull, 

Korsmeyer-Peppas and first-order models (selected due to their good correlation results) 

are also provided for comparison purposes in Table 5.2 and graphically shown in Figure 

5.1. The overall ARDs of these three models are 2.25%, 6.76% and 7.03%, respectively.  

As shown in Table 5.3, the Weibull model gives the best fit in this scenario (R2=0.9866). 

This equation can be used in almost all kinds of dissolution curves and has been 

successfully utilized in many previous studies (Goldsmith et al., 1978; Vudathala and 

Rogers, 1992). However, it is an empirical model which does not originate from any 

kinetic fundamentals and can only therefore be used to describe and quantify the 

dissolution kinetic properties of the drug instead of characterizing it.  

The Korsmeyer-Peppas model also fits the dissolution profiles well (R2=0.9250). This 

semi-empirical equation was originally developed to describe drug release especially 

from polymeric devices, in which the constants reflect the structural and geometric 

characteristics of the drug delivery system, and there are several examples of 

successful implementation of the model for such dissolution systems (Harland et al., 

1988; Kim and Fassihi, 1997; Pillay and Fassihi, 1999). While this study is not 

examining the dissolution of a polymer, we have employed this Korsemeyer-Peppas 

type model in order to examine the suitability of its power law format for the description 

of API crystals.  

The dissolution data also fitted the first-order kinetics model well (R2=0.8733). This 

model is based on the diffusion layer concept and Fick’s second law. The dissolution 

rate is proportional to the mass transfer area and the driving force (the concentration 

difference between the saturated liquid assumed to exist directly adjacent to the solid 

particle and the bulk solute concentration), while inversely proportional to the diffusion 
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layer thickness. In this study, it is observed that small particles (size 150-300 μm) which 

exist in the sample (Figure 5.1) are dissolved rapidly within the first 300 seconds of the 

experiment (concentration reached to about 90% of the solubility), which will have a 

significant impact on the total surface area available during mass transfer. Thus, this 

model would have performed better if such particle surface area variation were 

considered.  

Overall, the work of the whole chapter shows a great potential applicability and 

suitability of the testing empirical models, which have been well developed and widely 

used in the R&D of the pharmaceutical formulation, towards the dissolution kinetics 

investigation of the pure API particles, while the Weibull, Korsmeyer-Peppas and first-

order models gave the best fitting performances. 

Clearly, all the models described in this chapter cover only a subset of the possible 

physical dependencies of the dissolution rates (and combinations thereof), and they 

were selected after prior testing to strike a balance between the experimental data 

available and the model complexity. Covering more dependencies is often not useful 

because such complicated models are heavily over-parameterized in the sense that 

they cannot be explained by the data collected in a reasonable experimental campaign.  
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5.4. Conclusions 

In this chapter, eight mathematical models were used to correlate the dissolution 

profiles of ibuprofen crystals, with the experimental data in Chapter 4. The dissolution 

parameters of each model were determined. It was found that the Weibull, Korsmeyer-

Peppas and first-order kinetics models give the most accurate results, indicating that 

those models can be successfully applied to the dissolution of API powders in both API 

processing and drug product performance analyses. This part of the dissolution 

investigation work is valuable to test the suitability of pharmaceutical formulation models 

to pure API crystal dissolution.  This work shows that it is possible to potentially 

standardize dissolution testing models for both API crystals and their final formulated 

forms. 
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6. DIFFUSION-BASED IBUPROFEN DISSOLUTION MODELS * 

 

* The contents of this chapter have been published previously in Gao Y. et al., 2021. 

Abstract 

The work in Chapters 4 & 5 has presented experimental investigations and empirical 

model correlation examining the dissolution kinetics of IBU crystals. Such empirical 

models have limitations however as they are not based intrinsically on dissolution 

fundamentals. Various attempts have been made in the literature to model the 

dissolution kinetics of API crystals to describe the release profile of the pharmaceutical 

product, however it still remains a goal to develop a universal approach which manages 

to correlate the primary API powder specifications such as CSD, morphology, etc. and 

in vitro dissolution release data.   

In this chapter, a diffusion-theory-based model has been devised to simulate dissolution 

kinetics of a poorly water-soluble drug, ibuprofen. The model was developed from the 

Noyes-Whitney equation in which the dissolution rate term is a function of the remaining 

surface area and the concentration gradient across the boundary layer. Other 

dissolution parameters include initial particle size, diffusion coefficient, material density 

and diffusion boundary layer thickness. The model is useful for predicting non-sink 

circumstances under which pure API polydisperse powders are suspended in a well-

mixed tank. The model was used to compare the accuracy of simulations using 

spherical (single dimensional characteristic length) and cylindrical particle (multi-

dimensional characteristic lengths) geometries, with and without a size-dependent 

diffusion layer thickness. Experimental data from Chapter 3 was fitted to the model to 

obtain the diffusion layer thickness, as well as used for model validation and prediction. 

The CSDs of post-dissolution were also predicted with this model, demonstrating good 

agreement between theory and experiment. 
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6.1. Introduction 

 

In the pharmaceutical industry, dissolution processes are of interest for many different 

reasons. For instance, as for solid / semisolid and suspension dosage forms it is only 

dissolved API which can be ultimately absorbed in to the body, it is fundamental and 

essential to investigate the dissolution behaviour of API in solutions to understand the 

overall drug absorption in biological systems (Gao, 2012; Wang et al., 2015). Particle 

size and morphology of a drug are important factors that affect the thermodynamic 

solubility and oral absorption of drug molecules. Correlations between particle 

properties of an API and the dissolution profile of its dosage form are quite complex in 

general, as the relationship may depend not only on the dissolution of the API itself, but 

also on the disintegration of the dosage form and interactions between the API and the 

excipients (Tinke et al., 2005).  

Dissolution also plays an important role in industrial crystallization from solution such as 

in solvent-mediated polymorphic transformations (Cornel et al., 2010; Simone et al., 

2014; Simone et al., 2017), as well as in fines removal (Nagy et al., 2011; Salvatori et 

al., 2017; Salvatori et al., 2018). Characteristics of the final crystallized particles, and 

downstream processability highly depend on the achieved particle size and shape 

distribution as part of such processes (PSSD) (Botschi et al., 2019). Cyclic processes, 

in which dissolution stages are included, have been reported to modify the PSSD 

systematically, as dissolution can add a degree of freedom to manipulate the size and 

shape (Snyder et al., 2007; Bajcinca et al., 2013; Simone et al., 2017). 

Kinetic models of the dissolution process are valuable tools to assist with the 

characterisation of experimental work, as such models provide useful information to 

design and optimize processes, as well as allowing the development and testing of 

feedback control strategies (Nagy et al., 2011; Botschi et al., 2019). Dissolution rate is 

affected by many factors, such as the CSD and morphology, the agitation of the 

suspension, and undersaturation levels (Gao et al., 2018). In addition, the solvent, 
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additional additives, the temperature and pH values will also have significant impacts on 

the dissolution kinetics.  

Although various attempts have been made in literature to model the dissolution kinetics 

of APIs to fully predict the required release profile of the pharmaceutical product, so far 

no one has succeeded in developing a universal approach which directly correlates to 

the API powder specification (i.e. its CSD, morphology, etc.) and dissolution release 

data. In this chapter, the weight fraction of different particle sizes in a polydisperse 

powder together with Noyes Whitney parameters (diffusion coefficient, solubility, density 

of the drug, boundary layer thickness and dissolution volume) have been used to predict 

dissolution kinetics of an API. Such a simulation can be a valuable tool with respect to 

gaining a better understanding of the dependence of dissolution on particle size and 

geometry.  

The purpose of this chapter is to address the modelling of dissolution processes of both 

polyhedral and needle-like crystals on the basis of diffusion fundamentals. Firstly, the 

theoretical simulations are calculated assuming a spherical geometry and that the 

particles adhere to a normal distribution. Next, diffusion-based kinetic models are 

developed from experimental data using a well-established parameter estimation 

technique. This approach is applied to the dissolution of the polyhedral compound IBU 

in a phosphate buffer. To the best of the author’s knowledge, no multi-dimensional 

dissolution rate study has been previously presented for ibuprofen in the literature. The 

models developed are validated by a range of experiments covering different 

hydrodynamics mixing conditions, CSDs and morphologies. In addition, the prediction of 

the dissolution under differing conditions of initial crystal seed mass loading is simulated 

using the model. The novelty of this work lies mainly in the fact that a multi-dimensional 

dissolution model is developed on the basis of diffusion theory to predict dissolution 

kinetics under non-sink circumstances, with the consideration of size-dependency and 

geometry. 
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6.2. Theory – Diffusion-Based Modelling 

According to the Noyes-Whitney equation, the rate of dissolution of a solid is dependent 

upon its solubility, concentration in solution at a particular time, diffusivity, and the 

surface area of the solid. For a drug of low aqueous solubility, particle size and the 

resulting surface area could have a significant effect on the rate of dissolution and 

therefore affect the bioavailability of the drug (Hintz and Johnson, 1989). As dissolution 

is the reverse process of crystal growth, it involves two steps (Koutsoukos and Valsami-

Jones, 2006): (1) surface reaction and disintegration of the surface molecules; (2) mass 

transfer of these molecules into the bulk solution across the diffusion layer, as 

presented in Figure 6.1.  

 

 

Figure 6. 1. Schematic of dissolution process. 

 

It is typically assumed that the overall process is limited by the slower of these steps. 

Assuming that the surface reaction rate rs and the mass transfer rate rm are proportional 

to S, being the surface area of the undissolved crystals per unit volume of solution, and 

the difference of concentration as a driving force, two equations were obtained as 

follows (Shan et al., 2002): 
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 *( )s s sr k S C C= −  (6.1) 

 ( )m m s br k S C C= −  (6.2) 

where C* is the solubility of the solute at a certain temperature, Cs is the concentration 

of solute at surface of crystals, and Cb is the concentration of the bulk solution. ks and 

km are surface reaction and mass transfer rate constants. 

If  
sk >>

mk , the dissolution process is dominated by mass transfer mechanism, whereas 

if 
sk <<

mk , surface reaction mechanism controls the process. 

 

 

(6.3) 

It is also assumed that under quasi-steady (pseudo) state condition, the dissolution rate 

r is equal to the surface reaction rate rs and the mass transfer rate rm, namely,  

 
m s

dm
r r r

Vdt
= − = =  

(6.4) 

where m is the mass of the undissolved crystals, V and t are the volume of solution and 

the dissolution time, respectively.  

A combination of Eqs. (6.1)-(6.3) gives: 

 *( )b

dm
r kS C C

Vdt
= − = −  

(6.5) 

 1

1/ 1/m s

k
k k

=
+

 
(6.6) 

where k  is the dissolution rate constant. The mass of the undissolved crystals can be 

obtained using a mass balance as follows, if 0bC =  at 0t = : 

 
0 bm m C V= −  (6.7) 
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where 
0m  is the initial mass of crystals. Combining Eqs. (6.5) and (6.7), 

 *( )b
b

dC
r kS C C

dt
= = −  

(6.8) 

For a diffusion-controlled process, a Noyes-Whitney type expression can be used to 

describe the dissolution process: 

 *( )d b

dm DS
r C C

Vdt h
= − = −  

(6.9) 

where dr  is the diffusion rate, which equals to the mass transfer rate, D  is the diffusion 

coefficient. The diffusion layer thickness h  is either a constant, when making the size-

independent assumption (Figure 6.2a) or a function of L , the characteristic length of 

particles, when the size-dependent assumption is being made (Figure 6.2b), ( )h f L= . 

 

 

Figure 6. 2. Schematic of (a) size-independent and (b) size-dependent diffusion layer 

(yellow area) for spherical particles. 

 

A number of dosage forms are used to disperse systems and they can be classified 

according to the size of the domains of the dispersed (or internal) phase. There are 

three types: (1) coarse dispersions, >1 µm (2) colloidal dispersions, 1 nm-1µm (3) 

molecular dispersions, <1 nm. Based on the distribution of particles sizes in the 

dispersed phase, coarse or colloidal dispersions can be further classified into 

monodisperse or polydisperse system. In a monodisperse system, particles are of 

uniform size. In contrast, for a polydisperse system, the sizes of particles vary (Denton 
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and Rostron, 2013). Ibuprofen crystals prepared in this work may be described as being 

part of a coarse, polydisperse system, which must be taken into consideration when 

studying the dissolution kinetics and preparing suitable models.  

As part of the model development approach adopted, particles are initially considered 

as monodisperse spheres (i.e. having the same single dimensional characteristic 

particle length). This model is then expanded to enable simulation of the particles’ 

polydisperse nature (distribution of particle size) and non-spherical geometries (multi-

dimensional characteristic particle lengths). This polydisperse model is the model which 

is ultimately compared with experimental data.  
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6.2.1. Fundamental Dissolution Model  

In a monodisperse system, all particles are considered to have the same characteristic 

length L. To determine the diffusion layer thickness for modelling of dissolution kinetics, 

the size dependency is illustrated as follows.  

6.2.1.1. Size-independent Diffusion Layer Thickness 

If the particles are assumed to have a size-independent diffusion layer thickness, then: 

 
( )d d S b

dm
r k S C C

Vdt
= − = −  

(6.10) 

where 
d

D
k

h
=  is the diffusion constant. 

 3

0Vm k L N=  (6.11) 

where   is the actual density of the crystals, Vk  is the volume shape factor, 0N  is the 

initial number of particles.  

Assuming that 0N  does not change with time, the surface area of undissolved crystals 

per unit volume of the solution at any time is given by: 

 2

0 /AS k L N V=  (6.12) 

where Ak  is the surface shape factor. For spherical crystals, k
A

= p  and / 6Vk = . 

Substituting Eqs. (6.11) and (6.12) to Eq. (6.10) yields:  

 
( )

3

A
d S b

V

dL k
k C C

dt k
= − −  

(6.13) 

6.2.1.2. Size-dependent Diffusion Layer Thickness 

For a size-dependent diffusion layer thickness model, it is assumed that there is a 

transition or critical particle length, Lc, bigger than which the particles are considered to 
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dissolve with a constant diffusion layer thickness equal to (Lc / 2). For particles with 

sizes smaller than Lc, the diffusion layer thickness is half of their own characteristic size. 

The selected method of diffusion layer thickness quantification, established previously in 

the literature (Hintz and Johnson, 1989), which may be substituted in to Eq. (9) is 

provided in Eq. (14). An example of the diffusion layer thickness determination was 

shown in Figure 6.3. 

 

 

(6.14) 

 

 

Figure 6. 3. Example of the diffusion layer thickness as a function of particle 

characteristic length. 
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6.2.2. Model Expansion to Polydisperse System 

As part of the dissolution of a polydisperse powder system, each particle size fraction 

could be considered as a monodisperse system, with all the particles in the relevant 

size bin dissolving at the same rate (Hintz and Johnson, 1989). Figure 6.4 shows the 

concept in a schematic form, in which the evolution of the particle size during dissolution 

is clearly illustrated. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 4. Schematic of the dissolution of a polydisperse. Li, j represents the 

characteristic length of seed crystals of i th particle size fraction at time t = j. Note that 

the number of particles in each particle size fraction is assumed to remain constant. 
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1

1
( )

2
i i iL L L

−

+= +  
(6.15) 

 
1i i iL L L+ = −  (6.16) 

 
i i iN n L=   (6.17) 

 
iN N=  (6.18) 

For j th time interval dt , substituting Eqs. (6.11), (6.12) and (6.7) to Eq. (6.9) yields:  

 

 

(6.19a) 

 

 

(6.19b) 

In Eq. (6.19a), hc is a constant diffusion layer thickness for size-independent situations 

and hence L  is only a function of concentration. Eq. (6.19b) is a first-order ordinary 

differential equation (ODE), solved by numerical methods using the Matlab 4th Order 

Runge-Kutta solver. Initial conditions are taken directly from the experimental 

measurements corresponding to the scenario in question being modelled. 

The variables jm , jS  and b jC  may be calculated using ,i jL :  

 3

,, i ji j V im k L N
−

=  
(6.20) 

 
,j i jm m=  (6.21) 

 
0 j

b j

m m
C

V

−
=  

(6.22) 

 2

,, /i ji j A iS k L N V
−

=  
(6.23) 

 
,j i jS S=  (6.24) 
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6.2.3. Spherical v.s. Cylindrical Geometry 

The shape and volume factors used to derive the preceding equations are based on a 

spherical geometry with constant values which do not change with time. In fact however, 

particles generally have non-spherical geometries. Because dissolution rate is 

dependent on the surface area / volume ratio of any geometry, simulated dissolution 

rates of non-spherical particles using “uncorrected” particle characteristic sizes may be 

inaccurate when compared to experimental results. Introducing a cylindrical geometry 

characteristics in to the model has the potential to describe particle shapes ranging from 

plates to needles by changing the shape factor (Figure 6.5) (Lu et al., 1993).  

 

 

 

Spheres 

rs = 4 

S/V = 0.75 

Needle-like or rods 

Aspect ratio = 10, rc = 2.04 

S/V = 1.08 

Discs or plates 

Aspect ratio = 0.25, rc = 6.99 

S/V = 1.29 

Figure 6. 5. Comparison of surface area-to-volume ratios for spherical and cylindrical 

geometries with equivalent volumes and indicated shape factors. 

There are other potential advantages associated with assuming a cylindrical geometry. 

Particles with non-spherical geometries generally do not have a uniform diffusion layer 

thickness over their entire surfaces. Hence, dissolution may occur at different rates on 

various faces, giving rise to a change in particle shape over time. A more rigorous 

model needs to consider the time dependency of particle shape. By allowing more 

accurate estimations of particle surface area, the performance of the shape simulation 

of dissolution kinetics will be improved. This being the case, a two-dimensional model 
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should be introduced by taking two separate characteristic lengths of the particle into 

account.  

 

 

 

Figure 6. 6. Schematic presentation of a cylindrical geometry particle. 

As shown in Figure 6.6, for a single particle, the surface area S and volume V are given 

by: 

  (6.25) 

    (6.26) 

Introducing the surface shape factor kA and the volume shape factor kV to express S 

and V as functions of L only: 

S = k
A
L2  (6.27) 

V = k
V
L3 (6.28) 

Substituting Eq. (6.25) into Eq. (6.27) yields:  

k
A

= p (0.5+ (L '/ L)) (6.29) 

where L’/L is the aspect ratio of the particle. 

Substituting Eq. (6.26) into Eq. (6.28) yields an expression for the shape volume factor:  

k
V

= 0.25p (L '/ L)  (6.30) 

L 

L’ 
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Similarly, if the surface area and volume are expressed as a function of L’ only: 

S = k
A

'L'2  (6.31) 

V = k
V

'L'3 (6.32) 

Substituting Eq. (6.25) into Eq. (6.31) yields:  

k
A
' = p (0.5(L / L ')2 + (L / L ')) (6.33) 

Substituting Eq. (6.26) into Eq. (6.32) yields:  

k
V

' = 0.25p (L / L ')2 (6.34) 

Dissolution rates are different on different faces of the particle, and hence the particle 

shape will change over time, leading to a change of kA and kV over the course of the 

dissolution process. As it is assumed that each face of the particle dissolves 

independently, the evolution of each dimension is given by Eq. (6.19). This being the 

case, 2 sets of the shape factors (kA & kV, kA’ & kV’), are needed in order to solve dL/dt 

and dL’/dt in Eq. (6.19). As the aspect ratio (L’/L) changes over time, the aspect ratio 

and hence all shape factors are updated on each time step as part of the numerical 

solution of Eq. (6.19).  
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6.3. Results and Discussion  

6.3.1. Theoretical Simulation 

In this part of simulation work, the CSDs of the particles are assumed to have a 

spherical geometry and a normal distribution, of which the population density fi is 

calculated by Eq. (6.35). It is also assumed no agglomerations or aggregations are 

present.  

2

2

( )

2
1

2

x

if e





 

−
−

=                                                              (6.35) 

where fi is the population density, µ is mean particle size and σ is standard deviation. 

The CSDs of the spherical particles with: (1) the same mean particle size (i.e. µ=150 um) 

but different standard deviations σ (i.e. 10, 20, 40, 60); (2) the same standard deviation 

(i.e. σ=10) but different mean particle sizes (i.e. µ=20, 50, 100, 150 µm) are shown as 

number distributions in Figures 6.7(A) and 6.8(A), respectively. The corresponding 

dissolution profiles are demonstrated visually in Figure 6.7(B) and Figure 6.8(B), 

respectively. Eq. (6.9) was applied simulate the dissolution and D/h is assumed to be 

constant (i.e. D/h =1), to simplify the calculation process.  

As illustrated in Figure 6.7, for particles within the same mean size (i.e. µ=150 µm), it 

can be shown that dissolution rate does not change significantly as the standard 

deviation σ increases from 10, 20, 40 to 60. Particles with a wider span dissolved 

slightly slower, as the overall surface area / volume ratio is smaller due to the presence 

of larger particles. Following this observation, it is proposed that the dissolution rate is 

less likely to be affected or determined by the span of the particles’ CSD for such 

particles. 
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However, in contrast as shown in Figure 6.8, for particles within the same standard 

deviation (i.e. σ=10), the dissolution rate remarkably decreased as the value of µ varied 

from 20, 50, 100 to 150 µm. This leads to the conclusion that the mean of the particles’ 

CSD has a significant effect on the dissolution rate, which was previously shown and 

confirmed by the experimental dissolution data in Chapter 4. 
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(A)  

(B)  

Figure 6. 7. Theoretical simulation: (A) the CSDs of spherical particles (µ=150 µm and 

σ=10, 20, 40, 60); (B) the corresponding dissolution profiles of ibuprofen. 
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(A)  

(B)  

Figure 6. 8. Theoretical simulation: (A) the CSDs of spherical particles (σ=10 and µ=20, 

50, 100, 150 µm); (B) the corresponding dissolution profiles of ibuprofen. 
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To enable further investigation of these trends and to understand the relationship 

between these variables, Figure 6.9 presents the simulated total dissolution times of 

particles with specific combinations of mean particle size and standard deviation. 

Several different linear relationships may be observed in this figure. In general, the data 

can be separated into two distinct sets, displayed as hollow dots and solid dots in Figure 

6.9.  

The data with standard deviations (σ) of 1 (black), 5 (light blue), 10 (orange) and 20 

(red), shown using hollow dots in Figure 6.9, represent particles with narrow distribution 

spans. All of these systems showed similar linear relationships, with slopes of 0.1975 (σ 

= 1, R2 = 0.99914), 0.1908 (σ = 5, R2 = 0.99955), 0.1796 (σ = 10, R2 = 0.99914), 0.1609 

(σ = 20, R2 = 0.99778). It may be observed here that the slope values decrease slightly 

with an increase in standard deviation. 

The data sets illustrated using solid dots in Figure 6.9, have wider distribution spans 

(with standard deviations of σ = 10, 20, 40, and 60). A similar linear relationship 

phenomenon between the data sets is observed, with the systems having slopes of 

0.0787 (σ = 10, R2 = 0.99618), 0.0521 (σ = 20, R2 = 0.99729), 0.0340 (σ = 40, R2 = 

0.97114), and 0.0317 (σ = 60, R2 = 0.98606) respectively. Once more the slopes have 

very similar values, and decrease slightly with an increase in distribution standard 

deviation. 

It may also be noted that 2 additional linear relationships are observed in Figure 6.9, 

namely for particles with mean sizes of between 100 and 150 µm with standard 

deviations of 10 and 20. To account for this observation in this paper, particles with a 

standard deviation of 10 - 20 are treated as being part of the first set (hollow markers in 

Figure 6.9) if their mean size is less than 100 µm, while they are treated as being part of 

the second set (filled markers in Figure 6.9) if their size is above 100 µm. 
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As shown in Figure 6.9, groupings of linear trendlines are observed depending on the 

mean and standard deviation values of the distributions being dissolved. It is therefore 

possible that upon further examination that more parallel linear relationships could be 

discovered. The identification of these linear relationships and further expansion of 

Figure 6.9 may help to provide useful information when developing simplified 

correlations relating total dissolution time to particle properties.  

 

 

Figure 6. 9. Linear relationships between the mean size of particles µ and the total 

dissolution time t under different standard deviations σ (1, 5, 10, 20, 40, 60).  
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6.3.2. Determination of Diffusion Coefficient D 

Since 1950s, the diffusivities of dissolved solids in water have been correlated by 

Othmer and Thakar, Scheibel and Wilke & Chang. These correlations have proven to be 

reasonably reliable as they yield similar results, but none of them are identical.  

Othmer-Thakar equation (Othmer and Thakar, 1953): 
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Scheibel equations (Scheibel, 1954): 

For V1>V2: 
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For V2>V1: 
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Wilke-Chang equation (Wilke and Chang, 1955): 
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The Othmer-Thakar equation was subsequently redeveloped to propose new constants 

and the revised Othmer-Thakar equation based on diffusivities of 87 different dissolved 

substances in dilute aqueous solution is shown below: 
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In addition, the revised association parameter in the Wilke-Chang equation for water of 

2.26 instead of 2.6 is likewise recommended. In these equations, the molecular 
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properties of water are µ2=0.691 cp at 300 K, M2=18.015 g/mol and V2=18.03 mL/mol 

and the molecular properties of IBU include M1=206.280 g/mol, V1=200.3 mL/mol. 

The Stokes-Einstein relation has long been regarded as one of the hallmarks of 

transport in liquids. It predicts that the self-diffusion constant D is proportional to (τ/T)-1, 

where τ is the structural relaxation time and T is the temperature. 

Stokes-Einstein relation (Evoy et al., 2019): 
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=                                                            (6.40) 

where k=1.37×10-16, T=300 K, v=0.01 poise, s=4.299×10-10 m. 

 

The diffusion coefficient of IBU in water at 37˚C obtained by different methods are listed 

in Table 6.1. The averaged diffusion coefficient of IBU D=8.88×10-6 cm2/s was used in 

the following simulations through this work. 

Table 6. 1. Diffusion coefficient of IBU in water at T=37 ˚C. 

 D, cm2/s (× 106) 

Model 
Othmer-

Thakar 

Wilke-

Chang 
Scheibel 

Revised 

Othmer-

Thakar 

Revised 

Wilke-

Chang 

Stokes-

Einstein 

Diffusivity 8.74 9.45 8.91 9.80 8.81 7.59 

Average D 8.88 
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6.3.3. Dissolution Rate Experimental Verification  

 

To estimate the dissolution rate of ibuprofen in a phosphate buffer (pH=7.20), the data 

collected from 9 experiments as outlined in Chapter 4 (Data Sets 1-8 & 10, numbered 

the same as shown in Table 4.3 in Chapter 4) is used (the data’s main characteristics 

are listed in Table 6.2). All of these experiments were operated at initial undersaturation 

ratio of σ0 = -1, in which the driving force is very high, leading to rapid dissolution of the 

seed crystals. The temperature was kept constant at 37 ˚C. The experiments were 

performed using various agitation rates (from 100 to 150 rpm), and seed crystals with 

different CSDs and morphologies were used. 

Table 6. 2. List of experiments used to estimate the dissolution kinetics of ibuprofen in 

phosphate buffer (pH=7.20) at T=37 ˚C. 

Data Set # Morphology L (μm) D[4,3] (μm) R (rpm) -σ0 fit. / val. 

1 Polyhedral < 150 130 100 1 val. 

2 Polyhedral 150-300 287 100 1 fit. 

3 Polyhedral 300-500 462 100 1 val. 

4 Polyhedral 500-850 631 100 1 fit. 

5 Polyhedral 150-300 287 150 1 val. 

6 Polyhedral 300-500 462 150 1 fit. 

7 Polyhedral 500-850 631 150 1 val. 

8 Polyhedral > 850 1322 150 1 fit. 

10 Needle-like 150-300 181 100 1 val. 

* L is the sieved size fraction; D[4,3] is the volume weighted mean particle size; R is the 

agitation rate; -σ is the undersaturation ratio. In the column fit. / val., fit. indicates whether an 

experiment was used for fitting the parameters of the dissolution kinetics in this chapter or just 

for validation. Val. indicates that data was only used for model validation, while fit indicates that 

the data was used for model fitting. 
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Data sets 1-8 & 10 listed in Table 6.2 correspond to the data collected from dissolution 

experiments in Chapter 4. The experimental protocols, as well as an explanation of the 

experimental set-up & procedure and the equipment employed for characterizing both 

the solid and liquid phase are described in detail in Chapter 4: section 4.2.2.  

The dissolution profiles and the pre and post dissolution CSDs from the experimental 

data sets 2, 4, 6, 8 (covering 2 different hydrodynamic mixing conditions: 100 and 150 

rpm) were used in this work in order to regress the diffusion layer thickness. These data 

sets were selected for this regression in order to ensure that a wide range of 

hydrodynamic mixing conditions were considered (due to the fact that the agitation rate 

is likely to be an important factor when determining the diffusion rate (Chapter 4: section 

4.3.3.2). It should also be noted that this data used in the regression consisted only of 

crystal samples with polyhedral morphologies, which involve relatively smaller surface 

area / volume aspect ratios compared to needle-like crystals. The remaining data listed 

in Table 6.2 was retained for model validation.  

Data sets 1, 3, 5, 7 were generated using similar conditions to data sets 2, 4, 6, 8, 

respectively, but with differing CSDs. Data set 10 uses needle-like crystals. 

Finally, with the fitting parameters from the dissolution kinetics estimation, the model 

could be extended to predict the seed crystals with different conditions under the similar 

hydrodynamics, which will be discussed in detail in section 6.3.7. 
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6.3.4. Determination of Diffusion Layer Thickness  

 

The diffusion layer thickness h was determined using the following approach. Firstly, an 

initial critical particle length, Lc, was estimated from the literature (Hintz and Johnson, 

1989). The diffusion layer thickness, h, in Eq. (6.19) was then calculated from this Lc 

value using Eq. (6.14) (i.e. it was set equal to Lc/2 when the size-independent 

assumption is being applied). The CSDs evolution during the dissolution process was 

then simulated using Eq. (6.19) with initial conditions taken directly from the 

experimental pre-dissolution data. Using the CSD at each time point, the total mass of 

remaining crystals m, and the concentration of the bulk solution Cb
 were calculated 

through Eqs. (6.20-6.22), respectively. The calculated concentrations of the bulk 

solution C
b

cal  were then directly compared with experimental values C
b

exp at each time 

point in order to calculate the total sum square error (SSE) for the data set:   

  

(6.41) 

where n is the number of experimental data points. 

 

The diffusion layer thickness h was then optimized in order to minimise this SSE using 

the inbuilt “fminsearch” in Matlab. Four of the total nine datasets were used for this 

regression/optimisation. The optimised h values were then validated using the 

remaining five dataset (data-sets are labelled as being used for either regression or 

validation in Table 6.2). This validation is discussed in further detail in section 6.3.6. 

 

Diffusion layer thicknesses h at an agitation rate of 150 rpm were determined by the 

method discussed above (using both spherical and cylindrical geometry assumptions), 

with respect to data sets 6 & 8 as listed in Table 6.3 and shown in Figure 6.10. Figure 

6.10 demonstrates good agreement between the regressed and experimental data. 
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In the spherical geometry simulations, the values of the size-independent diffusion layer 

thickness were found to be h = 32.87 µm and h = 30.65 µm, with sum square errors 

(SSEs) of 1.906x10-19 and 4.093x10-19, respectively (Table 6.3). The values of the size-

dependent diffusion layer thickness regressed from the same two data sets were found 

to be quite similar at h = 32.74 µm and h = 30.66 µm (SSE = 1.393x10-19 and 2.060x10-

19). SSE values are very low in both scenarios showing good agreement between 

experimental and regressed results. However, the SSEs of the latter simulation are 

slightly smaller, indicating that a size-dependent diffusion layer thickness gives 

marginally better modelling results. These same trends are also demonstrated in the 

cylindrical geometry dissolution simulation (listed in Table 6.3), where the values of the 

size-independent diffusion layer thicknesses are 25.57 µm and 23.65 µm, with SSE 

values of 1.196x10-19 and 3.093x10-19 respectively, while in comparison, the values of 

size-dependent diffusion layer thicknesses are 25.71 µm and 23.84 µm with 

corresponding SSE values of 2.057x10-20 and 9.636x10-20. 

 

The total dissolution time is found to be shorter when using the cylindrical geometry 

compared to the corresponding spherical geometry assumption. This is expected due to 

the fact that the dissolution rate is dependent on the surface area according to Eq. (6.9), 

and a sphere has the smallest surface area / volume ratio of any geometry, giving it a 

slower dissolution rate and a longer total dissolution time compared with cylindrical 

geometry particles.  

It can be also seen in Table 6.3 that the simulated dissolution rate when using h=f (L, t) 

is similar to that obtained when holding h constant. In addition, both approaches 

achieved extremely low SSE values which are very similar in magnitude. Hence, the 

size-independent diffusion layer thickness was averaged to be (25.57 + 23.65) / 2 = 

24.61 μm and the size-dependent diffusion layer thickness was averaged to be (25.71 + 

23.84) / 2 = 24.78 μm. For larger particles, the dissolution rate is slower and h also 

changes more slowly, leading to a relatively constant h despite changes of L over time 
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in the process h=(f, t). The diffusion layer thickness was therefore considered to be 

approximately uniform equal to 25 μm when R = 150 rpm for the remainder of this work. 

 

Table 6. 3. Regression of h with the dissolution kinetic model (R=150 rpm). 

Experimental Condition Geometry 
Size 

Dependency 

h  

(μm) 

Time  

(s) 

SSE 

x10-20 

      

Run 6: L=300-500 μm, 

D[4,3]=462 μm 

R=150 rpm, 

Morphology=Polyhedral 

Spherical 
Independent 32.87 1136 19.06 

Dependent 32.74 1137 13.93 

Cylindrical 
Independent 25.57 1115 11.96 

Dependent 25.71 1116 2.057 

      

Run 8: L>850 μm, 

D[4,3]=1322 um 

R=150 rpm, 

Morphology=Polyhedral 

Spherical 
Independent 30.65 2248 40.93 

Dependent 30.66 2250 20.60 

Cylindrical 
Independent 23.65 2214 30.93 

Dependent 23.84 2217 9.636 
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(A)                                                                  (B) 

 

(C)                                                                (D) 

Figure 6. 10. Experimental dissolution profiles of fine (o) and coarse (Δ) ibuprofen when 

R = 150 rpm. Simulated curves were drawn using spherical geometry with (A) size-

independent h & (B) size-dependent h, and cylindrical geometry with (C) size-

independent h & (D) size-dependent h.  
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The same procedure as described above was used to regress the diffusion layer 

thickness at an agitation rate equal to 100 rpm. The regression was carried out by fitting 

the model with data sets 2 & 4, as listed in Table 6.4 and displayed graphically in Figure 

6.11. Compared with the results obtained at R = 150 rpm, the corresponding diffusion 

layer thickness at R = 100 rpm is thicker due to the slower diffusion rate. Simulation 

using the cylindrical geometry assumption once more gives slightly better regression 

results than those based on a spherical geometry. This result may be justified by 

examining SEM images (Figure 4.1) of the crystals being dissolved in this analysis. The 

crystals have needle-like and polyhedral morphologies which are described better by 

the cylindrical modelling approach adopted compared to using a spherical assumption.  

The size-independent diffusion layer thickness had an average value of (33.08 + 33.65) 

/ 2 = 33.37 μm and the size-dependent diffusion layer thickness had an average value 

of (32.75 + 33.84) / 2 = 33.30 μm. In line with the assumption made as part of the 

R=150 rpm analysis, the diffusion layer thickness h at R = 100 rpm is approximated to 

be equal to 33 μm. 
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Table 6. 4. Regression of h with the dissolution kinetic model (R=100 rpm). 

Experimental Condition Geometry 
Size 

Dependency 
h (μm) 

Time 

(s) 

SSE 

x10-20 

      

Run 2: L=150-300 μm, 

D[4,3]=287 um 

R=100 rpm, 

Morphology=Polyhedral 

Spherical 

Independent 42.53 948 54.48 

Dependent 42.06 946 24.33 

Cylindrical 

Independent 33.08 935 31.96 

Dependent 32.75 930 8.036 

      

Run 4: L=500-850 μm, 

D[4,3]=631 um 

R=100 rpm, 

Morphology=Polyhedral 

Spherical 

Independent 41.79 2141 40.93 

Dependent 41.84 2134 20.60 

Cylindrical 

Independent 33.65 2015 30.93 

Dependent 33.84 2007 9.636 
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(A)                                                                (B) 

 

(C)                                                              (D) 

Figure 6. 11. Experimental dissolution profiles of fine (o) and coarse (Δ) ibuprofen when 

R = 100 rpm. Simulated curves were drawn using spherical geometry with (A) size-

independent h & (B) size-dependent h, and cylindrical geometry with (C) size-

independent h & (D) size-dependent h.  
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6.3.5. Prediction of the Post-Dissolution CSD 

With the regression of the dissolution layer thickness h, the CSDs of the post-dissolution 

process could be re-calculated, with a typical example shown in Figure 6.12. The CSDs 

were plotted as volume (%) v.s. particle size, which is consistent with the experimental 

results measured by experimental equipment used. The population density ,0in  of the 

simulation is calculated by: 
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=



                                                       (6.42) 

 

Figure 6. 12. Comparison between experimental and simulated post-dissolution CSDs 

of fine particles. 

It may be noted that in the experimental study in Chapter 4, the CSD of ibuprofen 

shifted slightly to the right after dissolution as displayed in Figure 9 (blue dash line). This 

is also confirmed with the CSD details of ibuprofen pre and post-dissolution (Table 4.2), 
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showing that the mean particle size gets larger following the dissolution process. This 

may be explained by the experimental design and the Noyes-Whitney’s theory. In the 

experimental procedure, 1 gram of ibuprofen crystal seeds were dispersed in the 

solution. However, only about half of the amount could dissolve due to the solubility 

under the experimental condition. This aims to examine the evolution of the particle size, 

hence enough amount of the crystals requires to be remained after dissolution in order 

to measure the CSD by the analytical tool (Malvern Mastersizer). According to the 

Noyes-Whitney equation (Eq. 6.9), smaller particles dissolve at a faster rate compared 

to larger particles, as they have a greater surface area per unit volume. In this case, an 

excess amount of ibuprofen is added into the system, and as the smaller particles 

dissolve at a faster rate than larger particles, the particle size distribution shifts slightly 

to the right. In addition, it is observed that the height of the distribution increases after 

dissolution in Figure 6.12. This may be explained as follows: the y-axis of the figure is 

presented as a normalized volume which the total volume fraction would be equal to 1 

or 100%. Moreover, the measurement only requires very small amount sample for the 

test, instead of measuring all the crystals before and after dissolution. Then height of 

the distribution only represents the volume fraction of the corresponding particle size 

and the higher height may demonstrate that the percentage of relative larger particles 

increase as smaller particles dissolve faster than the larger ones. 

 

For the prediction of the post-dissolution CSD, the simulated curve (red dash line in 

Figure 6.12) tends to slightly shift to the right, exhibiting good qualitative agreement 

between experimental data and model prediction. 
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6.3.6. Validation of the Dissolution Model 

The predictive capabilities of the model were tested by using the validation experiments 

listed in Table 6.2. The diffusion layer thicknesses h are estimated to be h = 33 μm (R = 

100 rpm) and h = 25 μm (R = 150 rpm), respectively as outlined previously. The values 

have been applied to the model using the cylindrical geometry approach, using both 

size-independent and size-dependent assumptions. The fitted outputs are dissolution 

profiles (IBU concentration vs. dissolution time) and post-dissolution CSDs (volume vs. 

particle size).  

 

The validation involves different hydrodynamic mixing conditions (agitation rate), seed 

CSDs and morphologies to cover a wide range of the experimental conditions, as 

contained in data sets 1, 3, 5, 7, 10 (i.e. the data sets which were not used for the initial 

regressions). The dissolution profiles together with the pre & post-dissolution CSDs of 

these experiments and the corresponding model predictions are displayed in Figures 

6.13-6.17.  

 

Overall, there is a good agreement between the experimental data and simulated 

results. A slight consistent overprediction of the post-dissolution CSDs exists which may 

be explained by the fact that the simulated CSDs are monomodal distributions, however, 

the corresponding experimental CSDs contain a slight bimodal shape. Such errors are 

to be expected as the generic cylindrical particle model utilized in this work is only an 

approximation of the true particle shape. In addition, SEM images from the experimental 

data in the published work show some aggregations or agglomerations in the particles 

after crystallization, which will induce some degree of error when comparing simulated 

and experimental results. 



 

 

176 

It may be observed that the simulated results align closely with experimental results at 

different agitation speeds, confirming the model’s applicability for predicting the 

dissolution behaviours of ibuprofen particles.  

 

 

Table 6. 5. List of the validation of the dissolution kinetic model. 

Run # Size Dependency Aspect Ratio h (μm) Time (s) SSE x10-8 

      

1 
Independent 

3 33 
973 9.508 

Dependent 952 7.230 

      

3 
Independent 

3 33 
1175 0.524 

Dependent 1162 0.267 

      

5 
Independent 

3 25 
905 8.653 

Dependent 902 6.248 

      

7 
Independent 

3 25 
> 2000 0.025 

Dependent > 2000 0.016 

      

10 
Independent 

10 33 
1070 6.303 

Dependent 974 4.055 
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(A)                                                                  (B) 

  

(C)                                                                 (D) 

 

Figure 6. 13. Cylindrical geometry model validation with Run 1 data (dissolution profiles 

and CSDs). Simulated red curves were drawn using size-independent h in (A)&(B) and 

size-dependent h in (C)&(D). 
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(A)                                                                   (B) 

 

(C)                                                                  (D) 

Figure 6. 14. Cylindrical geometry model validation with Run 3 data (dissolution profiles 

and CSDs). Simulated red curves were drawn using size-independent h in (A)&(B) and 

size-dependent h in (C)&(D). 
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(A)                                                                  (B) 

  

(C)                                                                  (D) 

Figure 6. 15. Cylindrical geometry model validation with Run 5 data (dissolution profiles 

and CSDs). Simulated red curves were drawn using size-independent h in (A)&(B) and 

size-dependent h in (C)&(D). 
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(A)                                                                 (B) 

  

(C)                                                                 (D) 

Figure 6. 16. Cylindrical geometry model validation with Run 7 data (dissolution profiles 

and CSDs). Simulated red curves were drawn using size-independent h in (A)&(B) and 

size-dependent h in (C)&(D). 
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(A)                                                                 (B) 

  

(C)                                                                 (D) 

Figure 6. 17. Cylindrical geometry model validation with Run 10 data (dissolution 

profiles and CSDs). Simulated red curves were drawn using size-independent h in 

(A)&(B) and size-dependent h in (C)&(D). 
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6.3.7. Prediction with the Dissolution Model 
 

Using the regressed diffusion layer thickness h, the diffusion-based dissolution model 

could be applied widely to predict the dissolution behaviour of ibuprofen particles under 

different conditions. The model is used to predict the dissolution profiles with different 

initial total seed crystals mass present, as shown in Table 6.6 and Figure 6.18. It may 

be observed that the dissolution rate is higher with more ibuprofen particles initially 

introduced into the tank, leading to a shorter total dissolution time. This is because the 

greater the mass of initial seed crystals, the larger the total surface area / volume in the 

solvent system, leading to a quicker dissolution kinetics behaviour. 

Simulated condition: 

(A) L=150-300 μm, R=100 rpm, initial total dissolution mass = 1g, Morphology = 

Polyhedral, length ratio=3, h=33um. 

(B) L=150-300 μm, R=150 rpm, initial total dissolution mass = 1g, Morphology = 

Polyhedral, length ratio=3, h=25um. 

 

Table 6. 6. Prediction of the dissolution kinetics with different initial dissolution mass. 

Dissolution Mass Total Dissolution Time (s) 

 

R=100 rpm 

h = 33 um 

R=150 rpm 

h = 25 um 

m = 0.5 g 1758 1532 

m = 0.75 g 1254 1051 

m = 1.0 g 935 780 

m = 2.0 g 480 386 

m = 3.0 g 327 261 
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(A)  

(B)  

Figure 6. 18. Prediction of the dissolution kinetics with different initial dissolution mass: 

(A) R=100 rpm; (B) R=150 rpm. 
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6.4. Conclusions 

A diffusion-based model, developed from the Noyes-Whitney equation in which the non-

sink dissolution term is a function of the remaining surface area and the concentration 

gradient across the boundary layer, has been developed to simulate dissolution kinetics 

of a poorly water-soluble drug, ibuprofen. Dissolution parameters include initial particle 

size, diffusion coefficient, density, and diffusion layer thickness. The model was 

established by using spherical geometry (single dimensional characteristic particle 

length) and cylindrical geometry (multi-dimensional characteristic particle lengths) 

assumptions. Data from previously published work was fitted to the model to obtain the 

diffusion layer thickness, considering both size-dependent or size-independent 

scenarios. The model was then validated using unused dissolution experimental data, 

demonstrating good agreement between experimental and predicted values. Post-

dissolution CSDs were also predicted using the model, once more demonstrating 

reasonable agreement with experimental data, with a slight overprediction of the 

distribution. 

  



 

 

185 

7. SUMMARY & CONCLUSIONS 

7.1. Conclusions 

In this study, a Biopharmaceutics Classification System (BCS) Class II drug 

characterized by a relatively low solubility but high permeability, ibuprofen, was used as 

a model compound to investigate the dissolution behaviours of API crystals.  

In Chapter 3, a dedicated ibuprofen preparation protocol for dissolution was established. 

Different ibuprofen crystals with tailored solid-state characteristics (such as crystal 

morphology size distribution) were produced using cooling crystallization (employing a 

seeding strategy and different solvents). The crystallization processes were monitored 

by process analytical tools such as FBRM, PVM and ATR-FTIR, and the properties of 

the obtained products were characterized by many off-line techniques such as HPLC, 

Microscope, SEM, PXRD, DSC, Malvern Mastersizer, etc. All batches of ibuprofen 

crystals showed high purity, similar crystalline form and crystallinity, but varied (as 

desired) in morphology, CSD and surface area.  

In Chapter 4, dissolution of the obtained crystals was studied experimentally. UV and 

ATR-FTIR spectroscopies were employed to measure the solute concentration and a 

FBRM probe was applied to track the change of particle size during dissolution. The 

influences of initial undersaturation ratio, agitation rate, crystal morphology and particle 

size were examined. It was found that from the dissolution results, the CSD of the IBU 

particles slightly shifted to the right after dissolution, confirming that smaller particles 

with higher surface areas dissolved more rapidly. It also confirmed that the higher initial 

undersaturation, more needle-like crystal morphology, and higher agitation rates give 

higher dissolution rates. During dissolution, two distinct behaviours were observed at 

different levels of undersaturation ratio. It is postulated that the mechanism of 
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dissolution switches from being mass transfer limited at higher levels of undersaturation 

to being limited by the rate of surface reaction at lower undersaturation ratio levels. 

In Chapters 5 & 6, complementary modelling and simulation frameworks were 

developed. In Chapter 5, eight simplified mathematical models typically employed to 

quantify the dissolution of immediate and modified release dosage forms, including 

zero-order model, first-order kinetics model, Weibull model, Higuchi model, Hixson-

Crowell model, Korsmeyer-Peppas model, Baker-Lonsdale model and Hopfenberg 

model, were used to correlate the dissolution profiles of ibuprofen crystals. The 

dissolution parameters of each model were determined and the simulation accuracies of 

the different models were evaluated by comparing experimental and simulation results. 

It was found that the Weibull, Korsmeyer-Peppas and first-order kinetics models could 

give the most accurate results, indicating that those models may be successfully applied 

to the dissolution of API powders in both API processing and drug product performance 

analyses. 

In Chapter 6, a diffusion-based model modified from the Noyes-Whitney equation was 

devised to simulate dissolution kinetics of ibuprofen, which can be used to predict non-

sink circumstances. The model was developed from the Noyes-Whitney equation in 

which the non-sink dissolution rate term is a function of the remaining surface area and 

the concentration gradient across the boundary layer. Other dissolution parameters 

include initial particle size, diffusion coefficient, density and diffusion layer thickness. 

Variants of the model were made to compare the accuracy of simulations using 

spherical and cylindrical particle geometries, with and without a size-dependent 

diffusion layer thickness. Data from Chapter 4 was fitted to the model to obtain the 

diffusion layer thickness, and post-dissolution particle size distributions were also 

predicted by the model, demonstrating a good agreement between theory and 

experiment. 
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7.2. Recommendations for Future Work 

1. Due to the limitation of time, only two types of ibuprofen crystals prepared in this 

study were utilized as models for dissolution study. More work can be done in the future 

to reveal the dissolution behaviours of other crystals with different characteristics. In 

addition, other APIs can be investigated to test the applicability and suitability of both of 

the experimental and simulation frameworks established in this thesis. 

2. In order to investigate dissolution kinetics, this study put forward a modified diffusion 

model based on Noyes-Whitney equation. The diffusion boundary layer thickness is a 

key factor to determine the dissolution rate. In this thesis, the value was only regressed 

by fitting the experimental data with the model. To have a better understanding of the 

dissolution process, DoE approaches to determine the diffusion boundary layer 

thickness could be applied for further investigation. In addition, to broaden the 

applicability of this model, temperature and pH of the system could be added into the 

kinetic model, which might provide useful information not just in pharmaceutical industry, 

but also in industrial crystallization where dissolution stages are involved. 

3. Since population balance equation (PBE) modelling has been studied extensively in 

crystallization, it has the potential to be very useful in the field of dissolution. Further 

studies of PBE on dissolution kinetics may give a better understanding of the dissolution 

process of API crystals.  
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APPENDIX A 

 

 

Table A.1. Solubility and metastable limit of ibuprofen in pure and binary solvents in 

Chapter 3. 

              Solubility 
 

      Metastable Limit 

T (°C) Conc. (g/kg solvent) 
 

T (°C) Conc. (g/kg solvent) 

     
Hexane 

27.82 119.73 
 

12.19 119.73 

28.67 137.32 
 

12.39 137.32 

30.67 160.96 
 

17.46 160.96 

32.24 194.44 
 

17.23 194.44 

37.61 305.90 
 

23.12 305.90 

38.70 340.19 
 

24.09 340.19 

39.90 383.14 
 

30.13 512.56 

41.22 438.50 
 

32.17 620.10 

42.80 512.56 
   

44.66 620.10 
   

 

Methanol 

10.00 725.80 
   

15.00 922.30 
   

20.00 1035.00 
 

-- 
 

30.00 1752.00 
   

35.00 2730.00 
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Aqueous methanol solution (with a methanol mass composition of 60%) 

10.00 15.40 
 

10.86 37.19 

10.72 15.60 
 

14.31 48.45 

14.18 18.07 
 

15.45 63.74 

14.34 20.32 
 

16.23 74.53 

16.42 21.43 
 

22.86 133.24 

17.46 26.28 
 

24.55 147.13 

19.14 26.32 
 

24.92 164.26 

21.06 37.19 
   

21.99 34.11 
   

24.22 43.84 
   

24.67 48.45 
   

25.25 54.14 
   

30.46 62.46 
   

31.48 63.74 
   

31.90 75.90 
   

32.50 74.53 
   

33.51 96.71 
   

33.60 89.73 
   

34.25 112.69 
   

35.54 133.24 
   

35.90 147.13 
   

36.38 164.26 
   

36.76 185.90 
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Figure A.1. Typical UV calibration curve in Chapter 4. 
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Table A.3. List of IBU CSDs before dissolution in Chapter 4. 

Particle  

Size  Volume 

 

(μm) 

Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

Run 

6 

Run 

7 

Run 

8 

Run 

9 

Run 

10 

Run 

11 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 

0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 

0.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 

0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 

0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 

1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 

1.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 

1.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 

1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.15 

1.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.17 

1.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.04 0.18 
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2.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.06 0.20 

2.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.22 

2.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.24 

3.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.09 0.26 

3.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.09 0.27 

3.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.29 

4.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.30 

5.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.31 

5.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.33 

6.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.08 0.35 

7.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.10 0.38 

8.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.11 0.42 

9.30 0.04 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.18 0.13 0.49 

10.51 0.10 0.00 0.02 0.04 0.00 0.02 0.04 0.00 0.20 0.15 0.59 

11.87 0.22 0.00 0.02 0.06 0.00 0.02 0.06 0.00 0.22 0.17 0.73 

13.42 0.29 0.00 0.03 0.07 0.00 0.03 0.07 0.00 0.25 0.18 0.91 

15.16 0.37 0.00 0.03 0.08 0.00 0.03 0.08 0.00 0.27 0.20 1.14 

17.12 0.43 0.00 0.03 0.09 0.00 0.03 0.09 0.00 0.31 0.22 1.41 

19.35 0.46 0.01 0.03 0.10 0.01 0.03 0.10 0.00 0.36 0.26 1.72 

21.86 0.44 0.06 0.03 0.10 0.06 0.03 0.10 0.00 0.47 0.32 2.05 

24.70 0.39 0.13 0.02 0.09 0.13 0.02 0.09 0.00 0.63 0.41 2.38 

27.90 0.31 0.21 0.02 0.09 0.21 0.02 0.09 0.00 0.89 0.57 2.68 

31.53 0.26 0.33 0.04 0.08 0.33 0.04 0.08 0.00 1.26 0.80 2.92 

35.62 0.28 0.43 0.08 0.08 0.43 0.08 0.08 0.00 1.75 1.13 3.09 

40.24 0.44 0.52 0.16 0.11 0.52 0.16 0.11 0.00 2.39 1.55 3.15 
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45.47 0.80 0.57 0.27 0.16 0.57 0.27 0.16 0.00 3.16 2.07 3.11 

51.37 1.43 0.56 0.41 0.23 0.56 0.41 0.23 0.00 4.03 2.68 2.96 

58.04 2.35 0.50 0.55 0.33 0.50 0.55 0.33 0.00 4.95 3.33 2.71 

65.58 3.52 0.40 0.66 0.44 0.40 0.66 0.44 0.00 5.85 3.99 2.41 

74.09 4.90 0.29 0.72 0.54 0.29 0.72 0.54 0.00 6.64 4.60 2.07 

83.71 6.36 0.24 0.70 0.61 0.24 0.70 0.61 0.00 7.24 5.12 1.72 

94.57 7.75 0.35 0.58 0.62 0.35 0.58 0.62 0.00 7.57 5.49 1.41 

106.85 8.90 0.70 0.37 0.55 0.70 0.37 0.55 0.00 7.59 5.69 1.13 

120.72 9.66 1.37 0.11 0.41 1.37 0.11 0.41 0.00 7.29 5.73 0.91 

136.40 9.92 2.40 0.00 0.21 2.40 0.00 0.21 0.00 6.71 5.63 0.73 

154.10 9.63 3.76 0.00 0.03 3.76 0.00 0.03 0.00 5.94 5.45 0.58 

174.11 8.82 5.38 0.00 0.00 5.38 0.00 0.00 0.00 5.07 5.23 0.43 

196.71 7.57 7.09 0.13 0.00 7.09 0.13 0.00 0.00 4.17 5.00 0.26 

222.25 6.03 8.67 0.66 0.01 8.67 0.66 0.01 0.00 3.33 4.77 0.05 

251.10 4.33 9.88 2.20 0.25 9.88 2.20 0.25 0.00 2.58 4.53 0.00 

283.70 2.73 10.54 3.98 0.96 10.54 3.98 0.96 0.00 1.94 4.25 0.00 

320.54 1.24 10.52 6.87 2.24 10.52 6.87 2.24 0.00 1.42 3.92 0.00 

362.15 0.04 9.81 9.72 4.06 9.81 9.72 4.06 0.00 1.01 3.53 0.00 

409.16 0.00 8.52 11.97 6.26 8.52 11.97 6.26 0.00 0.71 3.08 0.00 

462.28 0.00 6.83 13.27 8.50 6.83 13.27 8.50 0.00 0.49 2.60 0.00 

522.30 0.00 4.94 13.07 10.38 4.94 13.07 10.38 0.00 0.34 2.09 0.00 

590.10 0.00 3.14 11.55 11.51 3.14 11.55 11.51 0.00 0.23 1.60 0.00 

666.71 0.00 1.64 9.21 11.66 1.64 9.21 11.66 0.00 0.16 1.14 0.11 

753.26 0.00 0.22 6.04 10.83 0.22 6.04 10.83 0.25 0.12 0.74 0.51 

851.06 0.00 0.00 3.95 9.23 0.00 3.95 9.23 1.32 0.10 0.44 2.15 
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961.54 0.00 0.00 1.77 7.19 0.00 1.77 7.19 5.31 0.09 0.14 4.07 

1086.37 0.00 0.00 0.62 5.09 0.00 0.62 5.09 11.29 0.11 0.00 7.69 

1227.41 0.00 0.00 0.09 3.27 0.00 0.09 3.27 18.86 0.11 0.00 10.40 

1386.75 0.00 0.00 0.01 1.89 0.00 0.01 1.89 24.00 0.11 0.00 10.98 

1566.78 0.00 0.00 0.00 0.97 0.00 0.00 0.97 22.38 0.10 0.00 9.27 

1770.19 0.00 0.00 0.00 0.42 0.00 0.00 0.42 12.14 0.08 0.00 4.55 

2000.00 0.00 0.00 0.00 0.15 0.00 0.00 0.15 4.46 0.05 0.00 1.55 

 

 



 

 

196 

 

Table A.4. List of IBU CSDs after dissolution in Chapter 4. 

Particle 

  Size Volume 
 

(μm) 

Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

Run 

6 

Run 

7 

Run 

8 

Run 

9 

Run 

10 

Run 

11 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 

1.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 

1.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 

2.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.05 0.00 

2.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.06 0.01 

2.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.06 0.02 

3.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.06 0.02 

3.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.06 0.02 

3.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.06 0.02 

4.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.06 0.00 

5.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.06 0.00 

5.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.05 0.00 

6.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.06 0.00 

7.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.06 0.00 

8.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.07 0.00 

9.30 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.07 0.00 

10.51 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.08 0.01 

11.87 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.09 0.04 

13.42 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.11 0.06 
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15.16 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.12 0.07 

17.12 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.15 0.09 

19.35 0.25 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.36 0.18 0.11 

21.86 0.23 0.08 0.00 0.00 0.11 0.00 0.00 0.00 0.49 0.23 0.15 

24.70 0.19 0.14 0.00 0.00 0.17 0.00 0.00 0.00 0.70 0.31 0.20 

27.90 0.16 0.20 0.00 0.00 0.23 0.00 0.00 0.00 1.02 0.42 0.28 

31.53 0.17 0.25 0.01 0.00 0.26 0.04 0.00 0.00 1.47 0.58 0.38 

35.62 0.26 0.28 0.07 0.00 0.28 0.09 0.00 0.00 2.07 0.78 0.51 

40.24 0.48 0.28 0.14 0.00 0.25 0.14 0.01 0.00 2.81 1.05 0.68 

45.47 0.88 0.23 0.21 0.06 0.18 0.19 0.06 0.00 3.68 1.37 0.88 

51.37 1.51 0.16 0.25 0.09 0.10 0.23 0.10 0.00 4.64 1.75 1.12 

58.04 2.39 0.09 0.27 0.12 0.01 0.25 0.14 0.00 5.61 2.18 1.40 

65.58 3.48 0.06 0.25 0.16 0.01 0.23 0.19 0.00 6.51 2.62 1.70 

74.09 4.74 0.14 0.18 0.18 0.11 0.18 0.21 0.05 7.26 3.07 2.02 

83.71 6.06 0.41 0.08 0.18 0.39 0.09 0.21 0.08 7.77 3.49 2.35 

94.57 7.33 0.93 0.00 0.15 0.97 0.00 0.17 0.11 7.98 3.87 2.69 

106.85 8.39 1.77 0.00 0.09 1.94 0.00 0.10 0.14 7.84 4.20 3.04 

120.72 9.11 2.92 0.00 0.02 3.33 0.00 0.02 0.16 7.37 4.47 3.40 

136.40 9.40 4.35 0.00 0.00 5.06 0.00 0.00 0.16 6.63 4.70 3.78 

154.10 9.22 5.94 0.01 0.00 6.97 0.09 0.00 0.14 5.70 4.91 4.20 

174.11 8.57 7.55 0.36 0.00 8.82 0.72 0.00 0.10 4.70 5.09 4.63 

196.71 7.55 8.98 1.23 0.00 10.31 1.75 0.00 0.04 3.71 5.26 5.05 

222.25 6.26 10.02 2.75 0.32 11.19 3.24 0.12 0.00 2.79 5.39 5.44 

251.10 4.86 10.52 4.86 1.01 11.26 5.11 0.69 0.00 2.00 5.45 5.72 

283.70 3.49 10.39 7.35 1.99 10.52 7.15 1.67 0.00 1.36 5.41 5.87 

320.54 2.26 9.62 9.82 3.27 9.09 9.10 2.99 0.07 0.86 5.27 5.86 

362.15 1.26 8.31 11.79 4.74 7.22 10.65 4.59 0.33 0.51 5.00 5.68 

409.16 0.52 6.66 12.81 6.26 5.21 11.52 6.31 0.90 0.28 4.62 5.34 

462.28 0.07 4.82 12.66 7.67 3.34 11.54 7.94 1.81 0.14 4.14 4.88 

522.30 0.00 3.10 11.35 8.78 1.83 10.72 9.25 3.09 0.07 3.58 4.33 

590.10 0.00 1.54 9.21 9.46 0.75 9.19 10.05 4.69 0.02 2.98 3.74 

666.71 0.00 0.22 6.70 9.65 0.09 7.23 10.26 6.50 0.03 2.35 3.15 

753.26 0.00 0.02 4.28 9.34 0.00 5.15 9.87 8.34 0.04 1.74 2.61 
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851.06 0.00 0.00 2.30 8.60 0.00 3.21 8.95 10.00 0.05 1.17 2.12 

961.54 0.00 0.00 0.91 7.54 0.00 1.65 7.66 11.22 0.06 0.68 1.71 

1086.37 0.00 0.00 0.15 6.29 0.00 0.52 6.17 11.80 0.07 0.27 1.37 

1227.41 0.00 0.00 0.00 5.01 0.00 0.00 4.70 11.58 0.08 0.03 1.10 

1386.75 0.00 0.00 0.00 3.78 0.00 0.00 3.35 10.49 0.08 0.00 0.86 

1566.78 0.00 0.00 0.00 2.69 0.00 0.00 2.25 8.73 0.07 0.00 0.64 

1770.19 0.00 0.00 0.00 1.67 0.00 0.00 1.32 6.05 0.05 0.00 0.42 

2000.00 0.00 0.00 0.00 0.87 0.00 0.00 0.65 3.39 0.03 0.00 0.23 
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APPENDIX B 

 

Details of Attenuated Total Reflectance Infrared (ATR-IR) Spectrum of Ibuprofen 

 

Source: SpectraBase web 

https://spectrabase.com/spectrum/Fv3A4LN4wfc?a=SPECTRUM_Fv3A4LN4wfc 

 

   

Figure B.1. ATR-IR Spectrum of Ibuprofen (same as Figure 3.10) 

 

 

 

 

 

https://spectrabase.com/spectrum/Fv3A4LN4wfc?a=SPECTRUM_Fv3A4LN4wfc
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Table B.1. Properties of the ATR-IR Spectrum of Ibuprofen. 

Name Ibuprofen 

SpectraBase Spectrum 

ID 
Fv3A4LN4wfc 

SpectraBase Batch ID 7OhCDf7aCrK 

Source of Sample Spectrum Chemical Manufacturing Corp. 

Catalog Number IB100 

Lot Number XH0721 

CAS Registry Number 15687-27-1 

Classification Anti-inflammatory 

Copyright Copyright © 2009-2018 Bio-Rad Laboratories, Inc. All Rights Reserved. 

Formula C13H18O2 

InChI 
InChI=1S/C13H18O2/c1-9(2)8-11-4-6-12(7-5-11)10(3)13(14)15/h4-7,9-10H,8H2,1-

3H3,(H,14,15) 

InChIKey HEFNNWSXXWATRW-UHFFFAOYSA-N 

Instrument Name Bio-Rad FTS 

Source of Spectrum Forensic Spectral Research 

Synonyms MOTRIN 

Technique ATR-Neat (DuraSamplIR II) 

 



 

 

202 

REFERENCES 

ABDOU, H. M. 1989. Evolution of dissolution testing: Dissolution, bioavailability and 

bioequivalence, Easton, PA, Mack Publishing. 

ADEYEYE, C. M. & PRICE, J. C. 1994. Development and Evaluation of Sustained-

Release Ibuprofen–Wax Microspheres. II. In Vitro Dissolution Studies. Pharmaceutical 

Research, 11, 575-579. 

AGGARWAL, V. 2010. Challenges for the Pharmaceutical Industry in an Age of 

Managed Healthcare. Frost and Sullivan Market Report  

ALLEN, L. V. & ANSEL, J. H. C. 2014. Pharmaceutical Dosage Forms and Drug 

Delivery Systems, Philadephia, Lippincott Williams & Wilkins. 

ALLEN, T. 1990. Particle Size Measurement, London, U. K. 

ALLEN, T. 2003. Powder Sampling and Particle Size Determination, Amsterdam, the 

Netherlands, Elsevier B.V. 

AMIDON, G. L., LENNERNAS, H., SHAH, V. P. & CRISON, J. R. 1995. A theoretical 

basis for a biopharmaceutic drug classification: the correlation of in vitro drug product 

dissolution and in vivo bioavailability. Pharmaceutical Research, 12, 413-20. 

ANON. 1985. Image Analysis, Principles and Practics, Joyce Loebl, 63. 

ANSEL, H. C., POPOVICH, N. G. & ALLEN, L. V., JR. 1995. Pharmaceutical Dosage 

Forms and Drug Delivery Systems, New Delhi, Lippincott Williams & Wilkins. 



 

 

203 

AZARMI, S., ROA, W. & LOBENBERG, R. 2007. Current perspectives in dissolution 

testing of conventional and novel dosage forms. International Journal of Pharmaceutics, 

328, 12-21. 

BADROON, T. & SREERAMULU, J. 2019. Development and validation of stability 

indicating assay by HPLC method for estimation of Rivaroxaban. International Journal 

of Bio-Pharma Research, 8, 2582-2586. 

BAJCINCA, N. 2013. Time Optimal Cyclic Crystallization. Computational Chemical 

Engineering, 58, 381-389. 

BAKER, R. W. & LONSDALE, H. 1974. Controlled Release of Biologically Active Agents. 

Berlin: Springer. 

BARRETT, P. 2002. In situ Monitoring of Crystallization Processes. PhD, University 

College Dublin. 

BARRETT, P. & GLENNON, B. 2002. Characterizing the metastable zone width and 

solubility curve using lasentec FBRM and PVM. Chemical Engineering Research & 

Design, 80, 799-805. 

BIRCUMSHAW, L. L. & RIDDIFORD, A. C. 1952. Transport control in heterogenous 

reactions. Quarterly Reviews, 6: 157–185 

BIRD, R. B., STEWART, W. E. & LIGHTFOOT, E. N. 2007. Transport Phenomena New 

York, John Wiley & Sons. 

BLAGDEN, N., DE MATAS, M., GAVAN, P. T. & YORK, P. 2007. Crystal engineering of 

active pharmaceutical ingredients to improve solubility and dissolution rates. Advanced 



 

 

204 

Drug Delivery Reviews, 59, 617-30. 

BLANCO, A., FUENTE, E., NEGRO, C. & TIJERO, J. 2002. Flocculation monitoring: 

focused beam reflectance measurement as a measurement tool. Canadian Journal of 

Chemical Engineering, 80, 1-7. 

BODHMAGE, A. K. 2006. Correlation between physical properties and flowability 

indicators for fine powders. 

BOLAN, N. S., SYERS, J. & SUMNER, M. E. 1991. Dissolution of various sources of 

gypsum in aqueous solutions and in soil. Journal of the Science of Food and Agriculture, 

57, 527–541. 

BORSOS, Á., SZIL GYI, B., AGACHI, P. S. & NAGY, Z. K. 2017. Real time image 

processing based online feedback control system for cooling batch crystallization. 

Organic Process Research & Development, 21, 511-519. 

BOSMA, M., BRINKHUIS, R., RENSEN, E. & WATSON, R. 2011. A new method for the 

quantitative determination and prediction of sag and levelling in powder coatings. 

Progress in Organic Coatings, 72, 26-33. 

BOTSCHI, S., RAJAGOPALAN, A. K., MORARI, M. & MAZZOTTI, M. 2019. Feedback 

Control for the Size and Shape Evolution of Needle-like Crystals in Suspension. IV. 

Modeling and Control of Dissolution. Crystal Growth & Design, 19, 4029-4043.  

BROWN, C. K., CHOKSHI, H. P., NICKERSON, B., REED, R. A., ROHRS, B. R. & 

SHAH, P. A. 2004. Acceptable Analytical Practices for Dissolution Testing of Poorly 

Soluble Compounds. Pharmaceutical Technology, 28, 56-65. 



 

 

205 

BROWN, W. & MARQUES, M. 2005. Dissolution technologies [Online]. 

BRUNAUER, S., EMMETT, P. H. & TELLER, E. 1938. Adsorption of Gases in 

Multimolecular Layers. Journal of the American Chemical Society, 60, 309-319. 

BRUNER, L. & TOLLOCZKO, S. 1901. Über die Auflösungsgeschwindigkeit fester 

Körper. Zeitschrift für anorganische und allgemeine Chemie, 28, 314-330. 

BRUNNER, E. 1903. Georg-August-Universität Göttingen. 

BUHSE, L. 2006. Challenges for dissolution testing for the 21st century. Arlington, VA. 

BURGESS, J. 1987. Under the Microscope: A Hidden World Revealed. CUP Archive. 

CAMELIA, S., CHRISTINE, B. & MARTIN, K. 2018. X-Ray Diffraction under Extreme 

Conditions at the Advanced Light Source. Quantum Beam Science, 2, 4. 

CANO, H., GABAS, N. & CANSELIER, J. P. 2001. Experimental study on the ibuprofen 

crystal growth morphology in solution. Journal of Crystal Growth, 224, 335-341. 

CHAUHAN, A. & CHAUHAN, P. 2014. Powder XRD Technique and its Applications in 

Science and Technology. Journal of Analytical & Bioanalytical Techniques, 5, 1000212. 

CHEVALIER, E., VIANA, M., ARTAUD, A., CHOMETTE, L., HADDOUCHI, S., DEVIDTS, 

G. & CHULIA, D. 2009. Comparison of Three Dissolution Apparatuses for Testing 

Calcium Phosphate Pellets used as Ibuprofen Delivery Systems. AAPS PharmSciTech, 

10, 597-605. 

CHOUDHARY, A. 2008. A. Principle of HPLC (liquid Chromatography). Pharmaceutical 



 

 

206 

Guidelines [Online]. 

CHRISTENSEN, F. N., HANSEN, F. Y. & BECHGAARD, H. 1980. Physical interpretation 

of parameters in the Rosin‐Rammler‐Sperling‐Weibull distribution for drug release from 

controlled release dosage forms. Journal of Pharmacy and Pharmacology, 32, 580-582. 

CONNELLY, A. 2017. BET surface area. 

COONEY, D. O. 1972. Effect of Geometry on the Dissolution of Pharmaceutical Tablets 

and Other Solids: Surface Detachment Kinetics Controlling. AlChE Journal, 18, 446-449. 

CORNEL, J., KIDAMBI, P. & MAZZOTTI, M. 2010. Precipitation and Transformation of 

the Three Polymorphs of D-Mannitol. Industrial & Engineering Chemistry Research, 49, 

5854-5862. 

COSTA, P., FERREIRA, D. C. & SOUSA LOBO, J. M. 1996. Nitroglicerina em sistemas 

de libertação transdérmica determinação da velocidade de libertação. Rev. Port. Farm., 

46, 4-8. 

COSTA, P. & SOUSA LOBO, J. M. 2001. Modeling and comparison of dissolution 

profiles. European Journal of Pharmaceutical Sciences, 13, 123-133. 

COSTE, S., SCHNEIDER, J. M., PETIT, M. N. & COQUEREL, G. 2004. Pleconaril 

polymorphs: Crystal structures of form I and form III, evidence of the enantiotropy, and 

assessment of the structural purity. Crystal Growth & Design, 4, 1237-1244. 

CRIST, G. B. 2009. Trends in Small-Volume Dissolution Apparatus for Low-Dose 

Compounds. Dissolution Technologies, 16, 19-22. 



 

 

207 

CROWL, V. T. 1963. Paint Research Station Report. No 235, Teddington, London, 62, 

75. 

DE BEER, T., BURGGRAEVE, A., FONTEYNE, M., SAERENS, L., REMON, J. P. & 

VERVAET, C. 2011. Near infrared and Raman spectroscopy for the in-process 

monitoring of pharmaceutical production processes. International Journal of 

Pharmaceutics, 417, 32-47. 

DENTON, P. & ROSTRON, C. 2013. Pharmaceutics: The Science of Medicine Design, 

Oxford University Press. 

DESAI, S. J., SINGH, P., SIMONELLI, A. P. & HIGUCHI, W. I. 1966a. Investigation of 

factors influencing release of solid drug dispersed in inert matrices. III. Quantitative 

studies involving the polyethylene plastic matrix. Journal of Pharmaceutical Sciences, 

55, 1230-1234. 

DESAI, S. J., SINGH, P., SIMONELLI, A. P. & HIGUCHI, W. I. 1966b. Investigation of 

factors influencing release of solid drug dispersed in inert matrices. IV. Some studies 

involving the polyvinyl chloride matrix. Journal of Pharmaceutical Sciences, 55, 1235-

1239. 

DOKI, N., SEKI, H., TAKANO, K., ASATANI, H., YOKOTA, M. & KUBOTA, N. 2004. 

Process Control of Seeded Batch Cooling Crystallization of the Metastable α-Form 

Glycine Using an In-Situ ATR-FTIR Spectrometer and an In-Situ FBRM Particle Counter. 

Crystal Growth & Design, 4, 949-953. 

DOKOUMETZIDIS, A. & MACHERAS, P. 2006. A century of dissolution research: From 

Noyes and Whitney to the Biopharmaceutics Classification System. International 

Journal of Pharmaceutics, 321, 1-11. 



 

 

208 

DOKOUMETZIDIS, A., PAPADOPOULOU, V., VALSAMI, G. & MACHERAS, P. 2008. 

Development of a reaction-limited model of dissolution: application to official dissolution 

tests experiments. International Journal of Pharmaceutics, 355, 114-125. 

DRESSMAN, J. & FLEISHER, D. 1986. Mixing-Tank Model for Predicting Dissolution 

Rate Control of Oral Absorption. Journal of Pharmaceutical Sciences, 75, 109-116. 

DUNUWILA, D. D., CARROLL II, L. B. & BERGLUND, K. A. 1994. An Investigation of 

the Applicability of Attenuated Total Reflection Infrared Spectroscopy for Measurement 

of Solubility and Supersaturation of Aqueous Citric Acid Solutions. Journal of Crystal 

Growth, 137, 561-568. 

D'ARCY, D. M., CORRIGAN, O. I. & HEALY A. M. 2005. Hydrodynamic Simulation 

(Computational Fluid Dynamics) of Asymmetrically Positioned Tablets in the Paddle 

Dissolution Apparatus: Impact on Dissolution Rate and Variability. Journal of Pharmacy 

and Pharmacology, 57, 1243-1250. 

EDWARDS, L. J. 1951. The dissolution and diffusion of aspirin in aqueous media. 

Transactions of the Faraday Society, 47, 1191–1210. 

EI-ARINI, S. K. & LEUENBERGER, H. 1995. Modelling of drug release from polymer 

matrices: Effect of drug loading. International Journal of Pharmaceutics, 121, 141-148. 

ÉPSHTEIN, N. A. 2004. Validation of HPLC Techniques for Pharmaceutical Analysis. 

Pharmaceutical Chemistry Journal, 38, 212–228. 

EVOY, E., MACLEAN, A. M., ROVELLI, G., LI, Y., TSIMPIDI, A. P., KARYDIS, V. A., 

KAMAL, S., LELIEVELD, J., SHIRAIWA, M., REID, J. P. and BERTRAM, A. K. 2019. 

Prediction of Diffusion Rates of Large Organic Molecules in Secondary Organic 

Aerosols Using the Stoke-Einstein and Fractional Stokes-Einstein Relations. 



 

 

209 

Atmospheric Chemistry and Physics, 19, 10073-10085. 

FREEMAN 2011. Additional Parameters Derived from Shear Cell Data W7108. FT4 

Support Documents. Worcestershire, U.K.: Freeman Technology Ltd. . 

FREEMAN, R. 2007. Measuring the flow properties of consolidated, conditioned and 

aerated powders - A comparative study using a powder rheometer and a rotational 

shear cell. Powder Technology, 174, 25-33. 

FREEMAN, T., BIRKMIRE, A. & ARMSTRONG, B. A QbD approach to continuous tablet 

manufacture.  New Paradigm of Particle Science and Technology, 2015. Proceedings of 

the 7th World Congress on Particle Technology, 443-449. 

FU, X. W., HUCK, D., MAKEIN, L., ARMSTRONG, B., WILLEN, U. & FREEMAN, T. 

2012. Effect of particle shape and size on flow properties of lactose powders. 

Particuology, 10, 203-208. 

GAO, J. Y. 2012. Studying Dissolution with a Model Integrating Solid-Liquid Interface 

Kinetics and Diffusion Kinetics. Analytical Chemistry, 84, 10671-10678. 

GAO, Y. GLENNON, B., KAMARAJU, V.K., HOU, G. & DONNELLAN, P. 2018. 

Dissolution Kinetics of a BCS Class II Active Pharmaceutical Ingredient. Organic 

Process Research & Development, 22, 328–336. 

GAO, Z. 2011. Mathematical Modeling of Variables Involved in Dissolution Testing. 

Journal of Pharmaceutical Sciences, 100, 4934-4942. 

GARCIA, E., HOFF, C. & VEESLER, S. 2002. Dissolution and phase transition of 

pharmaceutical compounds. Journal of Crystal Growth, 237, 2233-2239. 



 

 

210 

GARDNER, C. R., WALSH, C. T. & ALMARSSON, Ö. 2004. Drugs as materials: valuing 

physical form in drug discovery. Nature Reviews Drug Discovery, 3, 926–934. 

GAREKANI, H. A., SADEGHI, F., BADIEE, A., MOSTAFA, S. A. & RAJABI-SIAHBOOMI, 

A. R. 2001. Crystal habit modifications of ibuprofen and their physicomechanical 

characteristics. Drug Development and Industrial Pharmacy, 27, 803-809. 

GENDRE, C., GENTY, M., BOIRET, M., JULIEN, M., MEUNIER, L., LECOQ, O., 

BARON, M., CHAMINADE, P. & PEAN, J. M. 2011. Development of a Process 

Analytical Technology (PAT) for in-line monitoring of film thickness and mass of coating 

materials during a pan coating operation. European Journal of Pharmaceutical Sciences, 

43, 244-50. 

GERSTLAUER, A., GAHN, C., ZHOU, H., RAULS, M. & SCHREIBER, M. 2006. 

Application of population balances in the chemical industry - current status and future 

needs. Chemical Engineering Science, 61, 205-217. 

GHORAB, M. K. & ADEYEYE, M. C. 2001. Enhancement of ibuprofen, dissolution via 

wet granulation with beta-cyclodextrin. Pharmaceutical Development & Technology, 6, 

305-314. 

GIBALDI, M. & FELDMAN, S. 1967. Establishment of sink conditions in dissolution rate 

determinations. Theoretical considerations and application to nondisintegrating dosage 

forms. Journal of Pharmaceutical Sciences, 56, 1238-1242. 

GIBALDI, M. & PERRIER, D. 1982. Pharmacokinetics, Drugs and the Pharmaceutical 

Sciences. New York and Basel, Marcel Dekker, Inc.                                         

GIOVAGNOLI, S., BLASI, P., RICCI, M., SCHOUBBEN, A., PERIOLI, L. & ROSSI, C. 

2008. Physicochemical characterization and release mechanism of a novel prednisone 



 

 

211 

biodegradable microsphere formulation. Journal of Pharmaceutical Sciences, 97, 303-

317. 

GOLDSMITH, J. A., RANDALL, N. & ROSS, S. D. 1978. On methods of expressing 

dissolution rate data. Journal of Pharmacy and Pharmacology, 30, 347-349. 

GONCALVES E.M., PIEDADE M.E.M. Da. 2012. Solubility of nicotinic acid in water, 

ethanol, acetone, diethyl ether, acetonitrile, and dimethyl sulfoxide, Journal of Chemical 

Thermodynamics, 47, 362–371. 

GRAY, V., KELLY, G., XIA, M., BUTLER, C., THOMAS, S. & MAYOCK, S. 2009. The 

Science of USP 1 and 2 Dissolution: Present Challenges and Future Relevance. 

Pharmaceutical Research, 26, 1289-1302. 

HAN, X., GHOROI, C., TO, D., CHEN, Y. & DAVE, R. 2011. Simultaneous micronization 

and surface modification for improvement of flow and dissolution of drug particles. 

International Journal of Pharmaceutics, 415, 185-95. 

HANCHEN, M., KREVOR, S., MAZZOTTI, M. & LACKNER, K. S. 2007. Validation of a 

Population Balance Model for Olivine Dissolution. Chemical Engineering Science, 62, 

6412-6422. 

HARIHARAN, S., WERNER, M., HANCHEN, M. & MAZZOTTI M. 2014. Dissolution of 

Dehydroxylated Lizardite at Flu Gas Conditions: II. Kinetic Modeling. Chemical 

Engineering Journal, 241, 314-326.  

HARLAND, R. S., GAZZANIGA, A., SANGALLI, M. E., COLOMBO, P. & PEPPAS, N. A. 

1988. Drug/polymer matrix swelling and dissolution. Pharmaceutical Research, 5, 488-

494. 



 

 

212 

HARRIOTT, P. 1962. Mass transfer to particles: Part I. Suspended in agitated tanks. 

AIChE Journal, 8, 93-101. 

HARTWIG, A. & HASS, R. 2018. Monitoring Lactose Crystallization at Industrially 

Relevant Concentrations by Photon Density Wave Spectroscopy. Chemical Engineering 

& Technology, 41, 1139-1146. 

HEALY, A. M., MCCARTHY, L. G., GALLAGHER, K. M. & CORRIGAN, O. I. 2002. 

Sensitivity of dissolution rate to location in the paddle dissolution apparatus. Journal of 

Pharmacy and Pharmacology, 54, 441-444. 

HIGUCHI, T. 1961. Rate of release of medicaments from ointment bases containing 

drugs in suspension. Journal of Pharmaceutical Sciences, 50, 874-875. 

HIGUCHI, T. 1963. Mechanism of Sustained-Action Medication. Theoretical Analysis of 

Rate of Release of Solid Drugs Dispersed in Solid Matrices. Journal of Pharmaceutical 

Sciences, 52, 1145-1149. 

HIGUCHI, W. I. 1967. Diffusional Models Useful in Biopharmaceutics. Journal of 

Pharmaceutical Sciences, 56, 315-327. 

HINTZ, R. J. & JOHNSON, K. C. 1989. The effect of particle size distribution on 

dissolution rate and oral absorption. International Journal of Pharmaceutics, 51, 9-17. 

HITACHI. Principle of Differential Scanning Calorimetry (DSC) [Online]. 

HITACHI. Principle of Thermogravimetry (TG) [Online]. 

HIXSON, A. W. & CROWELL, J. H. 1931. Dependence of Reaction Velocity upon 



 

 

213 

Surface and Agitation. Industrial & Engineering Chemistry, 23, 1160-1168. 

HLOZN, L., SATO, A. & KUBOTA, N. 1992. On-line measurement of supersaturation 

during batch cooling crystallization of ammonium alum. Journal of chemical engineering 

of Japan, 25, 604-606. 

HOPFENBERG, H. Controlled Release from Erodible Slabs, Cylinders, and Spheres.  

ACS Symposium Series, 1976. 26-32. 

HUANG, J., KAUL, G., CAI, C., CHATLAPALLI, R., HERNANDEZ-ABAD, P., GHOSH, K. 

& NAGI, A. 2009. Quality by design case study: an integrated multivariate approach to 

drug product and process development. International Journal of Pharmaceutics, 382, 

23-32. 

ICH 2005. Q9 Quality Risk Management. ICH Guidance for Industry. 

ICH 2009. Guidance for Industry Q8(R2) Pharmaceutical Development. ICH Guidance 

for Industry. 

IUPAC 1997. Compendium of Chemical Terminology - the Gold Book. In: MCNAUGHT, 

A. D. & WILKINSON, A. (eds.). Oxford: Blackwell Scientific Publications. 

JIMENEZ, D. M., MUNOZ, M. M., RODRIGUEZ, C. J., CARDENAS, Z. J. & MARTINEZ. 

2016. Solubility and preferential solvation of some non-steroidal anti-inflammatory drugs 

in methanol + water mixtures at 298.15 K. Physics and Chemistry of Liquids, 54, 686-

702.  

JOSHI, A., PUND, S., NIVSARKAR, M., VASU, K. & SHISHOO, C. 2008. Dissolution 

test for sitespecific release isomiazid pellets in USP apparatus 3 (reciprocating cylinder): 



 

 

214 

optimization using response surface methodology. European Journal of Pharmaceutics 

and Biopharmaceutics, 69, 769-775. 

KALAM, M., A., HUMAYUN, M., PARVEZ, N., YADAV, S., GARG, A., AMIN, S., 

SULTANA, Y. & ALI, A. A. 2007. Release kinetics of modified pharmaceutical dosage 

forms. A review. Continental Journal of Pharmaceutical Sciences, 1, 30-35. 

KAPOOR, A., MUJUMDAR, D. K. & YADAV, M. R. 1998. Crystal forms of nimesulide-a 

sulfonanilide (non-steroidal anti-inflammatory drug) Indian Journal of Chemistry, 37, 

572–574. 

KARUNANITHI, A. T., ACQUAH, C. & ACHENIE, L. E. K. 2008. Tuning the morphology 

of pharmaceutical compounds via model based solvent selection. Chinese Journal of 

Chemical Engineering, 16, 465-473. 

KARUNANITHI, A. T., ACQUAH, C., ACHENIE, L. E. K., SITHAMBARAM, S., SUIB, S. L. 

& GANI, R. 2007. An experimental verification of morphology of ibuprofen crystals from 

CAMD designed solvent. Chemical Engineering Science, 62, 3276-3281. 

KERVINEN, L. & YLIRUUSI, J. 1993. Modelling S-shaped dissolution curves. 

International Journal of Pharmaceutics, 92, 115-122. 

KHOURY, N., MAUGER, J. W. & HOWARD, S. 1988. Dissolution rate studies from a 

stationary disk/rotating fluid system. Pharmaceutical Research, 5: 495–500 

KIM, H. & FASSIHI, R. 1997. Application of binary polymer system in drug release rate 

modulation. 2. Influence of formulation variables and hydrodynamic conditions on 

release kinetics. Journal of Pharmaceutical Sciences, 86, 323-328. 



 

 

215 

KITAZAWA, S., JOHNO, I., MINOUCHI, T. & OKADA, J. 1977. Interpretation of 

dissolution rate data from in vitro testing of compressed tablets. Journal of Pharmacy 

and Pharmacology, 29, 453-459. 

KNOP, K. & KLEINEBUDDE, P. 2013. PAT-tools for process control in pharmaceutical 

film coating applications. International Journal of Pharmaceutics, 457, 527-536. 

KODURI, G. B., BOLLIKOLLA, H. B., DITTAKAVI, R. & NAVULURI, S. 2018. 

Quantification of Pimavanserin in Bulk and Tablet Dosage Form Using A Stability 

Indicating High Performance Liquid Chromatographic Method. Pharmaceutical Sciences, 

24, 291-297. 

KORSMEYER, R. W., GURNY, R., DOELKER, E., BURI, P. & PEPPAS, N. A. 1983. 

Mechanisms of solute release from porous hydrophilic polymers. International Journal of 

Pharmaceutics, 15, 25-35. 

KOUTSOUKOS, P. & VALSAMI‐JONES, E. 2006. Principles of phosphate dissolution 

and precipitation. ChemInform, 37. 

KOUTSOUKOS, P. G. & VALSAMI-JONES, E. 2004. In: VALSAMI-JONES, E. (ed.) 

Phosphorus in Environmental Technology. London: IWA Publishing. 

KUKURA, J., BAXTER, J. L. & MUZZIO, F. J. 2004. Shear distribution and variability in 

the USP Apparatus 2 under turbulent conditions. International Journal of Pharmaceutics, 

279, 9-17. 

KUMAR, K. V., KHADDOUR, I. A. & GUPTA, V. K. 2010. A Pseudo Second-Order 

Kinetic Expression for Dissolution Kinetic Profiles of Solids in Solutions. Industrial & 

Engineering Chemistry Research, 49, 7257-7262. 



 

 

216 

KUMAR, V., TAYLOR, M. K., MEHROTRA, A. & STAGNER, W. C. 2013. Real-Time 

Particle Size Analysis Using Focused Beam Reflectance Measurement as a Process 

Analytical Technology Tool for a Continuous Granulation–Drying–Milling Process. AAPS 

PharmSciTech, 14, 523–530. 

LANGENBUCHER, F. 1972. Linearization of dissolution rate curves by the Weibull 

distribution. Journal of Pharmacy and Pharmacology, 24, 979-981. 

LASKA, E. M., SUNSHINE, A., MARRERO, I., OLSON, N., SIEGEL, C. & MCCORMICK, 

N. 1986. The correlation between blood levels of ibuprofen and clinical analgesic 

response. Clinical Pharmacology & Therapeutics, 40, 1-7. 

LEBLANC, S. & FOGLER, H. S. 1987. Population balance modeling of the dissolution of 

polydisperse solids: rate limiting regimes. AIChE journal, 33, 54-63. 

LENKA, M., SARKAR, D. 2014.  Determination of metastable zone width, induction 

period and primary nucleation kinetics for cooling crystallization of l -

asparaginenohydrate. Journal of Crystal Growth, 408, 85–90. 

LETURIA, M., BENALI, M., LAGARDE, S., RONGA, I. & SALEH, K. 2014. 

Characterization of flow properties of cohesive powders: A comparative study of 

traditional and new testing methods. Powder Technology, 253, 406-423. 

LEVICH, V. G. 1962. Physicochemical Hydrodynamics, Englewood Cliff, NY, Prentice-

Hall. 

LEVINS, D. M. & GLASTONBURY, J. F. 1972a. Particle-liquid hydrodyanmics and mass 

transfer in a stirred vessel II. Mass transfer. Transactions of the Institution of Chemical 

Engineers 50, 132-146. 



 

 

217 

LEVINS, D. M. & GLASTONBURY, J. F. 1972b. Particle-liquid hydrodyanmics and mass 

transfer in a stirred vessel. I. Particle-liquid motion. Transactions of the Institution of 

Chemical Engineers, 50, 32-41. 

LEWINER, F., KLEIN, J. P., PUEL, F. & FEVOTTE, G. 2001. On-line ATR FTIR 

measurement of supersaturation during solution crystallization processes. Calibration 

and applications on three solute/solvent systems. Chemical Engineering Science, 56, 

2069-2084. 

LI, H. Y., KAWAJIRI, Y., GROVER, M. A. & ROUSSEAU, R. W. 2014. Application of an 

Empirical FBRM Model to Estimate Crystal Size Distributions in Batch Crystallization. 

Crystal Growth & Design, 14, 607-616. 

LI, M., WILKINSON, D. & PATCHIGOLLA, K. 2006. Obtaining Particle Size Distribution 

from Chord Length Measurements. Particle & Particle Systems Characterization, 23, 

170-174. 

LIOTTA, V. & SABESAN, V. 2004. Monitoring and feedback control of supersaturation 

using ATR-FTIR to produce an active pharmaceutical ingredient of a desired crystal size. 

Organic Process Research & Development, 8, 488-494. 

LIU, B. 2011. Investigation of factors affecting dissolution under biorelevant low velocity 

hydrodynamic conditions, using in vitro and in-silico methods. PhD, University of Dublin. 

LIU, L. X., MARZIANO, I., BENTHAM, A. C., LITSTER, J. D., WHITE, E. T. & HOWES, T. 

2008. Effect of particle properties on the flowability of ibuprofen powders. International 

Journal of Pharmaceutics, 362, 109-17. 

LODISH, H., BERK, A., ZIPURSKY, S. L., MATSUDAIRA, P., BALTIMORE, D. & 

DARNELL, J. 2000. Microscopy and Cell Architecture. 



 

 

218 

LOVETTE, M. A., MURATORE, M. & DOHERTY, M. F. 2011. Crystal Shape Modification 

Through Cycles of Dissolution and Growth: Attainable Regions and Experimental 

Validation. AIChE Journal, 58(5), 1465-1474. 

LU, A. T., FRISELLA, M. E. & JOHNSON, K. C. 1993. Dissolution modeling: factors 

affecting the dissolution rates of polydisperse powders. Pharmaceutical Research, 10, 

1308-1314. 

M LLER, M., MEIER, U., WIECKHUSEN, D., BECK, R., PFEFFER-HENNIG, S. & 

SCHNEEBERGER, R. 2006. Process Development Strategy to Ascertain Reproducible 

API Polymorph Manufacture. Crystal Growth & Design, 6, 946-954. 

MACHERAS, P. & ILIADIS, A. 2006. Modeling in Biopharmaceutics, pharmacokinetics, 

and pharmacodynamics, New York, Springer Science. 

MARRINER, N., PIRAZZOLI, P. A., FONTUGNE, M., GUEROUT, M., GUILLAUME, M. 

M. M. & REYSS, J. L. 2012. A Geomorphological Reconnaissance of Tromelin Island, 

Indian Ocean. Journal of Coastal Research, 28, 1606-1616. 

MAUGER, J. & HOWARD, S. 1976. Model systems for dissolution of finely divided 

(multisized) drug powders. Journal of Pharmaceutical Sciences, 65, 1042-1045. 

MAYETTE, D. C., MCMAHON, B. & DAGHLIAN, C. P. 1992. Ultrapure Water, 9(4). 20, 

22-24, 26-29, 32-34, 142, 147. 

MCCRONE, W.C. 1991. Phys. Meth. Chem., 2nd ed., eds. B.W. Rossiter and J. F. 

Hamilton, Weily, N. Y., 142.  

MCGREGOR, C., SAUNDERS, M. H., BUCKTON, G. & SAKLATVALA, R. D. 2004. The 



 

 

219 

use of high-speed differential scanning calorimetry (hyper-DSCTM) to study the thermal 

properties of carbamazepine polymorphs. Thermochimica Acta, 417, 231-237. 

MEHTA, A. C. 1993. Dissolution testing of tablet and capsule dosage forms. Journal of 

Clinical Pharmacy and Therapeutics, 18, 415-420. 

MOJET, B. L., EBBESEN, S. D. & LEFFERTS, L. 2010. Light at the interface: the 

potential of attenuated total reflection infrared spectroscopy for understanding 

heterogeneous catalysis in water. Chemical Society Reviews, 39, 4643-4655. 

MULLIN, J. W. 1993. Crystallization, Oxford, U.K., Butterworth-Heinemann. 

MURTHA, J. L. & ANDO, H. Y. 1994. Synthesis of the cholesteryl ester prodrugs 

cholesteryl ibuprofen and cholesteryl flufenamate and their formulation into phospholipid 

microemulsions. Journal of Pharmaceutical Sciences, 83, 1222-1228. 

N VLT, J., KAREL, M. & P SAŘ K, S. 1994. Measurement of supersaturation. Crystal 

Research and Technology, 29, 409-415. 

NAGY, Z. K., AAMIR, E. & RIELLY, C. D. 2011. Internal Fines Removal Using Population 

Balance Model Based Control of Crystal Size Distribution under Dissolution, Growth and 

Nucleation Mechanisms. Crystal Growth & Design, 11, 2205-2219. 

NELSON, E. 1957. Solution rate of theophylline salts and effects from oral 

administration. Journal of the American Pharmaceutical Association, 46, 607–614. 

NELSON, K. G. & SHAH, A. C. 1975. Convective diffusion model for a transport-

controlled dissolution rate process   Journal of Pharmaceutical Sciences, 64, 610-614. 



 

 

220 

NERNST, W. 1907. Theoretische chemie vom standpunkte der Avogadroschen regel 

und der thermodynamik. Stuttgart, Germany. 

NEWA, M., BHANDARI, K. H., OH, D. H., KIM, Y. R., SUNG, J. H., KIM, J. O., WOO, J. 

S., CHOI, H. G. & YONG, C. S. 2008. Enhanced Dissolution of Ibuprofen Using Solid 

Dispersion with Poloxamer 407. Archives of Pharmacal Research, 31, 1497-1507. 

NOYES, A. A. & WHITNEY, W. R. 1897. The rate of solution of solid substances in their 

own solutions. Journal of the American Chemical Society, 19, 930-934. 

NYVLT, J., RYCHLY, R., GOTTFRIED, J., WURZELOVA, J. 1970. Metastable zone 

width of some aqueous solutions. Journal of Crystal Growth, 6, 151–162  

OTHMER, D. F., and M.S. THAKAR. 1953. Correlating Diffusion Coefficients in Liquids. 

Industrial & Engineering Chemistry, 45, 589. 

PAB N, C. V., FRUTOS, P., LASTRES, J. L. & FRUTOS, G. 1994. Matrix Tablets 

Containing HPMC and Polyamide 12: Comparison of Dissolution Data Using the 

Gompertz Function. Drug Development and Industrial Pharmacy, 20, 2509-2518. 

PANDALANENI, K. & AMAMCHARLA, J. K. 2016. Focused beam reflectance 

measurement as a tool for in situ monitoring of the lactose crystallization process. 

Journal of Dairy Science, 99, 5244-5253. 

PANDIT, A. V. & RANADE, V. V. 2016. Chord length distribution to particle size 

distribution. AIChE Journal, 62, 4215-4228. 

PANDIT, J. K., SINGH, S. & MUTHU, M. S. 2006. Controlled release formulations in 

neurology practice. Annals of Indian Academy of Neurology, 9, 207–216. 



 

 

221 

PEPPAS, N. A. 1985. Analysis of Fickian and non-Fickian drug release from polymers. 

Pharmaceutica Acta Helvetiae, 60, 110-111. 

PERNAROWSKI, M., WOO, W. & SEARL, R. O. 1968. Continuous flow apparatus for 

the determination of the dissolution characteristics of tablets and capsules. Journal of 

Pharmaceutical Sciences, 57, 1419-1421. 

PEZZINI, B. R., ISSA, M. G., DUQUE, M. D. & FERRAZ, H. G. 2015. Applications of 

USP apparatus 3 in assessing the in vitro release of solid oral dosage forms. Brazilian 

Journal of Pharmaceutical Sciences, 51, 265-272. 

PHAM, T. K., CAMEIRAO, A., JEAN-MICHEL, H. & GLENAT, P. 2017. Crystallization of 

methane hydrates from an emulsion in a flowloop: Experiments in a gas-liquid-liquid 

system in the gas-lift. 16ème Congrès de la Société Française de Génie des Procédés. 

Nancy, France. 

PILLAY, V. & FASSIHI, R. 1999. In vitro release modulation from crosslinked pellets for 

site-specific drug delivery to the gastrointestinal tract. I. Comparison of pH-responsive 

drug release and associated kinetics. Journal of Controlled Release, 59, 229-242. 

PRABHU, N. B., MARATHE, A. S., JAIN, S. K., SINGH, P. P., SAWANT, K., RAO, L. & 

AMIN, P. D. 2008. Comparison of Dissolution Profiles for Sustained Release Resinates 

of BCS Class I Drugs Using USP Apparatus 2 and 4: A Technical Note. AAPS 

PharmSciTech, 9, 769-773. 

PRASAD, K. V., RISTIC, R. I., SHEEN, D. B. & SHERWOOD, J. N. 2002. Dissolution 

kinetics of paracetamol single crystals.International Journal of Pharmaceutics,238,29-41.   

PRESCOTT, J. K. & BARNUM, R. A. 2000. On powder flowability. Pharmaceutical 

technology. 



 

 

222 

PUNGOR, E. 1995. A Practical Guide to Instrumental Analysis. Florida  

QIU, Y. 2015. Dissolution mechanisms: theoretical and experimental investigations. PhD, 

University of Iowa. 

QU, L., ZHOU, Q., DENMAN, J. A., STEWART, P. J., HAPGOOD, K. P. & MORTON, D. 

A. V. 2015. Influence of coating material on the flowability and dissolution of dry-coated 

fine ibuprofen powders. European Journal of Pharmaceutical Sciences, 78, 264-272. 

QURESHI, S. A. & MCGILVERAY, I. J. 1995. A critical assessment of the USP 

dissolution apparatus suitability test criteria. Drug Development and Industrial Pharmacy, 

21, 905-924. 

RAINSFORD, K. D. 2009. Ibuprofen: pharmacology, efficacy and safety. 

Inflammopharmacology, 17, 275-342. 

RAMKRISHNA, D. 2000. Population Balances. Theory and Applications to Particulate 

Systems in Engineering. Academic Press San Diego, USA. 

RASENACK, N. & MULLER, B. W. 2002a. Crystal habit and tableting behavior. 

International Journal of Pharmaceutics, 244, 45-57. 

RASENACK, N. & MULLER, B. W. 2002b. Ibuprofen crystals with optimized properties. 

International Journal of Pharmaceutics, 245, 9-24. 

RASENACK, N. & MULLER, B. W. 2002c. Properties of ibuprofen crystallized under 

various conditions: A comparative study. Drug Development and Industrial Pharmacy, 28, 

1077-1089. 



 

 

223 

SALVATORI, F. & MAZZOTTI, M. 2017. Manipulation of Particle Morphology by 

Crystallization, Milling and Hearing Cycles - A Mathematical Modeling Approach. 

Industrial & Engineering Chemistry Research, 56, 9188-9201. 

SALVATORI, F. & MAZZOTTI, M. 2018. Manipulation of Particle Morphology by 

Crystallization, Milling and Hearing Cycles - Experimental Characterization. Industrial & 

Engineering Chemistry Research, 57, 15522-15533. 

SCHEIBEL, E. G. 1954. Liquid Diffusivities. Industrial & Engineering Chemistry 

Research, 46, 2007. 

SCHMIDT, F. SCHMITDT, K. G. & FISSAN, H. 1990. Journal of Aerosol Science, 21, 

Suppl. 1, S535-S538, 142.  

SCHULZE, D. 2007. Powders and Bulk Solids - Behavior, Characterization, Storage and 

Flow, Berlin, Heidelberg, Springer. 

SHAN, G., IGARASHI, K. & OOSHIMA, H. 2002. Dissolution kinetics of crystals in 

suspension and its application to L-aspartic acid crystals. Chemical Engineering Journal, 

88, 53-58. 

SHAW, L. R., IRWIN, W. J., GRATTAN, T. J. & CONWAY, B. R. 2005. The effect of 

selected water-soluble excipients on the dissolution of paracetamol and Ibuprofen. Drug 

Development and Industrial Pharmacy, 31, 515-525. 

SHEKUNOV, B. & MONTGOMERY, E. R. 2016. Theoretical Analysis of Drug Dissolution: 

I. Solubility and Intrinsic Dissolution Rate. Journal of Pharmaceutical Sciences, 105, 

2685-2697. 



 

 

224 

SHUKLA, A. J. & PRICE, J. C. 1989. Effect of drug (core) particle size on the dissolution 

of theophylline from microspheres made from low molecular weight cellulose acetate 

propionate. Pharmaceutical research, 6, 418-421. 

SHUKLA, A. J. & PRICE, J. C. 1991. Effect of drug loading and molecular weight of 

cellulose acetate propionate on the release characteristics of theophylline microspheres. 

Pharmaceutical Research, 8, 1396-1400. 

SIEPMANN, J. & SIEPMANN, F. 2013. Mathematical modeling of drug dissolution. 

International Journal of Pharmaceutics, 453, 12-24. 

SIEWERT, M., DRESSMAN, J., BROWN, C. K. & SHAH, V. P. 2003. FIP/AAPS 

Guidelines to dissolution in vitro release testing of novel/special dosage forms. AAPS 

PharmSciTech, 4, 1-10. 

SIKDAR, S. K. & RANDOLPH, A. D. 1976. Secondary nucleation of two fast growth 

systems in a mixed suspension crystallizer: Magnesium sulfate and citric acid water 

systems. AIChE Journal, 22, 110-117. 

SIMONE, E., KLAPWIJK, A. R., WILSON, C. C. & NAGY, Z. K. 2017. Investigation of 

the Evolution of Crystal Size and Shape during Temperature Cycling and in the 

Presence of a Polymeric Additive Using Combined Process Analytical Technologies. 

Crystal Growth & Design, 17, 1695-1706. 

SIMONE, E., SALEEMI, A. N., TONNON, N. & NAGY, Z. K. 2014. Active Polymorphic 

Feedback Control of Crystallization Processes Using a Combined Raman and ATR-

UV/Vis Spectroscopy Approach. Crystal Growth & Design, 14, 1839-1850. 

SIMONE, E., SZULAGYI, B. & NAGY, Z. K. 2017. Systematic Model Identification and 

Optimizatio-based Active Polymorophic Control of Crystallization Processes. Chemical 



 

 

225 

Engineering Science, 174, 374-386. 

SING, K. S. W. 1998. Adsorption methods for the characterization of porous materials. 

Advances in Colloid and Interface Science, 76, 3-11. 

SINKAA, I. C., MOTAZEDIANA, F., COCKSB, A. C. F. & PITT, K. G. 2009. The effect of 

processing parameters on pharmaceutical tablet properties. Powder Technology, 189, 

276-284. 

SINKO, P. J. 2010. Martin's physical Pharmacy and Pharmaceutical Sciences. 

Lippincott, USA: Williams & Wilkins. 

SNYDER, R. C., STUDENER, S., Doherty, M. F. 2007. Manipulation of Crystal Shape by 

Cycles of Growth and Dissolution. AIChE Journal, 53, 1510-1517.  

SPARKS, R. G. & DOBBS, C. L. 1993. The Use of Laser Backscatter Instrumentation 

for the On-Line Measurement of the Particle Size Distribution of Emulsions. Particle and 

Particle Systems Characterization, 10, 279-289. 

STODGHILL, S. P. 2010. Thermal Analysis – A Review of Techniques and Applications 

in the Pharmaceutical Sciences. American Pharmaceutical Review, 13. 

SUN, X. X., SUN, Y. Z. & YU, J. G. 2015. Cooling crystallization of aluminum sulfate in 

pure water. Journal of Crystal Growth, 419, 94-101. 

TADAYYON, A. & ROHANI, S. 1998. Determination of Particle Size Distribution by Par-

Tec 100: Modelling and Experimental Results. Particle and Particle Systems 

Characterization, 15, 127-135. 



 

 

226 

THOMAS, G. & KANTOR, M. D. 1979. Ibuprofen. Annals of Internal Medicine, 91, 877-

882. 

TINKE, A. P., VANHOUTTE, K., MAESSCHALCK, R. D. VERHEYEN, S. & WINTER, H. 

D. 2005. A New Approach in the Prediction of the Dissolution Behavior of Suspended 

Particles by Means of Their Particle Size Distribution. Journal of Pharmaceutical and 

Biomedical Analysis, 39, 900-907. 

TOGKALIDOU, T., TUNG, H. H., SUN, Y., ANDREWS, A. T. & BRAATZ, R. D. 2004. 

Parameter estimation and optimization of a loosely bound aggregating pharmaceutical 

crystallization using in situ infrared and laser backscattering measurements. Industrial & 

Engineering Chemistry Research, 43, 6168-6181. 

TROMELIN, A., HABILLON, S., ANDRES, C., POURCELOT, Y. & CHAILLOT, B. 1996. 

Relationship Between Particle Size and Dissolution Rate of Bulk Powders and Sieving 

Characterized Fractions of two Qualities of Orthoboric Acid. Drug Development and 

Industrial Pharmacy, 22, 977-986. 

TSUBAKI, J. JIMBO, G. 1979. Powder Technology, 22(2), 161-70, 61. 

UDDIN, R., SAFFOON, N. & SUTRADHAR, K. B. 2011. Dissolution and Dissolution 

Apparatus: A Review. International Journal of Current Biomedical and Pharmaceutical 

Research, 1, 201-207. 

UNNO, J., UMEDA, R. & HIRASAWA, I. 2018. Computing Crystal Size Distribution by 

Focused-Beam Reflectance Measurement when Aspect Ratio Varies. Chemical 

Engineering & Technology, 41, 1147–1151. 

UPADHYAY, Y., SHARMA, N., SARMA, G. S. & RAWAL, R. K. 2015. Application of RP-

HPLC method in dissolution testing and statistical evaluation by NASSAM for 



 

 

227 

simultaneous estimation of tertiary combined dosages forms. Journal of Pharmaceutical 

Analysis, 5, 307-315. 

USP <429> Light Diffraction Measurements of Particle Size. 

USP 2010. The Topical/Transdermal Ad Hoc Advisory Panel for the USP Performance 

Tests of Topical and Transdermal Dosage Forms. Topical and Transdermal Drug 

Products. Dissolution Technologies, 17, 12-25. 

VAN ARNUM, P. 2010. Solubilizing the insoluble Pharmaceutical Technology, 34, 50-56. 

VARELAS, C. G., DIXON, D. G. & STEINER, C. A. 1995. Zero-order release from 

biphasic polymer hydrogels. Journal of Controlled Release, 34, 185-192. 

VETTER, T., IGGLAND, M., OCHSENBEIN, D. R., H NSELER, F. S. & MAZZOTTI, M. 

2013. Modeling Nucleation, Growth, and Ostwald Ripening in Crystallization Processes: 

A Comparison between Population Balance and Kinetic Rate Equation. Crystal Growth 

& Design, 13, 4890-4905. 

VIEGAS, T. X., CURATELLA, R. U., WINKLE, L. L. V. & BRINKER, G. 2001. 

Measurement of Intrinsic Drug Dissolution Rates Using Two Types of Apparatus. 

Pharmaceutical Technology. 

VUDATHALA, G. K. & ROGERS, J. A. 1992. Dissolution of fludrocortisone from 

phospholipid coprecipitates. Journal of Pharmaceutical Sciences, 81, 282-286. 

WAGNER, J. G. 1969. Interpretation of percent dissolved-time plots derived from in vitro 

testing of conventional tablets and capsules. Journal of Pharmaceutical Sciences, 58, 

1253-1257. 



 

 

228 

WAGNER, J. G. 1971. Biopharmaceutics and relevant pharmacokinetics, Hamilton, 

Drug Intelligence Publications. 

WANG, J. & FLANAGAN, D. R. 1999. General solution for diffusion-controlled 

dissolution of spherical particles. 1. Theory. Journal of Pharmaceutical Sciences, 88, 

731-738. 

WANG, Q. X. & GRAY, V. 2005. HPLC in Dissolution Testing. Separation Science and 

Technology, 6, 379-400. 

WANG, S., SONG, Z., WANG, J., DONG, Y. & WU, M. 2010. Solubilities of ibuprofen in 

different pure solvents. Journal of Chemical Engineering Data, 55, 5283-5285. 

WANG, Y., ABRAHAMSSON, B., LINDFORS, L. & BRASSEUR, J. G. 2015. Analysis of 

Diffusion-Controlled Dissolution from Polydisperse Collections of Drug Particles with an 

Assessed Mathematical Model. Journal of Pharmaceutical Sciences, 104(9), 2998-3017.  

WANG, Y. F., LI, T. Y., MUZZIO, F. J. & GLASSER, B. J. 2017. Predicting feeder 

performance based on material flow properties. 308. 

WIKIPEDIA Scanning Electron Microscope. 

WILKE, C. R. and P. CHANG. 1955. Correlation of Diffusion Coefficients in Dilute 

Solutions. AIChE Journal, 1, 264. 

WILLIAMS, A.C., TIMMINS, P., LU, M.C. & FORBES, R.T. 2005. Disorder and 

dissolution enhancement: deposition of ibuprofen on to insoluble polymers. European 

Journal of Pharmaceutical Sciences, 26, 288-294. 



 

 

229 

WONG, P. T. T., LACELLE, S., FUNG, M. F. K., SENTERMAN, M. & MIKHAEL, N. Z. 

1995. Characterization of exfoliated cells and tissues from human endocervix and 

ectocervix by FTIR and ATR/FTIR spectroscopy. Biospectroscopy, 1, 357-364. 

XU, J. & LIU, H. 2015. The Growth and Development of Asphaltene Aggregates in 

Toluene Solution. Petroleum Science and Technology, 33, 1916-1922. 

YU, J. 2016. ATR-FTIR Spectroscopy [Online]. Wikipedia. 

YU, L. X., T., W. J. & HUSSAIN, A. S. 2002. Evaluation of USP Apparatus 3 for 

Dissolution Testing of ImmediateRelease Products. AAPS PharmSci, 4, 1-5. 

ZENG, X. M., MARTIN, G. P. & MARRIOTT, C. 2001. Particulate Interactions in Dry 

Powder Formulations for Inhalation, New York, Taylor & Francis. 

ZHOU, D. L. & QIU, Y. H. 2010. Understanding Material Properties in Pharmaceutical 

Product Development and Manufacturing: Powder Flow and Mechanical Properties. 

Journal of Validation Technology, 16, 65-77. 

ZHOU, Q. T., ARMSTRONG, B., LARSON, I., STEWART, P. J. & MORTON, D. A. 2010. 

Understanding the influence of powder flowability, fluidization and de-agglomeration 

characteristics on the aerosolization of pharmaceutical model powders. European 

Journal of Pharmaceutical Sciences, 40, 412-421. 

 ZONG S., WANG J., YAN X., HAO W., ZHOU Y., GUO Y., XIN H. & HAO H. 2017. 

Solubility and dissolution thermodynamic properties of lansoprazole in pure solvents, 

Journal of Molecular Liquids, 241, 399–406. 


