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Abstract 

In the pharmaceutical industry, the final drug substance (active pharmaceutical ingredients 

(API)), and the key synthetic intermediates are mostly isolated as crystalline solids.  A 

considerable amount of effort is spent in the crystallisation process to produce a crystalline 

solid with the requisite chemical quality together with the right physical properties (filterability, 

product size, uniformity, etc.), for isolation and further downstream processing to manufacture 

the drug product. Whilst carefully designed upstream processes may attain the desired crystal 

properties in suspension, these are often compromised during the isolation of the API by 

filtration, washing and drying. These isolation processes pose significant challenges to the 

production of crystals with the desired physical properties; avoiding granulating, or breaking 

the crystals, or precipitating dissolved product and impurities.  

Washing is a key step in pharmaceutical isolation to remove the unwanted crystallisation 

solvent and dissolved impurities (mother liquor) from the API filter cake to ensure the purity 

of the product whilst maximising yield. The aim of this thesis is to understand how the 

physiochemical properties of crystallized material and the wash solvent can affect the 

characteristic of the API product at the end of the washing process.  Strategies for optimal wash 

solvent selections are explored to help minimise dissolution of API product crystals while 

preventing precipitation of product or impurities. This is done by taking solubility measurement 

of commonly used binary solvent mixtures of; paracetamol API, crystallisation solvent and 

wash solvent. The results of these solubility measurements are presented together with a 

methodology to analyse anti-solvent effect of different solvent combinations. The data from 

these results are used for selection of wash solvent to avoid both these phenomena which can 

be challenging but is essential to maintain yield, purity, and particle characteristics throughout 

the isolation process.  
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A major objective of this work aims to improve pharmaceutical product quality, increase 

sustainability, and reduce manufacturing cost. Constant rate filtration/washing is employed that 

allows for collection of separate aliquots during all stages of filtration, washing and deliquoring 

of the API cake. This enables a wash profile to be obtained, as well as providing an overall 

picture on the mass of API lost during isolation and so can assist in optimizing the washing 

strategy. This constant rate methodology was tested using paracetamol API together with blue 

dye used as an impurity to allow for visualization of washing process of a filtered API cake. 

Analysis of the filtrate collected during this study was found to be useful in determining the 

endpoint of washing, the amount of API lost during the washing process and the likely extent 

of agglomeration occurring during washing to be evaluated. 

Further work looks at employing particle size distribution measurement techniques to quantify 

agglomerate formation caused during the washing process. Several different lab-based particle 

size distribution techniques were employed to analyse washed API cake, however, none of 

them were found to be successful in providing conclusive results. This work highlighted some 

of the challenges of characterising API particles obtained from a multi-component system at 

the end of the washing process. This demonstrates that sizing wet clumped material is even 

more challenging than sizing dried but agglomerated product. 

The final component of this work was the development of a wash process workflow to assist 

with design and optimisation of an API washing process. This workflow collates all the 

learning developed throughout the different studies in this PhD project to produce a workflow 

which provides an optimum strategy for designing of washing processes in pharmaceutical 

isolation of APIs. This workflow was validated using an industrial compound from 

AstraZeneca with the constant rate methodology successfully used to investigate optimum 

washing  process parameters for the investigated compound.   
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1. Introduction 
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1.1 General Introduction 

In the pharmaceutical industry, crystallisation is a widely used purification technique employed 

to obtain active pharmaceutical ingredient particles of the required size, purity and crystal 

habit.1,2 Hence, crystallisation has been extensively researched to establish understanding and 

control of the key mechanisms that take place during this process to create the desired product 

with the requisite chemical and physical properties.3 

Following crystallisation, filtration, washing and drying are the isolation steps required to 

separate the active pharmaceutical ingredient (API) crystals from the unwanted, impure mother 

liquor.4 Filtration uses a porous medium to retain the API crystals and separate them from the 

impure mother liquor which surrounds the crystals at the end of the crystallisation process.5 

Washing involves using a clean wash solvent to remove the unwanted impurities present with 

in the mother liquors trapped between the API crystals in the filter cake. Drying is the final 

step required to remove the residual solvent (predominantly the wash solvent as most of the 

mother liquor will have been displaced during washing) from the API crystals forming the filter 

cake. The aim of drying is to produce a consistent, stable and free-flowing product ready for 

secondary processing (formulation).6 Ideally, the complete isolation process should be 

achieved without any changes to the crystals produced during crystallisation. Any breakage or 

granulation of crystals, or precipitation of dissolved product or impurities from the mother 

liquor onto the crystal surface should be avoided.7 Recently attention has started to be paid to 

optimising pharmaceutical isolation processes especially filtration and drying. The major 

objective being to investigate the mechanisms affecting the product crystal attributes during 

these processes. This includes understanding the key mechanisms controlling filtration and 

washing, and involves designing continuous and semi-continuous filtration, washing and 

drying rigs and investigating new analytical methods for effectively measuring the crystal 

product attributes obtained during and at the end of the isolation processes.8-13  
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Washing in pharmaceutical manufacturing is still relatively unexplored with very few academic 

publications.14-16 Washing plays a vital role in isolation since it is pivotal in the removal of 

impurities and mother liquor from the API filter cake. Residual impure mother liquor present 

in the wet filter cake at the end of filtration contains any unreacted starting materials, unwanted 

side products (impurities of synthesis) and any degradants. If the remaining mother liquor is 

not removed, then the non-volatile dissolved materials would be deposited on the crystal 

surfaces during drying increasing the impurity levels in the final isolated cake.14 This could 

result in the product failing to meet the purity requirements set out in the International Council 

for Harmonisation of Technical Requirement for Pharmaceuticals for Human use (ICH) Q6A 

guideline.17 

This PhD project looks at increasing and adding to the scientific understanding around the API 

washing process. Some of key mechanisms taking place during the washing process, which 

can affect its performance, are explored with the aim to provide a guide which assist with 

designing an optimised washing process.  

1.2 Washing theory 

Washing displaces the mother liquor present in the filtered cake with a wash solvent. This 

allows for removal of dissolved raw material and impurities from the API crystal product. Tien 

(2012), proposes that washing of a filter cake is carried out by three main mechanisms; (1) 

displacement of mother liquor in the cake, (2) reslurrying of filter cake, (3) consecutive 

dilution.8,15 During washing the wash solvent first displaces the mother liquor from the large 

pores in the cake; then the mother liquor from the adjacent narrower pores in the cake diffuses 

into the wash solvent. The resulting solute transport is regarded as axial dispersion. During 

subsequent washing steps both diffusion and dispersion processes occur in combination. The 
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schematic of washing process occurring within the cake as proposed by Tien (2012) can be 

seen in Figure 1-1. 

 

Figure 1-1: Schematic of a cake washing process 

One of the ways of measuring the cake washing process is by determining the solute (impurity 

and API) concentration of the collected filtrate as a function of wash ratio, where wash ratio is 

defined as volume of wash solvent used divided by volume of mother liquor trapped in the cake 

at start of the washing process. For solute concentration, remaining impurity concentration 

ratio, 𝑐∗, is used Equation 1: 

𝑐∗ =
𝑐

𝑐0
     Equation 1 

Where, the remaining impurity concentration (𝑐) is related to initial concentration (𝑐0). Figure 

1-2 shows three idealised washing curves obtained which can be divided into three main 

regions. (I) is the initial displacement region (a plug flow regime) where the residual mother 

liquor is removed from the larger pores due to wash solvent entrance. (II) is the intermediate 

stage where direct displacement of mother liquor occurs in the smaller pores and the wash 

solvent starts to dilute the mother liquor as it passes through the larger pores and hence the 

mass transfer process starts. (III) is the mass transfer region, where diffusion is the rate-limiting 
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step as mother liquor diffuses from the fine pore structure into the wash solvent over the entire 

volume of the cake.18  

 

Figure 1-2: Wash curve obtained from measuring the solute concentration of the filtrate15 

In an ideal case, the wash solvent would run in a plug-flow regime displacing all the mother 

liquor from the cake, as is the case in region I. This is due to the high efficiency of the ideal 

displacement regime and hence a small amount of wash solvent is required. However, ideal 

displacement can never be reached in real systems where there is a distribution of particle size 

rather than a perfect mono size product, in practice a combination of displacement, dilution 

and diffusion washing mechanism are required for effective washing.  

The relative importance of each regime in a given experiment depends on the physical 

operating conditions, solvent properties, and the microstructure of the pores in the filter cake 

influencing the local wash liquid flow rate.18,19,20 Particle morphology (shape) and size 

distribution therefore affect washing performance. Cakes formed of larger particles contain 

larger pores and wider pathways which reduces the specific resistance of the cake and enables 

higher wash flowrates.21 Cakes formed with fine particles and broad particle size distribution 

have smaller pore networks, lower permeability and hence filtration times are extended. Mass 

transfer and diffusion mechanisms play a bigger role in the washing regime of such filter cakes. 

Further negative effects such as local under saturation of wash medium or formation of cracks 

or craters due to malformation of the cake can lead to liquid by passing or channelling 
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(especially when high driving force is applied).15 Chapter 3 in this thesis looks to further 

investigate the effect of material with different particle size on washing process performance.  

Generally, washing is performed immediately after filtration to avoid the cake surface 

beginning to dry. The ideal starting condition being a well-formed filter cake with a level 

surface which is fully saturated with mother liquor.15,22 Wash solvent is carefully distributed 

over the top of the cake, preferably using a misting spray, as disturbance to cake surface can 

lead to thin spots and cracks resulting in the wash bypassing areas as it follows the path of least 

resistance. 

Selection of the wash solvent is an essential part of the API cake washing process. It is 

important to pick a solvent that will minimise dissolution of the API crystals, whilst also 

avoiding any precipitation of both dissolved API and impurities when the wash solvent comes 

into contact with the retained crystallization solvent in the saturated filtered cake. Selecting a 

wash solvent to avoid both these phenomena can be challenging but is essential to maintain 

yield, purity, and particle characteristics of the crystals obtained through the crystallization 

processes.  

To be effective the wash solvent should ideally have the following properties:23  

- Sufficient solubility of the unwanted impurities to ensure they remain in solution or 

dissolve; Low solubility of the API product to minimise product loss during the washing 

process; 

- Miscibility with the mother liquor to allow diffusion and dilution mechanisms; 

- The viscosity of the wash solvent should be similar to the crystallisation solvent to 

allow for appropriately long contact with the crystals to allow removal of impurity from 

the cake without excessive filtration cycle time;14 
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- The API product should have thermal stability in the wash solvent under drying process 

conditions needed to remove the wash solvents; 

- The volatility of the wash solvent should be kept appropriately low to assist with the 

drying process. 

Chapter 2 of this thesis further elaborates and investigates some of these properties of wash 

solution.  

1.3 Solubility in mixed system 

Knowing the solubility of the active pharmaceutical ingredient in pure solvents and solvent 

mixtures is essential for several aspects of pharmaceutical manufacturing. Pure solvents are 

used in many manufacturing stages such as solubilization, extraction, crystallisation etc. 

However, solvent mixtures are often employed during manufacturing processes to improve 

certain physical properties such as solubility and miscibility of the API compound, for example, 

in anti-solvent crystallisation, or in spray dried formulation, etc. 24,25 

Solubility of APIs in solvent mixtures are widely investigated and reported in literature. These 

studies often use gravimetric analysis to experimentally determine solubilities in binary solvent 

mixture and are often accompanied by a corresponding model developed to correlate and 

predict solubilities of those API compounds in the different solvent mixtures evaluated. 26,27,28 

Paracetamol is one of the APIs, which due to its simple molecular structure is widely studied 

for solubility measurement both in pure and binary solvent mixtures. The hydrogen bonding 

ability of paracetamol as both donor and acceptor allows it to have high solubility in polar 

protic solvents. The solubility of paracetamol in mixtures of solvents have shown to have a 

maximum at a specific solvent composition. This is in accordance with the regular solution 

theory, where for a given solid in a cosolvent, the solubility curve shows a maximum at a 

specific solvent composition (the effective solubility parameter of a cosolvent is a function of 
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the solvent composition), if the solubility parameter of solute is between the solubility 

parameters of solvents. This phenomenon of solubility maxima have also been observed for 

other APIs in solvent mixtures in literature. 29,30,31 

Chapter 2 of this thesis investigates the solubility of Paracetamol API in crystallisation and 

wash solvent mixtures. The study looks to understand possible solubility maxima formation 

for the solvent mixture that would be encountered during the washing process in the packed 

bed of API formed during filtration and tries to understand the effect of this phenomena on the 

API crystals during isolation.    

1.4 Crystallisation kinetic in anti-solvent system 

Anti-solvent crystallisation is a separation/purification method used to effectively remove solid 

from a solution.32 The solid is usually produced in the form of crystals, where an anti-solvent 

addition into the solution reduces solubility of solute and induces rapid crystallisation. 

Scientists can develop this process to control crystalline properties such as particle size and 

morphology. The physical and chemical properties of the anti-solvent can alter the rate of 

supersaturation generation during mixing within the solution and thereby affect the rate of 

nucleation and crystal growth.33,34 

Formation of a crystalline phase has two main steps: nucleation and crystal growth. Nucleation 

is the birth of stable crystal nuclei – either spontaneously in the solution (primary nucleation) 

or in presence of existing crystals in the system, (secondary nucleation). Crystal growth is the 

addition of solute onto the existing crystals in the system, resulting in an increase in size.  The 

relationship between supersaturation, nucleation and crystal growth was defined by J. Nývlt 

(1968) using empirical models.  Nucleation is frequently describe using power law model:35,36 

𝐵 =  𝑘𝑏∆𝐶𝑏     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 
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Where B is the nucleation rate, kb is the nucleation constant, ΔC is the supersaturation, b is the 

nucleation power.  

Similarly, crystal growth is frequently described using an analogous power law model: 

𝐺 =  𝑘𝑔∆𝐶𝑔     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Where G is the growth rate, kg is the growth constant, and g is the growth power. The rate 

constants, in these power law models, are known as Arrhenius rate functions of temperature: 

𝑘𝑔 = 𝑘′
𝑔𝑒−𝐸𝑔 𝑅𝑇⁄      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 

Where k’
g is pre-exponential for the kinetic growth pre-factor, Eg is the activation energy for 

growth, R is the universal gas constant and T is the temperature. For organic crystallisation 

systems, the value of growth rate constant, kg, is typically between 1 and 2 and the value of 

nucleation rate constant, kb, is typically between 5 and 10. These equations show the 

importance of crystal surface area in crystal slurry in determining crystal nucleation and growth 

kinetics. At the start of crystallisation process when the surface area of crystals present is low 

and there is likely high supersaturation, crystal nucleation dominates over crystal growth. As 

the crystallisation process proceeds, the crystal surface area increases and with lower 

supersaturation, crystals are likely to grow faster than they nucleate. In literature, growth rate 

parameters have also shown to be dependent on other factors, such as agitation and crystal 

size.37 

1.5 Axial dispersion in packed beds 

Axial dispersion in pack beds refers to the phenomenon of incomplete mixing or dispersion of 

fluid components along the axial direction in a bed of packed particles, as encountered during 

washing process of API crystal particles. In pack beds, fluid flows through the interstitial voids 

between the particles and hence mass transfer and any chemical reactions take place between 

the fluid and the solid phase.38 Axial dispersion leads to variation in concentration along the 
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bed length, mainly caused due to parameters such as viscosity and density of fluids, length of 

the packed column, ratio of column diameter and length to particle diameter, particle size 

distribution, particle shape, effect of fluid velocity and of temperature. 39,40 

The main mechanisms that contribute to axial dispersion in packed beds include, molecular 

diffusion, and longitudinal eddy diffusion. Molecular diffusion is the random molecular motion 

causing the solute/component to spread within the fluid leading to concentration gradient along 

the flow of direction. At low flowrates, axial dispersion is a function of molecular diffusion 

coefficient modified by a factor which accounts for tortuosity created from the packing of the 

bed.41 

Longitudinal eddy diffusion occurs due to eddies/swirling flow occurring in presence of 

particles. These eddies result in fluid motion due to convection from one part of the packed bed 

to another contributing to mixing, however cause variation in fluid velocity resulting in axial 

dispersion. At high flow velocities, spreading becomes less dependent of the properties of the 

solute/tracer and becomes function of hydrodynamics in the specific particle packaging.  

Axial dispersion in porous media has been widely studied in literature due to its importance 

and use within many industries including water and petroleum.39,42 The extent of axial 

dispersion can be quantified using the dispersion coefficient and several studies attempt  to 

correlate and predict these dispersion coefficients for systems where fluid is flowing through a 

bed of inert particles. For the system present during the washing process of APIs, where the 

particles are chemically active and interact with the wash fluid flowing through the packed bed, 

determining dispersion coefficient is much more difficult.43   

1.6 Agglomeration 

Solid crystalline particles are often found to form hard, unbreakable lumps at the end of the 

isolation/drying process. In literature, these lumps/agglomerates are typically reported to occur 
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in agitated filter dryers when material containing high residual solvent is extensively agitated.44 

The fundamental mechanism of agglomeration caused during drying process is well understood 

to involve the deposition of dissolved material at points of contact between crystals when the 

solvent evaporates, however, little guidance is provided on how to prevent this issue during 

drying. General approaches involve avoiding agitation during initial stages of the drying 

process or to use surfactants which act as agglomeration inhibitors. Surfactants act by 

adsorbing on the solid crystal surface and/or interface and altering the interfacial energies 

(electrostatic and steric stabilization).45 Such additional surfactants can have toxicity associated 

to them and so may not be acceptable for pharmaceutical products.  

Several papers have been published examining the cause of agglomeration in crystalline 

products. Common hypotheses suggest the polarity of the solvent and solubility of the wash 

solvent in the API product are main cause, with formation of “sticky spot” due to local API 

dissolution during drying resulting in solid bridges forming in between particles.  

Experimental research conducted by Birch and Marziano demonstrated that the higher the 

solubility of the product in wash solvent, the greater the chance of solid bridge formation.46,47 

Different wash solvent combinations were examined in the study with the results indicating 

strong impact of wash solvent composition (solubility) on the compound tendency to 

agglomerate. This is also due to increased apparent viscosity of thin liquid layer forming 

surrounding the particle for system with higher solubility wash solution. Hence tailoring wash 

solvent composition to minimize presence of solution with highly soluble component during 

drying process, is one approach to reduce agglomeration.   

Another study conducted by Papageorgiou et al. investigated solid particulate to undergo 

agglomeration and concluded that the moisture content and solvent selection has the biggest 

impact on particle agglomerating with polar solvent resulting in much harder agglomerate.47 

Similar analogous observation was also reported by Zhang and Lamberto, and Tamrakar et al.  
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showing increase solvent polarity resulting in stronger agglomerates.48,49 These studies used 

sieving as the method to quantify the extent of agglomeration for the dried crystalline material 

at the end of the drying process. However, none of the studies in literature have tried examining 

or quantifying possible agglomerate formation during the washing process itself. Chapter 4 in 

this thesis looks to determine possible agglomerate formation during the wash process, such 

agglomerates are then possibly further strengthened during the drying process.  

1.7 Model compounds 

1.7.1 Paracetamol 

The main compound used within this research is paracetamol, also known as Acetaminophen, 

(C8H9NO2). This research involved numerous questions related to chemical and physical 

behaviour and interactions during the washing process. Hence, a well-researched compound 

like paracetamol is used. 

Paracetamol (PCM) is an active pharmaceutical ingredient (API) which acts as an analgesic 

(painkiller) and antipyretic (fever reducing) drug. It is a relatively safe drug, however, toxic 

side effects are observed at relatively high dosage of around 10-15 g. These toxic side effects 

are due to the chemical structure of the compound and the way in which human body breaks it 

down where it metabolises to a reactive intermediate at high dosage.50 

 

Figure 1-3: Paracetamol chemical structure 

Paracetamol consists of a benzene group core, substituted by one hydroxyl group and an amide 

group present in the para position, Figure 1-3.51 The presence of carbonyl group acts as an 

intramolecular hydrogen bond acceptor while the amide and hydroxyl group acts as a hydrogen 
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bond donor. Combination of these hydrogen bond donor and acceptors form a hydrogen bonded 

network in crystal structure. The OH···NH and C=O···HO molecules of successive layers form 

head to tail sequence using hydrogen bonds.52 Molecular packing arrangement of a grown 

monoclinic paracetamol refined from single crystal x-ray diffraction, Figure 1-4.  

 

Figure 1-4: Molecular packing diagram of paracetamol - form I 52
 

Paracetamol exists in five polymorphic forms; I, II, III, IV and V. Form I is thermodynamically 

the most stable form whilst form II is sufficiently similar in stability that it can be isolated and 

extensively researched, while form IV and V can only be obtained at high pressure.53 Form III 

has been recrystallized under a microscope but is very unstable to perform any experimental 

analysis on its crystal structure.54 Form I, the monoclinic form, is the thermodynamically stable 

form of paracetamol while Form II, orthorhombic form, is the metastable form at room 

temperature. Form I displays a herringbone lattice arrangement, with structure creating 

difficulties when under compaction leading to problem during compaction into tablets. The 

structure of Form II enhances physical properties such as compressibility and solubility, which 

helps in tableting. However, since form I is more stable at room temperature therefore is more 

widely used than form II.55 

In paracetamol, there are three polar functional groups; hydroxyl (OH), amide (NH) and 

carbonyl (CO) and several non-polar CH groups. As a result, paracetamol can dissolve in polar 

protic solvents (such as ethanol, water, methanol etc.) due to presence of both negative and 
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positive charged species that participate in intermolecular forces by forming hydrogen bonding. 

In polar aprotic solvents (such as acetone, acetonitrile, ethyl acetate etc.) only the positive ions 

can aid dissolution and so no hydrogen bonding takes place.52 In non-polar solvents (such as 

pentane, hexane, toluene etc.) there is a lack of functional groups to form strong bonds and so 

the weak bonds that form with paracetamol are between similar electronegative C-H groups 

with lack of partial charge.  

1.7.2 AZ200/2 

Due to confidentiality reasons, AstraZeneca Compound 1 (AZC1) is the name given to an 

industrial compound that is used for investigation in chapter 5. The aim of the work is to 

transfer the methodology of constant rate washing developed in chapter 3 using model 

compound, paracetamol, onto an industrial API product. This methodology is then used to 

optimise the AZC1 washing process. The identity of the compound is not relevant for this thesis 

and its omission should not be disadvantageous to it.                                   

1.7.3 Impurities 

An impurity is any component whose chemical entity is not defined as the drug substance and 

its presence affects the purity of the active ingredient, in accordance with the International 

Conference on Harmonisation (ICH) Guidelines.56 APIs are mostly manufactured by organic 

chemical synthesis and so any non-API component remaining in the final API product is 

considered an impurity. These could be unreacted starting material, reaction by-products, 

residual solvent from API synthesis, etc. In pharmaceutical manufacturing stringent efforts are 

made to monitor and control impurities in API products.57,58 

Impurities with similar solubility to API in specific solvents poses challenge for their removal 

during the washing process as it affects final process yield.59 Designing wash process with 
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optimal impurity removal while preventing yield loss is investigated in detail in chapters 2 & 

3. 

In chapter 2, two impurities structurally related to paracetamol (acetanilide and metacetamol, 

Figure 1-5) are used to investigate the propensity of anti-solvent effects occurring during the 

washing process. These impurities are produced as by-product of paracetamol synthesis. 

Acetanilide molecule has a lack of hydroxyl group compared to the paracetamol molecule and 

metacetamol molecule is the meta-isomer of the acetaminophen molecule (paracetamol).  

 

Figure 1-5: Paracetamol related impurities - chemical structures 

In chapter 3, an organic dye is used to mimic impurity to better visualise impurity removal 

during the washing process. This helped with designing constant rate washing process 

methodology. Further information regarding this work and the dye are reported in chapter 3.  

In chapter 5, removal of Impurity Compound 1 (IC1) impurity is investigated in the AZC1 

compound. Apart from the solubility of the impurity in the solvent system, no other information 

was available for this project. The analysis used for IC1 quantification is gone over in detail in 

chapter 5.  

1.8 General aims and objectives of research 

This PhD research programme looks at advancing understanding of the API washing process. 

The work performed looks at understanding the parameters involved in improving the wash 

process performance and the characteristics of the final washed API product. Paracetamol, a 

well-researched API model compound was used in this study to allow for focus on specific 
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research questions targeted in this thesis. Microscopic interactions between different 

components in a multi-component system, present during the washing process, were 

investigated to understand: 

- How to select a wash solvent that can increase or maintain system purity without 

causing agglomeration or dissolution of API particles present within the system. 

Chapter 2 looks at understanding how the wash solvent interacts with the mother liquor 

present in a saturated PCM filtered cake and how can this affect the API particles 

present in the system. 

- How to design and analyse washing process which can allow for optimisation of the 

process. Chapter 3 uses the PCM model compound with a constant rate filtration and 

washing process to evaluate the wash process performance. This work looks to gather 

data on both the solvent compounds and the solid API present in the system to analyse 

and monitor the process. The process method and the wash workflow developed, is then 

utilised to analyse washing performance of an industrial API, AZC1, compound, 

Chapter 5. 

- How to analyse the characteristics of the API particles obtained at the end of the 

washing process, Chapter 4. Determining the shape and size distribution of the API 

particles in the washed damp API cake is important to understand any changes 

occurring during the washing process, such as dissolution, precipitation, or 

agglomeration taking place during the washing process prior to the further impact of 

drying on the resulting product. 

By the end of the research programme, the aim is to develop an optimum strategy and workflow 

for washing that allows for pharmaceutical companies to be better equipped to isolate purified 
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API crystals as individual free flowing particles without agglomeration whilst minimising 

product loss and solvent waste. 

1.9 Abbreviations 

International Council for Harmonisation of Technical Requirement for Pharmaceuticals for 

Human use (ICH); active pharmaceutical ingredient (API); paracetamol (PCM); AstraZeneca 

Compound 1 (AZC1); Impurity Compound 1 (IC1). 
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2. Exploring the role of anti-solvent effects during 

washing in active pharmaceutical ingredient purity  

[This chapter is published in Organic Process Research and Development;  
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effect during washing on active pharmaceutical ingredient purity. Org. Process Res. Dev. 2021. 
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2.1 Introduction 

Washing is a fundamental post-filtration step required for removal of residual mother liquor, 

unacceptable side-products and/or undesirable insoluble components trapped inside the porous 

API bed. Washing displaces these components from a filtered cake by introducing a wash 

solvent on top. This wash solvent then flows through the filtered API bed, as both diffusion 

and dispersion processes occur in combination, see Chapter 1.   

Section 1.2 mentions a few properties of a solvent which an ideal wash solvent should poses 

for an effective washing. However, some of these wash characteristics are mutually exclusive. 

Introduction of wash solvent into the mother liquor wet API filter cake can result in several 

undesirable outcomes. The anti-solvent effect is one of the problems commonly encountered 

during washing because of the requirement for the API product to have a low solubility in the 

wash solvent. As the wash solvent comes in contact with the slightly supersaturated mother 

liquor present within the filter cake, nucleation takes place initiating an anti-solvent 

crystallisation. Anti-solvent crystallisation, also known as precipitation, is a widely used 

technique in the pharmaceutical and fine chemical industry to recover product from solution in 

a solvent in which the product has high solubility.1 Supersaturation is generated by mixing a 

concentrated solution of the product with another miscible solvent in which the product has 

limited solubility. Anti-solvent crystallisation can be well controlled and avoids the need to 

heat and cool the product stream where this is undesirable.2 However, this control of an anti-

solvent crystallisation is lacking during washing and is made more difficult in binary solvent 

mixture systems due to non-liner relationship between solubility and composition. Rather 

washing with an anti-solvent may lead to uncontrolled anti-solvent crystallisation and can 

result in product precipitation, leading to severe agglomeration.3 Precipitation occurring in the 

packed bed of API crystals in the filter cake provides ideal conditions for the formation of solid 

bridges between crystals and hence agglomerate formation during washing. With high impurity 
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content present in the mother liquor, the function of the wash as an anti-solvent can have a 

drastic effect on the purity of the final product as the impurities are potentially subject to anti-

solvent crystallisation.   

One solution to this problem is to use chilled crystallisation solvent as the first wash solvent, 

possibly saturating the crystallisation solvent to minimise the extent of dissolution. 

Alternatively selecting a solvent in which the API has similar solubility as that of the API in 

the mother liquor to prevent precipitation of material present within the mother liquor solution.4 

However, these approaches result in a reduction of yield from that obtained during the 

crystallisation process. In addition, the final crystalline product obtained at the end of the 

drying process could have a different particle size distribution to the one obtained during 

crystallisation. 

A confounding factor in investigating anti-solvent effect during washing leading to 

agglomerate formation, is that agglomerates can also be formed during crystallisation and 

carried into the isolation process and, furthermore, agglomerates can be formed during drying. 

The presence of dissolved API in the residual wash solvent in the washed cake at the start of 

the drying process results in agglomeration as crystalline bridges form as the wash solvent 

evaporates from the porous crystal structure.5,6 The capillary forces acting on the retained liquid 

film in the wet cake tend to concentrate the residual solution at the points of contact between 

particles favouring agglomerate formation. This effect is illustrated in the SEM image shown 

in Figure 2-1. This illustrates the presence of crystalline bridges in the API paracetamol at the 

end of drying (paracetamol API present in ethanol as crystallisation solvent and washed using 

acetonitrile and dried in vacuum oven).  The presence of crystalline bridge formations produced 

during any of the process steps; crystallisation, washing and drying will increase the particle 

size of API crystals, which are typically characterised at the end of the drying process.7 To 
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overcome the consequences of agglomeration, milling is often used as a downstream process 

step in the pharmaceutical industry applied either after drying or immediately prior to 

formulation. This not only increases the number of process steps and processing time but can 

also lead to the formation of amorphous material, and can expose new facets of the crystals 

which may have different characteristics to those formed during the crystallisation and may 

modify the powder behaviours.8 

This suggests that  poorly designed washing processes can modify particle properties. This is 

a potentially important complication in the subsequent drying step which is very likely to 

further strengthen the agglomerates formed during washing. Therefore, it is important to 

prevent agglomeration during washing and limit the amount of product in solution at the start 

of drying by optimising the washing process. This research investigates strategies to follow for 

optimal selection of the wash solvent. The approach involves minimising dissolution of API 

crystals, whilst preventing any precipitation of dissolved API and impurities. Selecting a wash 

solvent to avoid these phenomena, when the wash solvent comes into contact with the retained 

crystallisation solvent in the saturated filtered cake, can be challenging but is essential to 

maintain yield, purity, and particle characteristics throughout the isolation process.  

Figure 2-1: SEM image of dried paracetamol agglomerate showing formation of 

crystal bridges 
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This study investigates the effect of wash solvent selection by considering the mechanisms 

taking place during the interaction between crystallisation and wash solvent in the washing 

process. In the first instance, the already crystallised API particles in the filter cake present 

during the washing process are ignored to simplify the system. Once the processes taking place 

in the liquid solvent mixture, during the washing process, are understood then the API crystals 

in the cake can be reintroduced and the understanding of the solution side processes can be 

built upon. 

The aim of this work is to develop a quick and simple screening methodology to qualitatively 

and quantitatively analyse the propensity of different wash solvents to cause precipitation to 

occur during the washing process. Paracetamol was the API selected for the experimental work 

in this study as it is a widely researched compound with a significant body of published data 

which can be drawn upon to facilitate the experimental work.9-12     

The approach developed in this study allows quantification of both the amount of paracetamol 

API precipitating out during washing and the quantity of dissolved impurities that could 

precipitate out and adversely affect the purity of the final product. The findings from this work 

allow crystallisation – wash solvent combinations which would prevent / limit any precipitation 

or dissolution during washing to be identified. This is illustrated with paracetamol as a model 

compound. 

2.2. Materials and Method 

 2.2.1 Raw Material  

Paracetamol (PCM) was selected as a representative test compound with characteristics typical 

of APIs. It is commercially available, as are its impurities of synthesis. In this study 

paracetamol of typical crystalline grade was used (Mallinckrodt Inc., UK, batch 637514D001; 

D10: 12.48µm, D50: 43.96µm, D90: 101.30µm). Acetanilide (Sigma-Aldrich, UK, Lot # 
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STBF7835V, purity 99%) and Metacetamol (Sigma-Aldrich, UK, Lot # MKBX4643V, purity 

97%), two structurally related compounds to paracetamol, were used as representative 

impurities in this work. These impurities could be present in the mother liquor during the 

crystallisation step.13  

To investigate the anti-solvent effect during washing on representative slurry suspensions 

typical of those formed at the end of a crystallisation, a series of three commonly used 

crystallisation solvents appropriate for isolating paracetamol were used: ethanol (purity ≥ 99.8 

% (GC), from Sigma Aldrich), propan-2-ol (IPA) (purity ≥ 99.5 % (GC), from Sigma Aldrich) 

and 3-methylbutan-1-ol, (isoamyl alcohol) (purity ≥ 99.5 % (GC), from Sigma Aldrich).14 As 

wash solvents; acetonitrile (purity 99+ % from Alfa Aesar), isopropyl acetate (purity 99+ % 

from Alfa Aesar) and n-heptane (purity 99%, from Alfa Aesar) were selected for this 

investigation. Acetonitrile was chosen because the API solubility is at the high end of those 

typically selected as wash solvents and because it is a widely used solvent in industry. n-

heptane was selected because the solubility of PCM and the selected impurities is very low, 

almost negligible. Isopropyl acetate is another commonly used wash solvent in industry and 

the solubility of API in the isopropyl acetate is in the middle of the two extremes represented 

by acetonitrile and heptane. A further criterion is that all three wash solvents were chosen to 

be miscible with the three crystallisation solvents. 

To determine the purity of the precipitated material at the end of each experiment, high pressure 

liquid chromatography (HPLC) was used. The eluents contained water (Water, ultrapure, 

HPLC Grade, Alfa Aesar) and methanol (Methanol, ultrapure, HPLC Grade, 99.8+%, Alfa 

Aesar). Methanol was also used as diluent for some samples. 
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2.2.2 Sample Preparation 

Saturated PCM solution, with impurities included where selected, was prepared in two stages 

based on previously measured solubility of PCM in the selected crystallisation solvents:15 

Firstly 2 % by mass relative to the known PCM solubility of each impurity was added and 

dissolved in the crystallisation solvent. To ensure complete dissolution of impurities a sonic 

water bath was used (Elmasonic P300H Ultrasonic, Cole-Parmer Instruments Ltd.). The 

amount of paracetamol required to saturate the solution was then added and dissolved in similar 

manner. This two-stage addition prevents any undissolved impurity crystals remaining in the 

final saturated solution. The saturated solution was also filtered before anti-solvent screening 

experiments to prevent potential seeding effect.  

Wash solutions were prepared using a mixture of the selected wash solvent and crystallisation 

solvent. For each crystallisation and wash solvent system, a total of 8 different wash solution 

combinations were investigated. The different ratios, by volume, of wash solution used in each 

solvent system is reported in Table 2-1. 

Table 2-1: Wash solutions of different ratios that were tested for each solvent system 

Wash solvent 

solution 

identity 

Percentage of crystallisation 

solvent by volume 

Percentage of wash 

solvent by volume 

1 90 % 10 % 

2 75 % 25 % 

3 50 % 50 % 

4 40 % 60 % 

5 30 % 70 % 

6 20 % 80 % 

7 10 % 90 % 

8 0 % 100 % 
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2.2.3 Anti-solvent screening procedure 

Two anti-solvent screening approaches were developed and evaluated, one based on portion-

wise addition of the wash solvent to a saturated solution and monitored by visual observation, 

the other used centrifugation to separate and recover any precipitated particles. 

2.2.3.1 Anti-solvent screening procedure – Glass vial method 

 

Figure 2-2: Glass vial precipitation detection method 

Figure 2-2 gives a schematic representation of the glass vial method. This method uses a 

standard 1.8mL glass HPLC vial. 300 µL of saturated crystallisation solution is first added to 

the vial using an Eppendorf pipette. Then wash solution is added 2 drops at a time using a 1 

mL disposable pipette. After each addition, the vial was shaken and checked for any 

precipitation of crystals that might have taken place. Wash solvent addition was continued until 

the total amount of wash solvent added corresponded to 700 µL. Given a typical saturated filter 

cake contains very approximately 50% by volume API crystals and 50% by volume mother 

liquor, then a one cake volume wash would broadly match the 2:1 ratio achieved here 

depending on particle aspect ratio and packing. The amount of wash solvent used is better 

expressed as a two cake void volume wash.16 The glass vial was then visually inspected at the 

end of the drop wise addition to check for any precipitation of crystals. If no crystals were 

formed, the vials were re-inspected the following day (approximately 24 hours later) to 

determine whether precipitation was possible but a very slow process under the conditions 

investigated. Whilst precipitation taking significantly longer than the normal duration of the 
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washing step may not be of practical significance it is considered to be useful to know whether 

precipitation is possible under each of the conditions investigated. 

2.2.3.2 Anti-solvent screening procedure – Centrifuge vial method 

 

Figure 2-3: Centrifuge vial precipitation detection method 

To evaluate the anti-solvent effect during washing using a centrifuge tube setup, centrifuge 

filter tubes incorporating a basket with 0.2 µm pore size were used (Thermo Scientific National, 

Scientific F2517-9 D100 PTFE 750 µL Centri Filter 0.2 µm pore size). The small pore size 

allowed for mixing of the sample solution and the wash solvents to be performed in the filter 

basket without any solvent leakage into the filter tube.  

Figure 2-3 is a schematic representation of the anti-solvent methodology developed using the 

centrifuge vial. The procedure was divided into six steps, with a mass balance maintained 

across each step to take into account any material loss. In a pre-weighed centrifuge filter basket 

and centrifuge tube, the saturated crystallisation solvent was added and the mass of the filled 

tube was recorded (Figure 2-3).  
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The centrifuge filter basket had a capacity of 500 µL, thus 120 µL of saturated crystallisation 

solvent was added using an Eppendorf pipette, this was followed by the addition of 280 µL of 

the wash solvent. The choice of solvent volumes allowed a small space to remain at the top of 

the filter basket to prevent any solvent spillage while mixing the sample using a vortex shaker.  

After addition of wash solution (step 4 in Figure 2-3) the solvent was kept in the centrifuge 

tube basket for 2 hours and then the anti-solvent effect was checked (looking for any crystal 

formation). Longer contact times between mother liquor and wash solvent, e.g. 24 hours, was 

not investigated as the selected centrifuge vials were found not to seal well enough to 

completely prevent solvent evaporation occurring if vials were left overnight. Also the filter 

medium in the baskets eventually allowed solvent to drain onto the centrifuge vial, due to 

gravity, if left over a long period of time. The compromise of two hours was selected as an 

appropriate amount of time to represent the practical maximum time for which wash solvent 

would be present in contact with the saturated crystallisation solution in the API cake. 

The separation of any precipitated solid from the mixture of saturated solution and wash solvent 

takes place in step 5 of Figure 2-3. Centrifugation was carried out for 2 minutes at 6000 rpm. 

The basis of selection of these conditions is reported in the Appendix A - Exploring the role of 

anti-solvent effects during washing in active pharmaceutical ingredient purity. The chosen 

conditions were found to be effective in separating the mixed crystallisation and wash solvent 

from any precipitated solid particles retained in the centrifuge filter basket. 

2.2.4 Post anti-solvent procedure analysis 

HPLC was used to investigate composition of the liquid and solid phases obtained using the 

centrifuge vial method. X-ray powder diffraction (XRPD) and differential scanning 

calorimetry (DSC) was performed on the precipitated solid phase to determine the crystal 
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structure and to investigate whether the impurities present in the saturated solution were present 

as separate crystals or incorporated within the paracetamol API crystal lattice.  

HPLC was used to determine the concentration of paracetamol and its impurities present in the 

liquid and solid phases at the end of the anti-solvent screening methods. Water and methanol 

were used as the eluents in the mobile phase, while methanol was also used as diluent for the 

samples. Calibration curves for pure paracetamol, metacetamol and acetanilide were gathered 

using a multilevel calibration method reported in the Appendix A - Exploring the role of anti-

solvent effects during washing in active pharmaceutical ingredient purity. An Agilent 1260 

Infinity II system was used. The column was an Agilent Poroshell 120 EC-C18 4.6 x 100mm 

4µm operated at 40°C, with a flow rate of 1mL/min. The injection volume was 5µL, data was 

collected at 243 nm wavelength, and the mobile phase was 80% water and 20% methanol. 

The XRPD analysis was performed using a D8 (multi-well) powder X-ray diffractometer – Flat 

plate instrument, Bruker AXS GmbH. The detector rotation (2θ) was set at 2θmin at 4o and 

2θmax at 35o. A step size of 0.017o was used and the sec/step was set at 1 second.  

DSC analysis was performed using a DSC 214 Polyma, NETZSCH-Gerätebau GmbH. 

Standard aluminium pans were used. The mass of sample added to the pans was maintained 

around 2-3 mg. The DSC214 Polyma employed a helium purge (in-line pressure set at 0.5 bar) 

and as a protective gas during analysis, and flowing through a chiller unit for sample cooling. 

The initial temperature was set at ambient, 25 oC, and the final temperature was set at 200 oC. 

The heating rate used was 10 oC /min. A sample was also run with heating rate of 2 oC /min to 

check the sensitivity looking for peak separation that might be missed at a high heating rate.  

2.2.5 Gravimetric solubility analysis procedure 

The solubility of paracetamol in the binary solvent mixtures (crystallisation and wash solvents) 

was determined experimentally by equilibration and gravimetric analysis. A Hailea HC-100A 
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chiller was used to maintain the temperature at 22 oC (the average temperature of the lab where 

the anti-solvent screening experiments were conducted). Excess paracetamol was added to 20 

mL, clear glass vials together with the binary solvent mixture and a magnetic stirrer bar. The 

vials were sealed and left on a multi-position stirrer plate inside the water bath for around 48 

hours to equilibrate. Samples of the solutions were then taken from the slurry in the vials using 

a syringe and filtered using a PES syringe filter (Fisherbrand, Cat No. 15206869, 0.2 µm, 

sterile), and added to a separate glass vial which was weighed and then left to dry. Table 2-1 

shows all the ratios of binary solvent mixtures for which solubility was determined.  

2.3 Results & Discussions 

2.3.1 Anti-solvent effect – Glass vial method 

 

Figure 2-4: Ethanol - n-heptane glass vial precipitation qualitative test 

Figure 2-4 shows the results from the anti-solvent screening carried out for the ethanol - n-

heptane solvent system using the glass vial method. The 50:50 solvent ratio (first picture on 

the left in Figure 2-4) represents wash solution made up of 50% by volume ethanol (the 

crystallisation solvent) with 50% by volume of n-heptane (the wash solvent), respectively. 

Precipitation was first observed in the ethanol-n-heptane experiments when a wash solution 

ratio of 40:60 was used (40% ethanol, 60% n-heptane by volume). In this condition of 40:60 

wash solution, there was local and rapid precipitation of crystals was observed as the first few 

drops of wash solution was added to the saturated crystallisation solvent. These crystals 

subsequently dissolved back into the mixed liquid phase after a few seconds, once all the wash 

solution was added to the saturated crystallisation solvent. Therefore, the initial precipitation 
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observed was due to the local supersaturation in a non-mixed environment. As soon as mixing 

occurred the bulk composition remained undersaturated consequently the crystals dissolved 

back in solution. However, after leaving the vials for 24 hours, there were three or four small 

crystals were seen at the bottom of the glass vial, by the naked eye. This delayed precipitation 

indicates the slow kinetics of the system at this composition.  

For the samples with compositions of 30:70 to 0:100 ethanol : n-heptane in Figure 2-4, crystal 

precipitation occurred as soon as the wash solution was added and mixed with the saturated 

crystallisation solvent. This was due to the large paracetamol solubility difference between the 

crystallisation solvent and the wash solutions. The crystals formed can be seen at the bottom 

of the vials as indicated by red circle in 30:70 solvent ratio vials in Figure 2-4. 

There is an increase in crystal concentration in the vials going from compositions of 40:60 to 

0:100 ethanol : n-heptane as seen in Figure 2-4. This increase is due to the higher 

supersaturation achieved in the solvent mixture as the concentration of n-heptane in the wash 

solution increases, this can be seen in Table 2- 4. Higher supersaturation results in a more 

thermodynamically unstable solution, which then results in increased precipitation of crystals 

occurring to allow the solution to return to thermodynamic equilibrium.17   

This anti-solvent effect (crystal formation due to anti-solvent addition) was seen for 5 different 

cases, for the combination of crystallisation solvent and wash solvents used in this study. The 

results for this can be seen in Table 2-2.  For each solvent combination case, if precipitation of 

crystals is observed then the solvent composition or the solvent proportions of the wash 

solution at the point where precipitation is first observed is given in Table 2-2.  

In the case of using n-heptane as wash solvent, precipitation was detected in all three different 

crystallisation solvent systems. The almost negligible solubility of paracetamol in n-heptane 

combined with its much higher solubility in the crystallisation solvents, results in a 
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supersaturated solution being formed as the wash solution is added to the saturated 

crystallisation solvent. Table 2-3 provides the experimentally determined solubility (using 

gravimetric solubility analysis) of paracetamol in all 6 pure solvents used in this study. 

Paracetamol has shown to have very low solubility (> 1 g of paracetamol/kg of solvent) in non-

polar hydrocarbon such as heptane and the solubility of paracetamol is decreasing with 

increasing carbon chain going from ethanol to isopropanol (Table 2-3). The results obtained 

for the solubility (Cs) of paracetamol in isopropanol and acetonitrile (Cs = 114.1 g/kg solvent 

& Cs = 24 g/kg solvent at 22 oC) are in good agreement with the values reported by Granberg 

et al. (1999) (Cs = 108.8 g/kg solvent for isopropanol & Cs = 23.1 or acetonitrile at 20 oC).15 

The solubility in pure ethanol (Cs = 186.7 g/kg solvent at 22 oC) is in good agreement with 

value reported by Romero et al. (1996) (Cs = 187.9 g/kg solvent at 25 oC)  but lower than the 

values reported by Granberg et al. (1999) (Cs = 190.6 g/kg solvent at 20 oC).15,18 The solubility 

data reported in literature is mostly present data at either 20 or 25 oC and not the 22 oC used in 

this work. However, good correlation is present between the results obtained and the data 

present in literature with the minor differences present, which could be due to purity of solvent 

or paracetamol used, where it has be shown that small amount of water in ethanol can 

significantly increase the solubility (Prakongoan and Nagai, 1984).19 The solubility maxima 

determined for binary solvent mixtures is comparable to what has been reported in literature 

for solubility in binary solvent solutions for different APIs including paracetamol.20,21  

Table 2- 4 provides the change in saturation (ΔC) in the final solution obtained at the end of 

washing after all the wash solution is added, for all the different wash ratios used.  

There was no anti-solvent effect observed where acetonitrile was used as the wash solvent. 

Acetonitrile has the highest solubility of all the wash solvents used. Looking at the binary 

solvent solubility graphs for the acetonitrile cases (see Appendix A - Exploring the role of anti-

solvent effects during washing in active pharmaceutical ingredient purity), the operating dilution 
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line is below the solubility curve. This explains why precipitation cannot take place, as the 

concertation of paracetamol in this system remains below the solubility limit of the solution. 

The calculated ΔC values for all acetonitrile cases, Table 2- 4, shows that supersaturation is 

not achieved and so no precipitation should be observed. In fact, any paracetamol crystals 

present would be subject to dissolution in these unsaturated conditions.   

As the calculated ΔC values (Table 2- 4) for all cases with isopropyl acetate as the wash solvent 

was also found to be < 1 for all the wash solution ratios, hence no precipitation should have 

been detected. However, during the glass vial experiment, for both ethanol and isopropanol 

crystallisation solvent cases with isopropyl acetate, a few crystals were seen to form as the first 

few drops of wash solution was added to the saturated solvents, as reported in Table 2-2. This 

phenomenon probably occurred due to the local supersaturation effect where the localised 

environment close to the site of the drop addition would have resulted in nucleation of crystals, 

due to poor mixing. This then seems to disappear after the whole wash solution was added and 

the solution in the vial had become fully mixed. This effect if encountered during washing an 

API filter cake, where solution mixing can be very limited, could have detrimental effect on 

the purity and particle size distribution of the final isolated product.  

Table 2-2: Precipitation caused for different solvent combinations - glass vial method. The 

crystallisation solvent used is provided on the left side of the table whilst the wash solvent across the 

top of the table. The ratio of the wash solution at which precipitation is first observed in the solvents 

system for paracetamol API case is given here. (The bold numbers correspond to the volume ratio of 

crystallisation solvent in the wash solution, while the italic number corresponds to the volume ratio of 

wash solvent in the wash solution.) 

 Wash solvent 

n-heptane Acetonitrile Isopropyl acetate 

Crystallisation  

Solvent 

Ethanol 40 – 60 % (v/v) No nucleation 10 – 90 % (v/v) 

Isopropanol 40 – 60 % (v/v) No nucleation 0 – 100 % (v/v) 

Isoamyl alcohol 20 – 80 % (v/v) No nucleation No nucleation 
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Table 2-3: Experimental solubility determined of paracetamol in the selected solvent at 22 OC 

(average lab temperature at which this anti-solvent effect study is conducted) 

 Solvent Solubility (g API/g solvent) (at 22 oC) 

Crystallisation Solvent Ethanol 0.1867 

Isopropanol 0.1141 

Isoamyl Alcohol 0.0526 

Wash Solvent Acetonitrile 0.0240 

Isopropyl Acetate 0.0059 

N-heptane 0.0003 

Table 2- 4: ΔC achieved for the solvent combinations used. Blue cells represent scenarios where 

nucleation and crystallisation was observed. Orange cell represent scenarios where local 

supersaturation resulted in nucleation and then dissolution of crystals as bulk saturation is reached. 

 

The glass vial method used for anti-solvent effect screening was found to be effective for 

qualitative analysis of the wash solvent effect. The precipitation of crystals formed due to 

interaction between wash solution and the mother liquor is observable and this method can be 

used as a “quick” first approach to assess wash solvent compatibility.  

However, quantitative analysis, to determine the amount and identity of solute precipitating 

out of the solution required a different methodology. The complete separation of solid from the 

liquid solution in the glass vial is not a trivial procedure due to the small size of the vial, and 

due to the difficulties related to the separation of the liquid and solid part of the sample. This 

methodology, therefore, does not allow a precise quantification of the species precipitated 

because the data generated using HPLC gave inconclusive evidence on the amount of 

impurities precipitating out, as the solid analysis results were affected by residual liquid solvent 

still present at the bottom of the vials (see Appendix A - Exploring the role of anti-solvent effects 

100:0 90:10 75:25 50:50 40:60 30:70 20:80 10:90 0:100

Ethanol - Acetonitrile 1.00 0.79 0.63 0.51 0.49 0.49 0.49 0.50 0.52

Ethanol - Isopropyl Acetate 1.00 0.89 0.79 0.71 0.70 0.70 0.71 0.73 0.76

Ethanol - Heptane 1.00 1.06 1.17 1.43 1.58 1.77 2.01 2.34 2.82

Isopropanol - Acetonitrile 1.00 0.71 0.53 0.42 0.41 0.41 0.42 0.44 0.48

Isopropanol - Isopropyl Acetate 1.00 0.90 0.81 0.72 0.71 0.70 0.70 0.71 0.73

Isopropanol - Heptane 1.00 1.08 1.24 1.63 1.86 2.17 2.60 3.23 4.26

Isoamyl Alcohol - Acetonitrile 1.00 0.65 0.46 0.36 0.36 0.36 0.37 0.39 0.43

Isoamyl Alcohol - Isopropyl Acetate 1.00 0.85 0.46 0.36 0.63 0.63 0.64 0.67 0.71

Isoamyl Alcohol - Heptane 1.00 1.09 1.25 1.63 1.83 2.08 2.38 2.77 3.28
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during washing in active pharmaceutical ingredient purity). To get a better quantitative result, 

an improved wash screening analysis was devised to overcome these separation issues. Hence 

the centrifuge vial method was developed. 

 

2.3.2 Anti-solvent effect– Centrifuge vial method 

Table 2- 5: Precipitation caused by different solvent combinations - centrifuge vial method. The 

crystallisation solvent used is reported on the left side of the table whilst the wash solvent across the 

top of the table. The ratio of wash solution at which precipitation is first observed in these solvent 

system for paracetamol as a representative API is reported here. (The bold numbers correspond to the 

volume ratio of crystallisation solvent in the wash solution, while the italic number corresponds to the 

volume ratio of wash solvent in the wash solution.) 

 Wash solvent 

n-heptane Acetonitrile Isopropyl acetate 

Crystallisation  

Solvent 

Ethanol 30 – 70 % (v/v) No nucleation No nucleation 

Isopropanol 30 – 70 % (v/v) No nucleation No nucleation 

Isoamyl 

alcohol 

10 – 90 % (v/v) No nucleation No nucleation 

Table 2- 5 shows the anti-solvent effect observed using the centrifuge vial method. This is 

similar to the glass vial method described in Table 2-2. Due to the opaque character of the 

polypropylene centrifuge vials, nucleation and crystallisation phenomena were much harder to 

observe compared to using the clear glass vials.  

Comparing the results shown in Table 2- 5 with those obtained using the glass vial method, 

(see Table 2-2), reveals some differences. Due to the opaque nature of the centrifuge vials, the 

nucleation observed due to local supersaturation effects for isopropyl acetate which were seen 

in glass vial method, could not be discerned in the centrifuge vial experiment. In all the cases 

of n-heptane as wash solvent, nucleation was observed for wash solution ratios with higher n-

heptane concentration. This offset in observation of the anti-solvent effect can again be 

attributed to the opaque nature of the centrifuge vials giving difficulties in visualisation of 

precipitation of few, small crystals. Also, the slow crystallisation kinetics noticed in the 40:60 
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ethanol: n-heptane case in the glass vial experiments is not noticed in the centrifuge method as 

the solution is only left for 2 hours compared to 24 hours in the glass vial method.  

However, the quantitative analysis achieved using the centrifuge vial method was found to be 

much more successful as almost complete separation of solid crystals from liquid solution was 

achieved. After stage 6 in Figure 2-3, HPLC is performed on both the separated solid and liquid 

samples. Quantitative results obtained from two different scenarios, ethanol – acetonitrile, and 

ethanol – n-heptane and are given below. The two scenarios presented illustrate the results 

which would be obtained for most cases – depending on whether precipitation is observed or 

not. The results for all the samples, for all solvent combinations, are available in Appendix A 

- Exploring the role of anti-solvent effects during washing in active pharmaceutical ingredient 

purity.  

2.3.2.1 Centrifuge vial method – Quantitative Analysis: ethanol - acetonitrile (no 

nucleation) 

 

Figure 2-5: Quantitative analysis of the ethanol-acetonitrile case. a.) Solubility of paracetamol in 

ethanol-acetonitrile binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution compositions is shown in the Y axis on the left hand side of the 

graph, with the supersaturation achieved in the solution when different ratio of wash solution is 

added to the saturated crystallisation solvent shown on the Y axis on the right hand side of the graph. 

Table 2-6: Ratio of wash solvent in the final solution mixture. 
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Ratio of wash solution 

used (v/v) (crystallisation: 

wash) 

90:10 75:25 50:50 40:60 30:70 20:80 10:90 0:100 

Volume fraction of wash 

solvent in final solution 

(end point of the final 

solution) 

0.07 0.175 0.35 0.42 0.49 0.56 0.63 0.7 

As reported in the binary solvent mixture solubility data reported in Table 2-6 and in Figure 2-

5, the ethanol and acetonitrile system does not show any anti-solvent effect. The blue line in 

Figure 2-5, graph a, represents the change in concentration of the API in the resultant solution 

mixture as the wash solution is added to the saturated crystallisation solvent. Point A in the 

graph is the starting API concentration of the saturated ethanoic solution. As the wash solution 

is added to the saturated crystallisation solvent, the concentration of API in the solution will 

change and move down following the path of the blue line. The calculated end point of the 

overall solution is dependent on the wash solution that is used, given in Table 2-6. Hence, the 

end point of the API concentration in the new system (mother liquor and wash solvent) depends 

on the composition and quantity of wash solution being used (in this study the total volume 

ratio of the system is fixed at 700 µl wash solution to 300 µl mother liquor).  For example, if 

an experiment with wash solution comprising equal volumes of the wash solvent and the 

crystallisation solvent is used, then looking at Table 2-6, the final composition of the overall 

solution (containing saturated crystallisation solution and wash solution) would be 35 % by 

volume acetonitrile in ethanol. The value of paracetamol concentration at 35 % by volume 

wash solvent can then be determined from the blue line in graph a, of Figure 2-5, which would 

correspond to around 127 mg paracetamol / g solvent, point B.  

The difference between the diluting line and the solubility curve dictates whether precipitation 

could take place. For the case of ethanol and acetonitrile (Figure 2-5), since the diluting line is 

below the solubility curve, the actual concentration of paracetamol in system is below the 
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solubility limit. Therefore, the solution would be undersaturated and no precipitation would 

occur. 

In Figure 2-5b, the red dots represent the corresponding supersaturation across the solvent 

composition investigated, showing no precipitation of the API or the impurity as the system is 

in the undersaturated region. Table 2-7 shows the solubility data of the API and the selected 

impurities in the pure solvents used in this study.  Since the solubility of the impurities, 

metacetamol and acetanilide, in pure solvent is similar or greater than that of paracetamol, and 

only 2 % by mass of impurity is present in each crystallisation solution, any impurity present 

in the precipitated material would be due to incorporation in API crystals rather than 

independent crystallisation of the impurities as separate crystalline species.  

Table 2-7: Experimental solubility determined of Metacetamol and Acetanilide in the selected solvent 

at 25 OC. 

 Solvent Solubility (g 

paracetamol/g 

solvent) (at 25 
oC) 

Solubility (g 

metacetamol/g 

solvent) (at 25 
oC) 

Solubility (g 

acetanilide/g 

solvent) (at 25 
oC) 

Crystallisation 

Solvent 

Ethanol 0.2057 0.2944 0.3322 

Isopropanol 0.1243 0.1948 0.1957 

Isoamyl 

Alcohol 

0.0549 0.1049 0.1656 

Wash Solvent Acetonitrile 0.0294 0.0776 0.2060 

Isopropyl 

Acetate 

0.0076 0.0246 0.0896 

N-heptane 0.0003 0.0003 0.0004 

Even though there is no precipitation observed in the ethanol-acetonitrile case, the measured 

percentage precipitation value remains constant at around 7 ± 1 % as indicated by the black 

squares in graph b of Figure 2-5. This consistent amount of precipitation along the varying 

wash solution composition used can be explained by the presence of crystallised material 

formed from solution left on the porous media of the centrifuge vial basket. This crystallisation 

is therefore occurring during the solvent evaporation. 
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Since no precipitation takes place in ethanol-acetonitrile solvent combination, this does not 

automatically make acetonitrile a good candidate as the wash solvent for paracetamol in ethanol 

crystallisation solvent. Selecting a wash solvent with a modest solubility of paracetamol API 

can reduce the isolation yield by dissolution of the particles forming the API cake. Figure 2-5, 

graph a, shows that the operating dilution line is below the solubility curve and so the 

acetonitrile wash solution would tend to dissolve some of the paracetamol crystals present in 

the filter cake. Also, and probably of greater importance, the residual acetonitrile wash solution 

left in the deliquored cake would be likely to result in particle agglomeration during the drying 

process. Evaporation of the residual wash solution in the API cake would cause crystallisation 

of the dissolved solute on the crystal surfaces forming crystal bridges in the API cake (as seen 

in Figure 2-1). 



43 

 

2.3.2.2 Centrifuge vial method – Quantitative Analysis: ethanol - n-heptane  

 

Figure 2-6: Quantitative analysis of the ethanol - n-heptane case. a.) Solubility of paracetamol in 

ethanol - n-heptane binary solvent mixture at 22 o 

\C. b.) Percentage of solute precipitating out of solution for different wash solution compositions is 

shown in the graph together with the supersaturation achieved in the solution when different ratio of 

wash solution is added to the saturated crystallisation solvent. c.) Mass of impurities precipitating out 

when using different ratios of wash solution. d.) Ratio of impurities precipitating out with respect to 

the paracetamol (API) precipitating out for each of the different ratios of wash solutions used. 

As reported in Figure 2-4 and validated by the paracetamol solubility data determined for the 

ethanol - n-heptane binary solvent mixture (Figure 2-6, graph a), precipitation was detected. 

The figure shows paracetamol supersaturation was generated as wash solution is added to the 

saturated crystallisation solution. The end point composition of the solution on the operating 

dilution line would be dependent on the ratio of wash solution added (Table 2-6). Since the API 

concentration in the system would be higher than the solubility of the API in the solution (blue 

dilution line above the solubility curve), supersaturation would be generated, and precipitation 

would be likely to be observed.  
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Graph b in Figure 2-6 shows the percentage of solute precipitating out of solution (black line 

with square points) and the supersaturation level reached (red dots) for the different ratios of 

wash solution used. Precipitation of the solute was detected after a wash solution of 60% n-

heptane and 40% ethanol by volume is used. Before that, the percentage of solute shown as 

precipitating out of the system is due to the retention of solution in the membrane similar to 

the effect observed in the ethanol - acetonitrile case, section 2.3.2.1 Centrifuge vial method – 

Quantitative Analysis: ethanol - acetonitrile (no nucleation). Any increase in n-heptane 

above 60 % in the wash solution shows a significant increase in the amount of solute 

precipitating out of solution with around 89 % of the dissolved solute precipitating out of the 

solution when using pure n-heptane as the wash solvent. This increase in the amount of 

precipitation taking place is consistent with the increase in the supersaturation value as the 

amount of n-heptane increases in the system, as seen on the Y axis on the right hand side of 

graph b. 

HPLC of the precipitated crystals was used to determine the composition of the crystals and to 

quantify the amount of impurities precipitating out of the solution. Graph c in Figure 2-6 shows 

the amount of impurities, both metacetamol and acetanilide, that were precipitated in the case 

of ethanol-n-heptane solvent system. There is a gradual increase in the amount of impurity 

precipitating out of the system, after 0.7 heptane volume fraction at which point precipitation 

is first detected. Knowing the initial concentration of API and impurities dissolved in the 

crystallisation solution (Table 2- 8Table 2- 8), over 10% of the metacetamol and around 5% of 

the acetanilide impurities were precipitated out of the solution when the wash solution used 

was pure n-heptane. 

Table 2- 8: Mass of API and impurities in the 120 µl ethanoic solution 

Mass of Paracetamol (g)  0.01769 

Mass of Metacetamol (g) 0.00031 
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Mass of Acetanilide (g) 0.00035 

Graph d in Figure 2-6 shows the ratio of impurity precipitating out compared to the API in the 

solution, where the ratio is given in Equation 5 as: 

𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐴𝑃𝐼
   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 

As the impurities are uniformly dispersed throughout the solution, the ratio of impurity from 

0.1 to 0.6 volume fraction of n-heptane in ethanol are relatively constant, graph d, Figure 2-6. 

This is because there is no precipitation observed in these samples, the impurities are only 

present because of the retention of solution in the porous membrane.  

After a wash volume fraction of 0.6 n-heptane is exceeded, the precipitation of solute increases, 

there is a decrease in ratio of impurity precipitating out. Since the amount of impurities in the 

system is only 2% by mass, at the start of the precipitation process this ratio change is caused 

by the paracetamol API that is present in the system precipitating out. When the volume 

fraction of n-heptane in the wash solution reaches 0.8, there is an increase in the ratio of 

impurity precipitating out with respect to the API. Because the impurity concentrations in the 

mother liquor are so low, it is unlikely that the impurities are crystallizing as separate crystals. 

Rather that they are being incorporated in the crystals of paracetamol. When the volume 

fraction of n-heptane reaches 0.8, around 50% of the paracetamol solute is precipitated out of 

solution and the supersaturation level is around 2, under these conditions the paracetamol 

crystal precipitation is rapid and the impurities are easy incorporated into the API crystals.    

This affect is also seen in the other two solvent mixture cases where precipitation is observed; 

isopropanol - n-heptane and isoamyl alcohol - n-heptane (see Appendix A - Exploring the role 

of anti-solvent effects during washing in active pharmaceutical ingredient purity). 
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Figure 2-7: XRPD results for raw paracetamol, metacetamol and acetanilide together with the 

precipitate sample obtained from ethanol – n-heptane sample. 

XRPD analysis was performed on the precipitate obtained from the ethanol - n-heptane 

experiments to analyse the structure of the crystalline material. The diffraction data in Figure 

2-7 generated from pure paracetamol, metacetamol and acetanilide provide reference XRPDs. 

From the sample of precipitated material shown in Figure 2-7, only paracetamol crystals of 

form 1 are seen to be present, there are no peaks corresponding to metacetamol or acetanilide. 

DSC analysis was also performed on the raw materials and the precipitate sample obtained 

from all 3 solvent systems where precipitation was detected (Appendix A - Exploring the role 

of anti-solvent effects during washing in active pharmaceutical ingredient purity). DSC analysis 

was performed to investigate the effect of presence of impurities in the precipitate samples. 

The amount of impurities in the precipitate samples were found to be smaller than would be 

needed to be detected because the measured melting temperature of the samples correspond to 

the melting temperature of pure paracetamol and no other thermal effect related to the impurity 

species was observed.  

The lack of peaks at 2θ values corresponding to impurities in the XRPD and absence of 

significant melting point reduction in the DSC result is presumed to be due to the small amount 
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of impurities present in the precipitate sample compared to the API, as indicated by the HPLC 

assays. This low concentration of impurities falls below the detection limit of the two 

techniques, XRPD and DSC, and hence could not be observed.22,23  

Use of pure n-heptane as wash solvent in the cases examined would not be an ideal washing 

strategy due to precipitation of both paracetamol and its impurities of synthesis in the system. 

Precipitation can be minimised or possibly eliminated by using a two or more-part washing 

strategy. In the example case, the first wash can be carried out using a 50:50 ethanol: n-heptane 

wash solution. This would allow for most of the saturated ethanoic solution in the API cake to 

be displaced by the wash solution without causing precipitation. To further improve purity and 

aid with the drying process, a second wash can then be carried out using pure n-heptane to 

wash out the 50:50 wash solution from the API crystal cake. This washing strategy minimises 

the risk of precipitation in the first wash by using a wash solution with higher solubility limit. 

Then, a second wash with pure n-heptane mitigates the effect of high supersaturation in the 

system as the pure wash solvent is not coming in contact with the supersaturated mother liquor 

in the API cake. Also, the residual n-heptane in the final deliquored API cake, is relatively 

easily evaporated and because of the low solubility of the API, compared to the 50:50 ethanol: 

n-heptane wash solution would ensure quicker drying and should also prevent crystalline 

bridges forming during wash solvent evaporation, minimising agglomeration.  

2.4 Conclusion 

The quality of the crystalline product which is primarily dominated and controlled in the 

crystallisation process is widely influenced by the downstream isolation processes. For overall 

isolation process optimization, it is important to understand and mitigate the adverse effect 

caused during the washing process. Lack of knowledge and understanding of the washing 

process can have a dramatic impact on the final crystal product quality achieved at the end of 
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the drying process. Designing an optimum washing regime is crucial to avoid API product 

batches that are out of specification. 

This study investigates wash solvent selection and introduces a simple and material sparing 

methodology to help better design washing regimes for API isolation to prevent risk of impurity 

precipitation during washing. The glass vial anti-solvent methodology which was developed 

was found to be very effective as a qualitative evaluation based on visual detection of 

precipitation occurring during washing. Effects such as local nucleation can be identified using 

this method to provide an insight into the kind of process that can be taking place at the washing 

front inside a saturated API cake during washing.  

The centrifuge vial anti-solvent methodology which was developed was found to be very 

efficient at quantitatively determining the amount of precipitation that can take place during a 

washing process. The composition of the precipitated crystals can be then determined using 

HPLC technique.  

In this work paracetamol was used as the model compound. The solubility of the API was 

experimentally determined at different crystallisation and wash solvent ratios. The two anti-

solvent evaluation methodologies developed in this study are straightforward to conduct and 

were able to provide a good indication of the effects that would occur within a paracetamol 

API cake during washing. The glass vial method readily indicates if precipitation is likely to 

occur due to the solvent interaction in a washing process. If so, then the centrifuge vial method 

can be used to determine the extent and composition of the precipitation taking place.  

Both methods developed are quick and easy to perform and allow for prompt wash solvent 

evaluation. The qualitative results obtained in the 1 mL glass vial method were successfully 

replicated in 100 mL volumes. The small sample size required for this technique prevents any 

solvent wastage and is in line with environmental sustainability. The centrifuge vial method 
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could be further improved by using clear, larger 1 mL vials rather than the opaque 500 µl vials 

used. However, sourcing such vials with membrane basket compatible with the solvents used 

in this study proved difficult. Furthermore, using centrifuge vials which would be more solvent 

airtight would have allowed for mimicking of glass vial method, where the solvent system 

could be allowed to equilibrate over 24 hours. However, 20 minutes solvent contact time 

together with vortex mixing is found to be sufficient and the three replicates of each experiment 

obtained similar result with very good repeatability.    

From the results, acetonitrile wash solvent did not cause any anti-solvent effect in the case of 

paracetamol crystal washing. Use of heptane wash solvent on the other hand caused anti-

solvent effect in the case of all 3 crystallisation solvents used in this study. However, these 

finding alone does not make acetonitrile a good candidate for wash solvent or heptane a poor 

wash solvent. Developing the right washing strategy and hence choosing the appropriate wash 

solvent strategy depends on the aim/objective of the washing procedure within the API 

isolation processes. If removal of impurity is the main focus, then a wash solvent with high 

solubility can be used (such as acetonitrile in the case of paracetamol), but the yield would be 

adversely affected and there is a significant risk of agglomeration on drying. However, if 

complete removal of mother liquor together with minimal effect on the crystal product is the 

aim, then a multi-step washing strategy should be devised as exemplified in the ethanol - n-

heptane solvent mixture example reported in this study. This would allow for removal of 

mother liquor with a significantly decreased chance of precipitation occurring and hopefully a 

corresponding expectation of a reduction in agglomerate formation during drying. 

Future work would involve applying the anti-solvent wash selection methodology to other, 

more complex API products to assist with the wash regime design and scrutinise the versatility 

of the methodology developed on wider API products.  
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2.5 Abbreviations 

International Council for Harmonisation of Technical Requirement for Pharmaceuticals for 

Human use (ICH); active pharmaceutical ingredient (API); scanning electron microscopy 

(SEM); paracetamol (PCM); high pressure liquid chromatography (HPLC); X-ray powder 

diffraction (XRPD); differential scanning calorimeter (DSC); concentration driving force for 

crystallisation (ΔC) 
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3. Employing constant rate filtration to assess active 

pharmaceutical ingredient (API) washing efficiency  

[This chapter is published in Organic Process Research and Development;  

Shahid, M.; Faure, C.; Ottoboni, S.; Lue, L.; Price, C. Employing constant rate of filtration to 

assess active pharmaceutical ingredient (API) washing efficiency. Org. Process Res. Dev. 

2022. 26, 1, 97–110.] 
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3.1 Introduction 

The pharmaceutical industry sets a high standard of purity which the final API must meet.1 To 

achieve this, washing of the cake is a fundamental post-filtration treatment step. After filtration, 

residual mother liquor (crystallisation solvent containing un-reacted starting materials and 

unacceptable side-products) is retained, trapped inside the porous structure of the solid bed. If 

this mother liquor is not removed before the downstream drying process, the dissolved material 

will be deposited on the product crystal surfaces resulting in the presence of impurities in the 

final product.2 Therefore, washing is a vital purification step, required to remove impurities 

from the filtered cake. 

Washing of the cake is typically achieved using the same driving force (centrifugal, pressure, 

vacuum) as filtration and is carried out in the same process equipment used for filtration, so 

usually little or no additional equipment is required.3  

Filtration can either be carried out using a constant pressure driving force or a constant rate 

filtration. Most laboratory filtration works to isolate the product by using constant pressure; 

normally using laboratory vacuum or overpressure from a compressed gas line.4 This is largely 

due to the readily available laboratory filtration equipment designed with this in mind.5 

There are a number of advantages of using constant rate filtration in preference to constant 

pressure filtration. The homogeneous constant growth rate of the cake, using constant rate 

filtration, provides a better packing structure independent of cake thickness.6,7,8 Constant rate 

filtration allows the rate of liquid transport through the filter medium to be fixed whereas in 

constant pressure filtration the initial rate of flow through the filter medium is highest when 

the cake is thin but declines as the cake builds and the filter cake resistance increases. As a 

consequence, any fine particles present are less likely to be carried into the filter medium 

leading to filter medium blinding. Reports by many authors indicate that the measured cake 
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and medium resistances are influenced by the migration of fine particles accumulating in the 

lower layers of the cake close to and within the filter reducing the flow rate through them.9-15  

A screening methodology was developed in a previous study, chapter 2, to qualitatively and 

quantitatively analyze the propensity for precipitation to occur during the washing of an API 

(paracetamol) with different solvents.16,17 This methodology allowed us to identify solvent 

combinations which would prevent/limit any precipitation or dissolution in the case of 

paracetamol. It was found that starting the washing with mixture consisting of both a well-

chosen wash solvent and the crystallization solvent is best for avoiding precipitation during the 

initial stages of washing. This is followed by washing with the selected wash solvent in which 

the API has negligible solubility leading to a process where there is a reduced chance of 

agglomerates forming during drying. Although the methodology is exemplified with 

paracetamol, the approach is likely to be widely applicable.  

This work took the selected wash solvents from the previous work,16 and used constant rate 

filtration to investigate wash performance for paracetamol as a representative API. Three 

different grades of paracetamol were used to allow investigation of the effect of particle size 

on washing performance. Constant rate filtration, and subsequently constant rate washing, was 

employed in this study to investigate whether the particle packing, and cake structure formed 

using this method allows for more uniform migration of the wash solvent through the API cake 

and therefore leads to improved washing performance. Furthermore, unlike in constant pressure 

filtration, the wash solvent flowrate through the saturated cake can be controlled in constant 

rate filtration. This enables the role of wash solvent contact time to be investigated using the 

very small quantities of material consistent with that typically available in early pharmaceutical 

development.  

The ultimate aim of this work is to use constant rate filtration to design a washing process based 

on data and understanding with a focus on identifying a washing strategy which is effective 
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and reproducible in obtaining washed material with the required purity, yield and particle size 

distribution whilst minimizing waste generation. 

3.2 Material and Method 

3.2.1 Raw Materials 

Paracetamol (PCM) was selected as a representative test compound with three different size 

distributions (micronised, crystalline and granular) being used. Micronised grade material 

(batch 042213E407; Mallinckrodt Inc., Staines-upon-Thames, UK.) settles very slowly from 

suspension and has a large wetted surface area to wash. Granular material (batch 161713J561; 

Mallinckrodt Inc.) on the other hand settles rapidly and has a wide particle size distribution. 

The intermediate grade (batch 637514D001; Mallinckrodt Inc.) is more typical of the size 

distribution of a pharmaceutical crystalline material. Particle size distribution (PSD) 

determined for all 3 PCM grades investigated is given in Table 3-1.  

Table 3-1: Particle size distribution of different PCM grades investigated within this study 

Paracetamol 

Grades 

Particle size distribution 

D10 (µm) D50 (µm) D90 (µm) 

Micronised 6.52 27.6 198.2 

Crystalline 12.48 43.9 101.3 

Granular 246.8 361.4 517.8 

 

Patent Blue V sodium salt (LOT: BCBP1872V; Sigma-Aldrich) was used as an impurity in the 

study to help evaluate wash performance and cake purity. The dye aids visualization of the 

filtration and washing process as well as being readily quantified spectroscopically.  

To investigate washing efficiency of a “real process” slurry, three different crystallisation 

solvents, commonly used in industry, were used; ethanol (absolute, purity ≥ 99.8%, Sigma-

Aldrich), isopropanol (purity ≥ 99.5%, Sigma-Aldrich) and 3-methylbutan-1-ol (also known as 
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isoamyl alcohol) (purity ≥ 99%, Sigma-Aldrich). Three wash solvents used in this study were; 

acetonitrile (purity ≥ 99.9%, Sigma-Aldrich), n-heptane (purity 99.9%, Sigma-Aldrich) and n-

dodecane (purity 99%, Alfa Aesar). Acetonitrile was chosen due to the relatively high solubility 

of the API compared to that in both n-heptane and n-dodecane. n-Dodecane is immiscible in 

all 3 crystallisation solvents, hence is useful for investigating washing displacement 

mechanisms. Also in some experiments using n-heptane or n-dodecane, a wash solution 

consisting of a mixture of the crystallisation and the wash solvent was used as a first wash 

before using the pure wash solvent as a second wash (the composition ratios of the solvent 

mixtures were taken from results of previous work).16 This enabled examination of the 

approach for minimisation of “anti-solvent” effects taking place during washing. For 

acetonitrile, no “anti-solvent” effect was identified during previous studies and hence only pure 

acetonitrile was used as a first wash in all experiments containing acetonitrile. 

For post experimental analysis, 2,2,4-trimethylpentane (isooctane) (purity 99.9% (GC), Merck) 

is used as a wet dispersant for particle size analysis of the input paracetamol grades as well as 

the final washed cake. Deuterated dimethyl sulfoxide (DMSO-d6) (extent of deuteration, 

99.8%, for NMR spectroscopy, VWR) was used for NMR analysis of the washed cake to 

quantify the amount of mother liquor present in the final API product.  

3.2.2 Suspension Preparation 

PCM particle suspension was prepared by adding the API in two stages: the first portion was 

to form a saturated solution at lab temperature (22 oC). A known mass of Patent Blue V dye 

was then added to the saturated solution (below the solubility limit of each crystallization 

solvent), before a second portion of PCM was added to the saturated solution to form a crystal 

suspension with 15% by mass, solid loading. In this way minimal change to the PSD of the raw 

material was ensured. 
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The solubility of PCM and Patent Blue V dye in all the solvents used throughout this work was 

taken from literature where avialable,18 and also determined experimentally by gravimetric 

analysis. A Hailea HC-100A chiller was used to maintain the temperature at 22 oC (the average 

temperature of the lab where the anti-solvent screening experiments were conducted). Excess 

Paracetamol/Patent Blue V dye was added to 20mL, clear glass vials together with the solvent 

and a magnetic stirrer bar. The vials were sealed and left on a multi-position stirrer plate inside 

the water bath for around 48 hours to equilibrate. Samples of the solutions were then taken 

from the slurry in the vials using a syringe and filtered using a PES syringe filter (Fisher brand, 

Cat No. 15206869, 0.2µm, sterile), and added to a separate glass vial which was weighed and 

then left to dry. Table 3-2 shows the determined solubility in each solvent investigated, which 

is then used to prepare the PCM slurry with blue dye impurity.  

Table 3-2: Solubility measurements determined experimentally at 22oC (lab temperature) 

Solvent PCM Solubility 

(mg/g solvent) 

Blue Dye Solubility 

(mg/g solvent) 

Ethanol 186.8 1.027 

Isopropanol 114.1 0.701 

Isoamyl Alcohol 52.6 0.736 

Acetonitrile 24.03 0.418 

n-heptane 0.267 0.000 

n-Dodecane 0.072 0.000 
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3.2.3 Experimental Setup & Design 

 

Figure 3-1: Experimental procedure 

In order to investigate washing performance and the propensity of different grades of 

paracetamol to agglomerate under the different process conditions, the experimental procedure 

was divided into a series of consecutive steps as can be seen in Figure 3-1.  

A multivariate design of experiment (DoE) approach was used to investigate the combined 

effects of the key parameters on final quality of the washed API cake. MODDE (Umetrics, 

Sweden) was the software used for the DOE analysis. For this work, a D-Optimal screening 

approach was used in order to minimize the number of experiments whilst maximizing the 

insight gained, this resulting in 22 experiments with 3 center point experiments to determine 

reproducibility of the experimental procedure (see Appendix B - Employing constant rate 

filtration to assess active pharmaceutical ingredient (API) washing efficiency).  

The D-Optimal approach used in this work is appropriate because the experimental variables 

investigated comprised of a combination of quantitative and qualitative factors.19 Table 3-3 
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contains the list of variables and responses used within this study. A number of potential factors 

were kept constant and were not included in the DOE: the API used (Paracetamol), impurity 

used (Patent Blue V dye), volume of slurry (50mL), slurry solid loading (15% w/w), pore size 

of filter media used (nominal pore size of 20µm), the temperature of the suspension and wash 

solvent during filtration and washing (lab temperature ≈ 20 oC). 

Coefficient plots are used in section 3.3 Results and Discussion section to report the correlation 

between factors and responses. Coefficient plots provide graphical representation of the 

significance of the model terms in explaining each experimentally determined response. A 

significant term is one with a large distance from y = 0 as well as having an uncertainty level 

that DoEs not extend across the y = 0 value. The error bar represents the 95% confidence 

interval related to the coefficient. Some of the regression coefficient plots presented in section 

3.3 Results and Discussion reports on the Y axis (responses) employ the expression “extended”. 

If a term in the model comprises a qualitative factor, C, with 𝑥 levels, there will be 𝑥 − 1 

expanded terms associated with that term for the regular option, whereas in the expanded option 

all of the levels are correlated with the selected response. For example, considering the API 

grade as a qualitative factor, there are three levels; micronised, crystalline, and special granular. 

In the regular option for presenting the qualitative coefficients, MODDE plots report 

crystalline, and special granular, while with the expanded option MODDE plots all of the three 

levels.19,20 

Combination of qualitative and quantitative factors was used in this DoE design did not allow 

for the prediction of optimal design space. However, the use of qualitative factors was 

necessary to screen for essential washing parameters. Therefore, the results from the coefficient 

plot were used together with the experimental observations to qualitatively define optimal 

washing design space for paracetamol API with the blue dye impurity.  
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Table 3-3: Table of factors, responses and analytical techniques used to quantify the responses in the 

DoE 

Variables 

Factors (abbreviation) Range and units 

Solid API grade (Par) micronised, crystalline, granular 

Crystallisation solvent (Cry) ethanol, isopropanol, isoamyl alcohol 

Wash solvent (Was) n-dodecane, n-heptane, acetonitrile, mix 

dodecane, mix n-heptane 

Filtration & washing rate (Fil) 10 – 100rpm (1.3 – 11.7mL/min, respectively) 

Volume of wash solvent (Vol) 1 void volume1, 2 void volume, 3 void volume 

Number of washes (Num) 

 

1, 2, 3 

Responses  

Responses (abbreviation) Analytical method used to quantify response 

Mother liquor Remaining (MLR)  1H NMR for residual solvent composition 

Impurity removal (IR) UV-vis Spectrophotometer 

API lost to washing (APIL) Mass balance 

  

  

  

 
1Void volume refers to the wash volume quantity that corresponds to cake pore volume. It can be calculated 
using the Equation 6. 
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Figure 3-2: Experimental setup for constant rate filtration including process flow diagram of the setup 

used 

Figure 3-2 shows the experimental setup used in the lab as well as a process flow diagram of 

the setup. For filtration and washing, a Biotage ISOLUTE (Biotage AB, Uppsala, Sweden) 

70mL single-fritted polypropylene reservoir with 20µm pore size was used, this was connected 

to a PTFE valve and a flexible tube (Watson-Marlow, Marprene tubing, 302.0016.016#14, 

1.6mm Bore x 1.6mm wall, volume hold up 2mL/m). The tube was connected to a peristaltic 

pump (Watson-Marlow, 120 pump drive, 40DM3 pump head) which controlled the flow of 

solvent. A fraction collector (RediFrac, Code No. 18-1003-64, GE Healthcare Bio-Sciences 

AB, Sweden) was placed at the end of the liquid discharge tube to segregate and collect the 

different fractions of filtrate, which were latter analysed using UV-vis spectrophotometry to 

obtain a high resolution time resolved washing profile. The volume of the individual fractions 

collected for each experiment was kept consistent at around 3.2mL by adjusting the filtrate 

collection time depending on the pumping rate, see Table 3-3. 

Before the start of each experiment, the filter tube and filtrate collection vials were weighed. 

A complete mass balance was kept through-out the experiment. A 50mL sample of crystal 

suspension was transferred to the filter tube, making sure complete removal of slurry was 

achieved while transferring from the sample bottle to the biotage filter tube. The peristaltic 

pump was then turned on at the required pumping rate immediately before opening the valve 
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and allowing the filtrate to flow through the filter medium into the collection vials. On reaching 

dryland (the point when the filter cake surface is first exposed) the pump was halted, the PTFE 

valve closed and the filter tube with the valve was weighed, and the filter cake thickness 

measured. The required volume of wash solvent was then measured and carefully added to the 

filter tube by slowly running wash solvent down the wall of the tube, making sure not to disturb 

the filter cake surface. The wash volume corresponds to the cake pore volume, Equation 6:21,22 

𝑉𝑣𝑜𝑖𝑑 = 𝑉𝑐𝑎𝑘𝑒 − 𝑉𝑠𝑜𝑙𝑖𝑑 =
𝜋𝑑2ℎ

4
−

𝑚𝑠

𝜌𝑠
     Equation 6 

Where d is the cake diameter (m), h is the cake height (m), ms is the mass of the API in the 

filter cake (kg) and ρs is the crystallographic particle density of the API (kg/m3). The role of 

wash volume is investigated in this study by adjusting both the wash quantity relative to cake 

void volume and the number of washes used, see Table 3-3.  

The wash solvent passes through the cake and the medium at the same pumping rate as the 

filtration stage of the experiment. This procedure is repeated for each washing step if more than 

one was required. The final wash is followed by cake deliquoring which is stopped as soon as 

the bubble point is detected (the point at which a break in the steady flow of filtrate is observed). 

The filter tube mass and the filter cake thickness are then measured, and the vial numbers noted 

at the points where filtration and washing stops.  

3.2.4 Liquid Filtrate Off-line Post Analysis 

At the end of the experiment, the vials containing the filtrate are weighed. The filtrate sample 

is then analysed with UV-vis spectroscopy to quantify the Patent Blue V dye. This allows the 

high resolution time resolved wash profile of the experiment to be obtained. The impurity 

removal performance is calculated by determining the number collected vials of filtrate taken 

to remove the blue dye and for the blue dye concentration to level off at its minimum value. 

An example wash profile obtained from experiment 1 is presented in Figure 3-3. From the wash 
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profile it is apparent that the blue dye concentration remains constant for a period of time after 

the filtration reaches dryland and the wash solvent is transferred to the filter cake. The 

concentration starts to decrease at filtrate sample number 17. This is the point where the first 

of the wash solvent starts to emerge from the filter cake and is collected in the filtrate vial. The 

concentration declines and levels off at a final concentration at or close to 0 by filtrate sample 

number 22. Therefore, the impurity removal response input to the DoE software MODDE for 

experiment 1 is 6 as it took 6 filtrate samples for the blue dye concentration to approach zero.   

 

Figure 3-3: Evolution of blue dye impurity concentration in filtrate – EXP 1 

Following the UV-vis analysis, the remaining filtrate in the vials were reweighed and the vials 

were left to dry out fully for gravimetric analysis. Determining the amount of API dissolved in 

each collected filtrate aliquot, together with knowledge of the quantity of API dissolved in the 

mother liquor solution at the start of experiment, allows the mass of API lost during the washing 

process to be calculated. This allows the API corresponding profile of API loss to washing to 

be determined, as shown in Figure 3-4. The data is also included as a DoE response for each 

experimental run, Table 3-3.  

3.2.5 Solid API Cake Off-line Post Analysis 

At the end of the experiment, the mass of filter tube with the washed API cake is measured 

before deliquored API cake is removed from the biotage filter tube. A small fraction of the 
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cake is taken and added to around 20mL of water. Any blue dye impurity still present in the 

API cake at the end of the washing process dissolves in the water. This was analysed using 

UV-vis spectroscopy, similar to the method used for liquid filtrate samples. 

The particle size distribution of the raw PCM grades, as well as that of the damp washed cakes 

obtained at the end of each experiment was analysed using a wet dispersion laser diffraction 

technique. Further information on particle size distribution is provided in Chapter 4, section 

4.2.   

To quantify the amount of residual solvent(s) relative to solute, present within the washed cake, 

a few milligrams of the damp filtered cake was taken and dissolved in 0.75mL of DMSO-d6, 

for 1H-NMR analysis. An AVII+600 NMR Spectrometer BRUKER Advance 2+ (Bruker, UK) 

is used to collect proton NMR spectra. A T1/T2 relaxation time evaluation is performed for all 

solvent combinations (process parameters: frequency axis F1 equals to 32, pulse program t1ir, 

4 scans, 2 replicas of T1/T2 analysis to evaluate T1 relaxation). Each sample was analysed in 

duplicate. This approach allowed the percentage of mother liquor still present in the washed 

cake (with respect to the quantity of the wash solvent) and hence the mother liquor remaining 

response to be determined, Table 3-3.  

The remaining damp filter cake is weighed and left to dry in the fume hood, to determine the 

residual solvent content in the cake by loss on drying and the mass of API obtained at the end 

of the isolation process.  

3.3 Results and Discussion 

Using the constant rate filtration/washing experimental setup shown in Figure 3-2 allows 

sequential collection of aliquots of wash filtrate using a fraction collector, this high resolution 

sample collection would be challenging to achieve in a laboratory environment using a constant 

pressure vacuum filtration.5 The method used allowed detailed analysis of the evolving liquid 
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filtrate composition rather than just the purity of the isolated solid API, which is the part 

traditionally analysed during isolation process development.  

Figure 3-4a shows a close-up of a few dried filtrate vials with precipitated PCM present inside 

with blue dye impurity in some of the vials. Figure 3-4b shows the sequence of filtrate samples 

collected during experiment 15. The solution in the vials shows a gradual decrease in color 

intensity arising from the blue dye impurity removal, with latter vials only showing API 

removal as all of the blue dye impurity is removed at the start of washing. Figure 3-5 

graphically illustrates the blue dye impurity concentration in the filtrates shown in Figure 3-

4b. In addition, the figure shows the loss of API occurring during washing in experiment 15. 

The x-axis of the graph represents the filtrate sample number in this experiment. The right hand 

y-axis of the graph corresponds to the normalized blue dye concentration calculated using 

𝑐∗=
𝑐

𝑐0
     Equation 1 and represented as grey dots in the graphs. The blue dye concentration 

seems to be decreasing after filtration stage, once all the mother liquor is removed, and reaches 

to zero at filtrate fraction sample 20 as all of the blue dye impurity is removed from the cake. 

This shows that no further washing of the API cake is required as all of the blue dye is removed 

and hence washing could be stopped at that point without any further usage of wash solvent. 

Analyzing the liquid wash filtrate hence allows us to determine the end point of washing, and 

so could help reduce any wastage of solvent.   

The left-hand y-axis and the blue dots in Figure 3-5 corresponds to the cumulative API 

(paracetamol) lost in solution in the filtrate during the filtration and washing steps in 

experiment 15. Experiment 15 was carried out using acetonitrile wash solvent, in which 

paracetamol has the highest solubility of the three wash solvents used (Table 3-2). Examining 

the blue dotted line there is no difference in the gradient of the line between the filtration and 

washing step. Comparing this to experiment 1, Figure 3-6, we can clearly see difference in the 
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gradient of the blue dotted line as the mother liquor fronts end and the wash solvent flows 

through the API filtered cake and begins to be collected. This is due to n-heptane being used 

as wash solvent in experiment 1, in which the API has very low solubility (Table 3-2). Also 

the crystallisation solvent in experiment 15, Figure 3-5, is isoamyl alcohol, in which 

paracetamol has significantly lower solubility than ethanol crystallisation solvent used in 

experiment 1, Figure 3-6, (Table 3-2). Using this constant rate technique for wash process 

analysis allows us to relate product loss to the combination of solubility in the primary solvent, 

solubility in the mixture of primary solvent and wash solvent and finally solubility in the wash 

solvent, hence allows us to minimize loss of API. In seeking to improve wash efficiency by 

examining Figure 3-5 & Figure 3-6 is important to note that the API losses associated with 

displacing mother liquor cannot be reduced by modifying the washing regime, this is inherently 

tied to the crystallization process. The opportunity arises from minimizing the API loss 

associated with dissolution in the mixture of mother liquor and wash solvent and then 

subsequently in wash solvent.  

 

Figure 3-4: a.) Close-up of a few dried filtrate vials showing presence of precipitated material. b.) 

Collected filtrate vials from experiment 15 showing gradual blue dye impurity removal from the 

system 
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Figure 3-5: Experiment 15 – paracetamol grade – crystalline, crystallisation solvent: isoamyl alcohol, 

wash solvent – acetonitrile, filtration & washing rate – 100 rpm, volume of wash solvent – 3 cake void 

volume, number of washes – 3, mass of PCM API lost during wash = 1.48 g 

 
Figure 3-6: Experiment 1 – paracetamol grade – crystalline, crystallization solvent – ethanol, wash 

solvent – n-heptane, filtration & washing rate – 10 rpm, volume of wash solvent – 1 cake void volume, 

number of washes – 3, mass of PCM API lost during wash = 0.1 g 

3.3.1 API loss  

Figure 3-7 shows how the selected factors affect the API loss during the washing process. The 

coefficient plot (Figure 3-7) shows a good reproducibility value of 0.97 and a good fit between 

data and model, and hence the model has a good capability to predict responses. The plot 

demonstrates that API loss during washing is affected by factors such as API grade, 

crystallization solvent, wash solvent, filtration rate and the number of washes. 
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Figure 3-7: DoE variables that effect API loss during the wash process, R2 = 0.93, Q2 = 0.61, 

reproducibility = 0.97 

The main factor affecting the API loss during washing is the identity of the wash solvent. Using 

a wash solvent with high API solubility such as acetonitrile results in a significant amount of 

API loss during the washing process, as shown by positive increase in paracetamol loss in 

Figure 3-7. The amount of API lost during washing using an n-heptane-crystallization wash 

solution mixture and n-dodecane-crystallization wash solution mixture is also found to be 

higher than when using pure n-heptane and n-dodecane wash solvent. The binary solvent 

mixtures have higher solubility than pure wash solvents and so the addition of these mixtures 

as first wash would result in higher API loss during the washing process.16  

One of the problems encountered in the initial experimental procedure was the slow rate of 

filtrate evaporation in experiments containing n-dodecane as wash solvent. The tall 10.5mL 

vials with narrow base (67mm x 15mm) that are designed to use with the fraction collector 

combined with the high boiling point of n-dodecane prevented all of the n-dodecane from 

evaporating in some of the filtrate samples even after leaving them in a vacuum oven at high 

temperature for over one week. This resulted in not being possible to obtain the full mass 

balance to determine the API lost in the filtrate for experiments containing n-dodecane. 

However, by comparison with experiments where only n-heptane was used as the wash solvent, 

there was negligible API loss in the filtrate during the final phase of the washing process, where 
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the wash solvent is displaced, see Figure 3- 8 a and b for experiment 8 and 13 respectively.  

Considering paracetamol have similar negligible solubility in n-dodecane, (see Table 3-2), it 

was judged to be reasonable to assume similarly that there would be no measurable loss of API 

in the final filtrate samples collected during washing when using pure n-dodecane as wash 

solvent.   

 

Figure 3- 8: a.) Graph showing cumulative API loss in filtrate samples throughout experiment 8, mass 

of PCM API lost during wash = 0. b.) Graph showing cumulative API loss in filtrate samples 

throughout the experiment 13, mass of PCM API lost during wash = 0 

API grade was another factor affecting API loss during washing. The API grades with small 

particles, i.e. micronized and crystalline paracetamol have a larger surface area that allows for 

a greater amount API to dissolve during washing. Micronized API with broad particle size 

result in higher cake tortuosity resulting in longer wash solvent flow path through the API cake 

and so greater chance for API dissolution due to greater available surface area.2,9 Both 

filtration/washing rate and the number of washes carried out had an effect on the API loss 

during washing. The range of wash solvent flowrates investigated in the DoE was 1.3mL/min 

to 11.7mL/min, this made a substantial difference in the duration of contact time; around 20-

25 minutes, at the low flow rate (depending on wash quantity) compared to the 2-3 minutes the 

wash solvent spent in contact with the cake at the high wash flowrate. This increased duration 

of contact time allows for a closer approach to thermodynamic equilibrium to be achieved 

(potentially allowing the API to approach the saturation solubility level), resulting in more API 

dissolving in and being removed with the wash solvent.24 This can be observed when 
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comparing results obtained from experiment 2 (Figure B-7a, Appendix B - Employing constant 

rate filtration to assess active pharmaceutical ingredient (API) washing efficiency) with 

experiment 9 (Figure B-14a, Appendix B - Employing constant rate filtration to assess active 

pharmaceutical ingredient (API) washing efficiency). For both these experiments acetonitrile is 

used as a wash solvent, however much more API is lost during washing in experiment 9 where 

10rpm filtration/washing rate is used, compared to very little API loss observed during washing 

in experiment 2, at 100rpm filtration/washing rate. Also, increasing the amount of wash solvent 

used with a higher number of washes again results in larger amount of API being dissolved, 

without necessarily changing the extent of impurity removal. 

3.3.2 Purity 

Figure 3-9 shows the factors affecting the removal of mother liquor/crystallization solvent from 

the filtered API cake during the wash process. The coefficient plot (Figure 3-9) shows a good 

reproducibility value and indicates a good fit between the model and the data for mother liquor 

removal, however does not demonstrate that the model has a good capability to predict 

responses based on the low Q2 value of 0.27 compared with 0.61 for prediction of API losses. 

Figure 3-10 shows the main factors affecting the removal of the blue dye impurity during the 

washing process. The coefficient plot (Figure 3-10) shows good fit between the data and model 

and the model’s capability to predict responses. The low reproducibility of the model, 0.44 is 

due to the variation in the results obtained from the three DoE centre point experiments. Due 

to the low prediction & fitting of these DOE models, the data from the experimental runs 

together with the images of the washed cakes taken in Figure 3-11 were used to understand the 

results obtained from DoE model. 
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Figure 3-9: DoE variables that affect mother liquor removal during the wash process, R2 = 0.77, Q2 

= 0.27, reproducibility = 0.80 

 

Figure 3-10: DoE variables that affect blue dye impurity removal during washing, R2 = 0.79, Q2 = 

0.35, reproducibility = 0.44 
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Figure 3-11: Images of all the API washed cakes taken at the end of experiment and sorted in terms of 

wash solvent, number of washes and void volumes of wash solvent used 

The paracetamol grade, the identity of the crystallization and wash solvent and the filtration 

rate are the main factors affecting the removal of mother liquor and blue dye impurity during 

the washing process (Figure 3-9 and Figure 3-10). The increased amount of mother liquor 

present in the micronized paracetamol grade following washing is consistent with the porosity 

and tortuosity of the cake. Higher cake tortuosity increases the propensity to trap impure mother 

liquor in the cake during filtration and so decreases the capability of washing process to remove 

the impure mother liquor.9,25 Crystalline and granular API grade with larger crystal size result 

in larger interstices in the filtered cake, allowing the wash solvent to more easily flow through 

and penetrate through the whole API particle bed and hence displace the mother liquor and 

impurity which is present.9,26 This can be seen in Figure 3-11, which contain images of the 

washed and dried API cake from all the experiments. The washed API cake which can be seen 

to be completely washed with no blue dye impurity visually present are from experiments; 5, 

6, 7, 8, 11, 12, 15, 19, 20, 21 & 22. The only experiments where granular paracetamol API was 

used and not found to have completely removed the blue dye were experiment 3, 13 & 14. This 
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was either due to the low amount of wash used in the experiment (as is the case for experiment 

13 & 14) or due to the type of wash solvent used (as is the case for experiment 3, dodecane 

wash solvent) as explained later.  Also, for crystalline PCM, the only experiment where blue 

dye was not completely removed in the API cake are experiments where only 1 wash was 

performed (experiments 1, 4, 9 & 16) and hence not enough wash solvent used. Comparing 

this to micronised PCM, even for experiment 17 where 3 washes were carried out each using 

3 void volumes, the highest amount of wash solution used in the DoE, there was still blue dye 

present in the cake. Looking at the washed API cake image for experiment 17, in Figure 3-11, 

blue dye presence in the micronised API cake showcases low porosity of the cake where the 

wash liquor was not able to disperse and the trapped mother liquor and blue dye impurity 

causing the marble effect in the washed API cake.  

Blue dye impurity removal analysis for DoE response is carried out by analyzing how quickly 

the blue dye is removed from the API cake as explained in section 3.2.4 Liquid Filtrate Off-

line Post Analysis and also by checking that no blue dye impurity is present inside the washed 

API cake at the end, as explained in section 3.2.5 Solid API Cake Off-line Post Analysis. Using 

this analysis n-dodecane is generally found to be the best wash solvent for removal of the blue 

dye impurity, Figure 3-10. However, when using pure n-dodecane as wash solvent, on some 

occasions some of the blue dye impurity and the mother liquor was seen to rise to the top of 

filter tube as a layer resting above the added n-dodecane wash as soon as the wash solvent was 

added. This can be seen in Figure 3-12a, images taken from experiment 3, where there is small 

amount of blue dye which can be seen on the top of the n-dodecane wash solvent (experiment 

3 is carried out with ethanol as crystallization solvent and n-dodecane as wash solvent, with 

one wash using 3 cake volumes at 100 rpm). This could be due to n-dodecane being immiscible 

in the ethanol crystallization solvent and a portion of the mother liquor being disturbed from 

the surface of the wet filter cake during the wash addition and remaining suspended on the top 
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of the layer of n-dodecane wash solvent. Because there was only 1 wash applied in experiment 

3, this blue dye was deposited in the form of a layer at the top of the cake, Figure 3-12b. When 

a sample of the washed cake from experiment 3 was suspended in the solution to analyse by 

UV-vis spectroscopy, there was no blue dye present inside the washed cake and hence no blue 

dye was detected, the concentration being below the detection limit and the cake was deemed 

to be effectively impurity free, which was not the case. Similar phenomena was also observed 

for experiment 4, as can be seen from the dried washed API cake image in Figure 3-11. This 

phenomenon was not observed when a mixture of n-dodecane and crystallization solvent is 

used as first wash solution. (Full list of experiment with the different parameters used is 

provided in Appendix B - Employing constant rate filtration to assess active pharmaceutical 

ingredient (API) washing efficiency, Figure B-3). 

 

Figure 3-12: a.) Biotage filter tube from experiment 3 after n-dodecane wash solvent addition. b.) 

Paracetamol API cake obtained at the end of experiment 3 with a layer of the blue dye at the top of 

the washed cake. 

In the design space investigated experimentally in the DoE, acetonitrile was found to be the 

worst wash solvent to use in terms of removal of residual mother liquor solution and the blue 

dye impurity (Figure 3-9 and Figure 3-10). Several factors are believed to contribute to this; 

acetonitrile has a big viscosity difference compared to the crystallization solvents used which 

results in poor displacement washing, (Table B-1 in Appendix B - Employing constant rate 

filtration to assess active pharmaceutical ingredient (API) washing efficiency provides viscosity 
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data for all the solvents used in study). The high solubility of blue dye impurity in the 

acetonitrile relative to the other wash solvents, (Table 3-2), may play a part through back 

diffusion of the dye present in mother liquor filling the voids in the API cake and so could 

contribute to the requirement of a higher volume of wash solvent for complete washing. For 

the 4 experiments conducted using acetonitrile wash solvent, 3 of those were performed with 

only 1 wash step, experiment 2, 9 and 14. From all of the experiment undertaken in the DOE 

study, experiments 2, 9 and 14 were also the only ones found to have blue dye still present in 

the collected wash filtrate till the end of the experiment, the wash profile curve for these 

experiments did not reach 0 for the concentration of blue dye (see Figure B-7,  Figure B-14 

and Figure B-19 in Appendix B - Employing constant rate filtration to assess active 

pharmaceutical ingredient (API) washing efficiency). Experiment 9 & 14 had higher level of 

blue dye present in the wash filtrate aliquots at the end as the lower pumping rate of 10 rpm 

(1.3 mL/min) was used in both cases. This low flowrate of solvent through the cake combined 

with the relatively high solubility of the blue dye in acetonitrile suggests there is greater risk 

of contamination of the wash solvent with the dye due to dispersion and back mixing. This 

resulted in less efficient washing. This in combination with a small wash volume as required 

in the DoE led to inadequate washing in both experiments, consequently some of the blue dye 

impurity was still present within the API cake, Figure 3-11, and the wash filtrate at the end of 

the washing process.18 Furthermore, the solubility of the API is around one order of magnitude 

higher in acetonitrile compared to other wash solvents (Table 3-2) which results in increased 

API loss during washing with acetonitrile.  

There also seems to be a correlation on the type of mother liquor solution used and the blue 

dye impurity removal. From Figure 3-10, Isoamyl alcohol is found to be best mother liquor at 

removal of blue dye impurity from the DoE results. This is also the case from Figure 3-11, 

where 8 out of 9 experiments conducted using Isoamyl alcohol has found to have no blue dye 
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impurity visually present in the final washed API cake (experiments 5, 6 , 7 , 8, 15, 20, 21, 22). 

As stated in previous research, the viscosity of the crystallization solvent has an effect on the 

washing process.26 (see Table B-1 in Appendix B - Employing constant rate filtration to assess 

active pharmaceutical ingredient (API) washing efficiency for viscosity data of solvents used in 

study). This work has shown that higher viscosity mother liquor solution, such as isoamyl 

alcohol results in better removal of impurity from the system.  

As mentioned previously, the filtration rate is important during washing as it plays a role in 

minimizing back mixing of impurity or mother liquor with the wash solvent. The pumping rate 

of 10 rpm was too slow and found to result in back diffusion of blue dye impurity. This was 

evident as only 3 out 10 experiments performed using pumping rate of 10 rpm (experiment 5, 

7 & 12) had a completely washed cake without any blue dye impurity visually present, Figure 

3-11. Experiments where 100 rpm pumping rate was used performed a little better with 5 out 

of the 9 experiment washed cakes were found to be clean with no blue dye impurity visually 

present (experiments 6, 8, 11,15 & 19). The high pumping rate aided with better displacement 

wash of the mother liquor present within the filtered API cake however failed to fully remove 

blue dye impurity in experiment where immiscible wash solvent such as dodecane was used or 

when micronized paracetamol was used, as at high flowrate the wash solvent would fail to fully 

disperse in the washed cake and leave through the path of least resistance leaving area in the 

washed cake with impurity still present. The use of a pumping rate of 55rpm with granular 

PCM grade in the DoE midpoint experiments (experiments 20, 21 and 22) was found to be the 

best flow rate for removing both the coloured impurity and the crystallization solvent. The is 

evident from the 1H-NMR results of the samples taken from the washed cakes that show the 

DoE midpoint experiments have least amount of mother liquor present at the end of washing 

(see Appendix B - Employing constant rate filtration to assess active pharmaceutical ingredient 

(API) washing efficiency). Also, from Figure 3-11, all the washed cakes from the midpoint 
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experiments were found to be clean without any blue dye impurity present. This is believed to 

be mainly due to the time allowed for the wash solvent to flow through the cake to achieve 

complete removal of impurity and mother liquor without causing any back mixing. 

3.4 Conclusion 

Washing API crystals is an important part of the isolation process to deliver a crystalline 

product of the desired; purity, particle size distribution and yield. The constant rate 

filtration/washing methodology developed in this study is easily implemented using readily 

available laboratory equipment and allows detailed investigation of filtrate fractions from the 

washing process. Analysis of the filtrate has been shown to be useful in determining the 

endpoint of washing, the amount of API lost during the washing process and the likely extent 

of agglomeration occurring during washing to be evaluated. Knowing these properties allows 

development of more sustainable washing processes with less solvent waste and improved 

product quality. 

The ideal case for achieving good washing was found to be when the starting point was 

crystalline PCM wet cake was fully saturated in ethanol. Even though n-dodecane was found 

to be the best wash solvent in terms performing displacement washing, the immiscibility of the 

wash solvent with the crystallization solvent was found to jeopardize the removal of the blue 

dye impurity. In addition, the high boiling point of n-dodecane makes it difficult to remove 

during the drying process.  Using lower flowrates resulted in dispersion of crystallization 

solvent, while using larger amounts of wash solvent was found to be inefficient, due to 

increased API loss and wash solvent being consumed after the point at which all the impurity 

has been removed. Whilst these results are specific to the paracetamol samples studied, for 

another API the same principles would be applied to develop a washing regime tailored to the 

specific API but along the same lines as described above. 
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The constant rate washing methodology developed using the blue dye impurity has been found 

to be very effective in analyzing washing processes and designing a washing strategy. A future 

investigation will involve using API with structurally related impurities and design a constant 

rate filtration strategy to demonstrate how this approach could be implemented on an industrial 

scale to washing processes.  

3.5 Abbreviations 

Active pharmaceutical ingredient (API); paracetamol (PCM); particle size distribution (PSD); 

proton nuclear magnetic resonance (1H NMR); design of experiment (DoE)  
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4. Investigating particle size distribution of agglomerates 

formed during washing process 
  



83 

 

4.1 Introduction 

Particle size analysis is an important aspect of manufacture of particulate products in the 

pharmaceuticals and fine chemical industries. Previous work has shown agglomerate formation 

during filtration and washing process adversely affecting the particle size and shape.1,2 Various 

in-line and off-line measurement techniques have been developed and used in industry to 

monitor particle size distributions both of dry powders and particles in suspension with the aim 

of enabling control of particle size and shape during the crystallisation step and at the end of 

the drying step.3,4,5 However barely any work can be found in literature investigating particle 

size analysis during or at the end of filtration and washing process. 

For crystallisation process both in-line and off-line measurement techniques are used, whereas 

mostly off-line measurement techniques are used for assessing material obtained at the end of 

the drying process.  

Most off-line measurement techniques for particle size and shape measurement are based on 

sieve analysis, laser diffraction or imaging. These techniques are well established in batch 

processing for product characterisation and quality control. These off-line techniques require 

sampling which needs to be representative of the bulk material and special attention needs to 

be paid to sample handling to prevent alteration to particle size. Examples of off-line particle 

measurements instruments include Malvern Mastersizer 3000, Sympatec GmbH Qicpic and 

Morpholgi G3.6,7,8  

In-line measurement techniques used in-situ during crystallisation process, allow for real time 

monitoring and offer the possibility of control of particle size and shape. These techniques are 

used for estimation of size and shape information of particle dispersed in a slurry without the 

need for any sampling. The most common in-line particle measurement techniques include; 

particle chord length (CL) measurements, microscopic imaging and spectroscopy. Examples 
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of in-line instruments include focused beam reflectance measurement (FBRM), three 

dimensional optical reflectance (3D-ORM), particle vision and measurement (PVM) and 

EasyViewer with iC vision.9,10 

Chord length distribution describes the size, shape and spatial arrangement of particle being 

investigated. In-line measurement techniques, such as FBRM, uses a laser beam to pass light 

through suspension of particles, when a particle is illuminated in the instruments rotating beam 

light is then reflected back while the particle is in the beam. The duration of of the reflection 

from the particles is then converted to determine the chord length of the particle using linear 

laser velocity. The chord length measured is a function of measurement location and dependant 

upon the orientation of the particles presented to the probe. This chord length is hence not an 

exact measure of actual particle size and there have been many efforts made to use 

mathematical models to convert from chord length distribution to more accurate particle size 

distributions.  

Square weighted and unweighted chord length distribution (CLDs) are used to analyse the 

distribution of bigger size and smaller sized particles, respectively, in a slurry suspension that 

spans different size ranges. Square weighted and unweighted CLDs are obtained by multiplying 

number of particle in each size bin by the square of the respective bin size. The CLDs can be 

normalized by dividing each of the resulting terms in the bin by sum of resulting terms in each 

bin spanning the entire domain. The normalized square weighted CLD tracks the distribution 

among the bigger sized particles and the lower particles are ignored, and vice versa.11      

Traditionally particle size measurements are usually only taken during or at the end of 

crystallisation and the drying process. Particle size analysis is not normally carried out during 

or at the end of the filtration or washing stages of manufacture despite the potential for these 

processes to modify particle attributes. Therefore, it is hard to determine whether these two 
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processes are involved in changing particle attributes and to what extent each is responsible for 

altering the particle size distribution and shape of crystal product.  

Sample handling is one of the biggest issues for particle size measurement of material obtained 

at the end of the washing process. The API material obtained at the end of washing is a wet 

filtered cake, which then needs to be re-suspended in a solvent to allow for particle size 

measurement. Drying of any washed API crystal material for particle size analysis could result 

in further agglomeration caused by the drying process. Hence, wet cell analysis is the most 

desirable particle size analysis method for washed API material.  

The two main wet cell analysis techniques used within this study to measure particle size 

distribution, were laser diffraction and chord length distribution measurement, obtained using 

the focused beam reflectance measurement technique. Static light scattering techniques such 

as laser diffraction mostly give a volume weighted distribution. In such distributions the 

contribution of each particle in the distribution relates to the volume of that particle (equivalent 

to mass if the density is uniform), i.e. the relative contribution is proportional to (size).13 Chord 

length distribution is based on the chord length of the particles, where particle size is 

determined by the distance between any two edges of a particle’s 2-D projection. Chord length 

measurement is acquired by the duration of the signals reflected by particles passing in front 

of a laser illumination beam.4,14  

Previous work (chapters 2& 3) has shown that anti-solvent affect is a genuine phenomenon that 

takes place during the washing process and could result in formation of agglomerates which 

can alter particle size and shape at the end of drying process.12 However measuring particle 

size only at the end of the drying process makes it difficult to distinguish between any 

agglomerate formation occurring due to  phenomena taking place during washing and how 

much is due to the drying process resulting in agglomeration. A part of this chapter, section 4.2 
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PSD analysis of washed API material from Chapter 3, looks at employing an offline laser 

diffraction technique to measure particle size of washed material obtained at the end of the 

washing experiments in chapter 3 to quantify any changes in particle size distribution. Only 

laser diffraction technique is used for the washed material in chapter 3 due to lack of other 

particle size techniques available in the lab at the time of work performed in chapter 3. 

Further work in this chapter, section 4.3 Material and Method onwards then looks at employing 

various lab-based particle size measurement techniques on separate washed paracetamol API 

material to determine the particle size of API material obtained at the end of the washing 

process. The aim of the work is to assess the capability of the currently available laboratory 

particle size analysis techniques to detect any changes occurring during the two processes of 

filtration and washing.  

4.2 PSD analysis of washed API material from Chapter 3 

Conducting particle size analysis of the washed API product before it is dried enables 

differentiation between agglomeration caused by the washing process and those agglomerates 

that are formed and are further strengthened by drying. Particle size distribution of the raw 

PCM grades, as well as that of the damp washed cakes obtained at the end of each experiment 

performed in chapter 3 was analysed using a wet dispersion laser diffraction technique 

(Mastersizer 3000 laser diffraction particle size analyser with hydro dispersion unit, Malvern 

Panalytical, UK).  

The method parameters used for this study were as follows: measurement duration 10 seconds, 

number of measurements 5, obscuration limit 5–20%, stabilization time 30 seconds, beam 

length 2.5mm. To form the wet dispersions, samples of the raw material and the wet filter cakes 

obtained at the end washing experiments were suspended in isooctane due to negligible 

solubility of PCM in this solvent. The suspensions for analysis were prepared at the end of each 
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experiment. The washed cake was vertically sliced along the axis of the cake to take around a 

quarter of the cake (making sure not to disturb the whole cake or break any agglomerates) and 

was carefully dispersed in 50mL of isooctane. PSD analysis was then performed to measure 

any change in particle size caused due to agglomerate formation during the washing process. 

The wet dispersion particle size analysis approach was selected in preference to dry dispersion 

to avoid the problem of washed API cake drying out and so forming agglomerates during 

drying. This way, agglomeration caused due to anti-solvent effects during the washing process 

could be analysed without the effects of drying confounding the analysis.  

Evaluation of particle size distribution is determined by the change in particle size response 

using Equation 7. This response is used as response factor in the DOE model to understand any 

relationship between the change in particle size distribution during washing of material caused 

due to the factors investigated in the study in chapter 3, Table 4-1.  

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐷𝑥(%) = (
𝐷𝑥  𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑠ℎ𝑒𝑑 𝑐𝑎𝑘𝑒 − 𝐷𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑎𝑤 𝑝𝑎𝑟𝑎𝑐𝑒𝑡𝑎𝑚𝑜𝑙 𝐴𝑃𝐼

𝐷𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑎𝑤 𝐴𝑃𝐼
) 𝑥100 %   

(𝑤ℎ𝑒𝑟𝑒 𝑥 = 10, 50 𝑜𝑟 90)  −   Equation 7 

Table 4-1: Response used for particle size distribution to quantify in the DoE 

Responses  

Responses (abbreviation) Analytical method used to quantify response 

change in D10 (D10) Particle size analyzer, Mastersizer 3000 

change in D50 (D50) Particle size analyzer, Mastersizer 3000 

change in D90 (D90) Particle size analyzer, Mastersizer 3000 

Figure 4-1, Figure 4-2 and Figure 4-3 shows the main factors affecting the particle size 

distribution D10, D50 and D90 during the washing process. All three coefficient plots (Figure 4-

1, Figure 4-2 and Figure 4-3) show good reproducibility values. Coefficient plots for D10 and 

D50 (Figure 4-1 and Figure 4-2 respectively) show good fit between the data and the model 
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demonstrating the model’s capability to predict responses. The coefficient plot for D90 (Figure 

4-3) shows good fit between the model and the data, however the low reproducibility value 

indicates that the model has limited usefulness in predicting responses. 

 

Figure 4-1: DoE variables that affect particle size distribution (D10) of washed cake - change in D10, 

R2 = 0.80, Q2 = 0.52, reproducibility = 0.97 

 

Figure 4-2: DoE variables that affect particle size distribution (D50) of washed cake - change in D50, 

R2 = 0.82, Q2 = 0.58, reproducibility = 0.97 
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Figure 4-3: DoE variables that affect particle size distribution (D90) of washed cake - change in D90, 

R2 = 0.60, Q2 = 0.05, reproducibility = 0.81 

Figure 4-1, Figure 4-2 and Figure 4-3 shows the main factors affecting the particle size 

distribution D10, D50 and D90 during the washing process. All three coefficient plots (Figure 4-

1, Figure 4-2 and Figure 4-3) show good reproducibility values. Coefficient plots for D10 and 

D50 (Figure 4-1 and Figure 4-2 respectively) show good fit between the data and the model 

demonstrating the model’s capability to predict responses. The coefficient plot for D90 (Figure 

4-3) shows good fit between the model and the data, however the low reproducibility value 

indicates that the model has limited usefulness in predicting responses. 

The main factors linked to PSD change during the washing process are the paracetamol API 

grade and the wash solvent identity. Processing micronised paracetamol, results in increase in 

the PSD during washing, this is probably due to the wide PSD of the raw material, a 

contributing factor may be  the finer particles being located in the small voids within the cake 

acting as bridge formation agents, correlated to the high surface area present.15,16 Granular 

paracetamol tended to maintain the initial PSD after the washing process. 

Acetonitrile was found to be worst wash solvent in terms of causing agglomeration leading to 

an increasing PSD, this is consistent with the findings that acetonitrile is the worst wash solvent 

in this study in terms of removal of mother liquor and impurities due to back mixing and solvent 

viscosity differences, see Table B-1. Using acetonitrile as the wash solvent would result in a 
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final washed cake with the saturated solvent in the porous cake with API dissolved with it. 

Hence the presence of saturated mother liquor solution or solvent with API dissolved in it at 

the end of washing process could result in the API being deposited during the drying stage and 

causing severe agglomeration. The wet dispersion particle size analysis employed isooctane as 

dispersant, in which the API has negligible solubility. The presence of saturated acetonitrile as 

a solvent residue in the washed cake could potentially result in an anti-solvent effect during 

analysis. As the wet cake sample is dispersed the acetonitrile interaction with isooctane would 

lead to the deposition of API adversely affecting the PSD analysis of the sample. 

Use of wash solvent in which the API has low solubility, such as n-heptane and n-dodecane, 

caries the risk of precipitation of API during the washing, due to anti-solvent effect occurring 

as the wash solvent interacts with the saturated mother liquor occupying the voids in the cake 

potentially a cause of agglomeration.12 Figure 4-4 gives an example of how using a mixture of 

wash solvent and crystallization solvent as the initial wash solution reduces this anti-solvent 

effect and hence lowers the extent of agglomeration during washing. Figure 4-4 shows the PSD 

obtained for the three different PCM grades used within this study as well as the PSD of some 

of the washed cake samples from some of the experiments. Table 4- 2 contains the factors and 

washing regime used in all the experiments presented in Figure 4-4. 
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Figure 4-4: a.) PSD of raw micronised PCM and of final washed cakes from EXP 10 (D10: 15.2 µm, 

D50: 43.8 µm, D90: 638.3 µm) & EXP 18 (D10: 35.1 µm, D50: 72.9µm, D90: 128.2µm). b.) PSD of raw 

crystalline PCM and of final washed cakes from EXP 4 (D10: 27.8 µm, D50: 76.5 µm, D90: 201.0 µm) 

& 19 (D10: 26.8 µm, D50: 76.7 µm, D90: 154.4 µm). c.) PSD of raw granular PCM and of final washed 

cakes from EXP 5 (D10: 292.4 µm, D50: 397.4 µm, D90: 531.8 µm) & EXP 8(D10: 312.8 µm, D50: 437.0 

µm, D90: 606.4 µm) 

Table 4- 2: Factors used for experiments presented in Figure 4-4  

 
Micronised Crystalline Granular 

EXP 10 EXP 18 EXP 4 EXP 19 EXP 5 EXP 8 

Crystallisation 

solvent 

Ethanol Ethanol Isopropanol Isopropanol Isoamyl 

Alcohol 

Isoamyl 

Alcohol 

Wash solvent Dodecane Mix of 

dodecane & 

crystallizatio

n solvent 

then 

dodecane 

Dodecane Mix of 

dodecane & 

crystallizatio

n solvent 

then 

dodecane 

Mix of n-

heptane & 

crystallizatio

n solvent 

then n-

heptane 

N-heptane 

Filtration rate in 

rpm  

(in mL/min)  

100 

(11.7) 

10 

(1.3) 

10 

(1.3) 

100 

(11.7) 

10 

(1.3) 

100 

(11.7) 

 Volume of 

wash solvent 

(void volume) 

2 3 1 3 1 2 

No. of washes 3 2 1 3 3 1 

In Figure 4-4a, micronised PCM and ethanol is used in all the experiments. In Figure 4-4b, 

crystalline PCM and isopropanol is used in all the experiment and in Figure 4-4c, granular 

PCM and isoamyl alcohol is used in all the experiments. All the experiments showed an 
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increase in the PSD of the washed crystal particles, from the initial raw material. A D10, D50 

and D90 comparison of the raw crystal particles with the washed cake showed an increase of 

between 1.9 and 24 times the D10, D50 and D90 of the original material when washed with pure 

wash solvent. An increase in D10 is believed to be mainly due to the anti-solvent effect within 

the cake structure, causing precipitation when wash solvent in which the API and impurity have 

the lowest solubility, comes in contact with the supersaturated crystallisation solvent present 

within the cake structure, causing an increase in supersaturation. This results in either further 

precipitation within the cake bed or crystal bridges being formed, causing agglomeration which 

is evident with increase in both D50 and D90.
12  

Employing a more sophisticated wash strategy, in the case of all 3 crystallization solvents, 

where the first wash is carried out using a mixture of crystallization and wash solvent, followed 

by further washing using pure wash solvent, as employed in experiments in 5, 18 & 19 (Figure 

4-4) produces much less agglomeration and precipitation caused due to anti-solvent effect. The 

D10, D50 and D90 in this case has only increased between 1.1 and 2.6 times the D10, D50 and D90 

of the raw material.  

This work demonstrates that agglomerate formation during isolation starts at the washing stage 

where inappropriate solvent choices combined with a poorly designed washing strategy can 

lead to the formation of agglomerates driven by the retention of crystallization solvent in the 

wet filter cake. This then results in further strengthening and formation of bigger agglomerates 

during drying, necessitating additional steps such as milling which increases production time 

and cost. The use of laser diffraction for particle size analysis of the damp washed cake was 

found to be satisfactory in identifying agglomerate formation during washing for the small 

sample size investigated. However further work is required to optimize the method for particle 

size analysis of washed cakes and hence has been further investigated in this chapter.  
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4.3 Material and Method 

4.3.1 Raw Materials 

Paracetamol (PCM) is the model API compound used, similar to chapters 2 & 3. For further 

investigating the change in particle size during the filtration and washing stages, three different 

API particle sizes were analysed; micronised, crystalline and granular (PSD of there three input 

raw materials is provided in Table 3-1). This allowed exploration and examination of the 

difficulties related to measuring the particle size of different grades of filtered and washed API 

filter cake whilst wet. The particle size distribution of raw PCM for all three grades was 

analysed before the experiments using both dry and wet cell analysis methods.  

To investigate the particle size and shape of filtered and washed API material, a “real process” 

slurry was prepared using ethanol (absolute, purity ≥ 99.8%, Sigma-Aldrich). n-Heptane 

(purity 99.9%, Sigma Aldrich) was used as a wash solvent.  

Paracetamol saturated ethanol solution and isooctane (purity 99.9% (GC), Merck) were used 

as dispersants for wet cell particle size analysis, preventing any particle dissolution due to the 

negligible solubility of PCM in isooctane and the already saturated state of the ethanol. Using 

these two different dispersants allowed for investigation of the effect of different dispersing 

solvents on particle size analysis. For API filter cake obtained at the end of filtration stage, 

saturated ethanol was used as dispersant in order to match the liquid phase in which API cake 

was wet. Using isooctane as dispersant for the filtered API cake could result in anti-solvent 

effect as the PCM saturated ethanol would be mixed with isooctane in which PCM has 

negligible solubility. Similarly, isooctane was used as dispersant for material obtained at the 

end of the washing process. Washing was carried out using heptane and so the washed API 

cake would be completely wet in heptane. Re-suspending heptane rich washed API cake in 

saturated ethanol could also result in anti-solvent effect. In this way the preferred dispersant 
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for the ethanol wet filter cake, saturated ethanol, and the preferred dispersant for the heptane 

washed filter cake, isooctane are evaluated and contrasted with the corresponding non-

preferred diluent where anti-solvent effects were likely to be encountered. 

4.3.2 Sample Preparation 

Saturated ethanoic solution is prepared by adding the correct quantity of paracetamol API to a 

known quantity of ethanol solvent to form saturated solution at lab temperature (22oC). This 

saturated solution was then used both, as a dispersant for wet cell analysis as well for preparing 

PCM crystal slurries for filtration and washing experiments. To prepare a crystal slurry, a 

second portion of PCM was added to the saturated solution to achieve a solids loading of 15% 

by mass. Solubility data for PCM in ethanol, for preparing saturated solution, is given in Table 

2-3 of Chapter 2. 

4.3.3 Experimental Procedure 

For investigating the variation in particle size caused during filtration and washing stages, the 

paracetamol crystal slurry produced was filtered and then washed using a Biotage ISOLUTE 

(Biotage AB, Uppsala, Sweden) 70mL single-fritted polypropylene reservoir with 20μm pore 

size. Both filtration and washing was carried out using the constant rate set-up described in 

Section 3.2.3 Experimental Setup & Design, Chapter 3, of this thesis.   

15 % ethanoic PCM slurry was taken and filtration is performed with a pump setting of 55 rpm 

(7.1 mL/min filtrate flowrate), to obtain a filtered API cake. Filtration was performed to both 

breakthrough and dryland, to analyse for any difference in particle size obtained from these 

different filtration stopping points. To extract the filter cake from the filter tube, the Biotage 

tube is cut horizontally making sure not to disturb the filtered cake. Half of the filtered cake is 

then taken and re-suspended in a bottle with around 150 mL of saturated ethanol. This re-

suspended slurry is then used for particle size analyses of the filtered API cake. Figure 4-5 
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shows the whole API cake obtained from the Biotage tube after filtration and also vertically 

sliced cake with the other half added to the dispersant.  

 
Figure 4-5: a. Filtered API cake obtained from a Biotage tube after filtration. b. Vertically sliced API 

cake, with the other half re-suspended in dispersant 

For washing, the approach reported in Chapters 2 & 3 were used to obtain washed API cake 

from two different scenarios; a good washing case, and a bad washing case. For the good case 

of washing, the 15% ethanoic PCM slurry was filtered to dryland and then the first wash was 

performed using a 40:60 (by volume) ethanol : n-heptane mixture of 2 cake volumes, to prevent 

anti-solvent effects. Then the cake was then washed twice using 2 cakes volumes of n-heptane. 

For the good case, both filtration and washing was performed at 55 rpm pumping rate, which 

was found to be the best filtrate flowrate reported in chapter 2. 

For the bad case of washing, filtration and washing was performed at 10 rpm pumping rate (1.3 

mL/min filtrate flowrate) which was found to be the worst flowrate in chapter 2. After filtering 

to dryland, the API cake was washed twice with 2 cake volumes of n-heptane.  

The washed PCM API cake at the end of both washing cases was partially deliquored, before 

the biotage tube was cut to obtain the cake, similarly to the filtered API cake shown above. 

Half of the washed API cake was then cut vertically and re-suspended in a bottle with around 

150 mL of isooctane solvent, ready for particle size analysis.  
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4.3.4 Laser diffraction particle size analysis   

Laser diffraction is widely used industrial particle size analysis technique for measuring wide 

range of particle types and sizes ranging from usually 1 to 3000 µm.15 Laser diffraction works 

by measuring the scattered light pattern generated by dispersed individual particles that are 

illuminated by a laser beam and the size distribution is generated based on the assumption that 

all particles are spherical.5 This process usually requires diluting the sample and so is mostly 

used as an off-line measurement technique.4 

For the different grades of raw PCM, particle size analysis was carried out using both the dry 

and wet methods using laser diffraction. Laser diffraction particle size analysis was carried out 

using a Mastersizer 3000 (Malvern Panalytical, UK). For dry analysis the Aero S dry cell 

dispersion unit (Malvern Panalytical, UK) was used. For wet analysis the Hydro MV cell 

(Malvern Panalytical, UK) was used, with particles dispersed in saturated ethanoic solution or 

isooctane as suspension medium. The method parameters used for this study were as follows: 

measurement duration 10 seconds, number of measurements 5, obscuration limit 5–20%, 

stabilization time 30 seconds, beam length 2.5mm. The mixing of the wet cell was set at 300 

rpm, which from previous best practice at CMAC, was found to be sufficient for keeping the 

particles suspended in the dispersion liquor while preventing breakage of large particle or 

agglomerates. 

4.3.5 Focused Beam Reflectance Measurement (FBRM) analysis   

For chord length measurement, the wet cake obtained after filtration and washing experiments 

was added to a 150 mL reaction vessel (R.B. Radleys & Co Ltd) and re-suspended in the 

dispersant with the stirrer set at 300 rpm to ensure the particles are well suspended in the 

dispersant. The chord length measurement was performed using FBRM G400 system (Mettler-

Toledo, UK), where the probe is placed at a predefined position in the vessel. This instrument 
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expresses multiple chord length measurements as a distribution containing 100 geometrically 

spaced bins.  

Several methods have been developed in the literature to extract particle size information from 

chord length distribution (CLD). However, the ill-posed nature of inversion presents significant 

challenge in obtaining a reliable solution. Even with accurate experimental data, the same chord 

length distribution can potentially corresponds to multiple combinations of particle shape and 

size distribution.4,18,19 

With the aim of the study to look for any changes in API particles caused due to filtration and 

washing process, chord length distribution was obtained at the end of both filtration and 

washing stages. These chord length distributions obtained were then compared to check if any 

key differences could be identified in the trends obtained and correlated back with the particle 

size distribution data obtained from laser diffraction technique.  

4.4 Results and Discussion 

4.4.1 Sample handling 

Two issues were encountered during the experimental runs related to sample handling which 

could affect the final PSD result obtained. To mitigate these affects, precautions were taken 

during sample handling to minimise deviations caused during sample preparation and analysis.  

Figure 4-6: Filtered and washed crystalline PCM API cake which is not deliquored properly 
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At the end of the washing process, the API cake is deliquored to ensure most of the solvent is 

removed from the washed cake, making the wet API cake easier to handle when taking out of 

the biotage tube. Failing to deliquor the cake would result in the washed wet cake pouring out 

of the biotage filter tube while trying to cut the cake. An example of this is given in Figure 4-

6 where the wet cake freely poured out when cutting the tube and was caught in the petri dish 

kept at the bottom of the tube to capture any spillage avoiding wasting the sample. Hence 

deliquoring the washed cake was performed at the end of each run where the peristaltic pump 

was kept on after the solvent has passed through the API cake to allow air to freely passed 

through the API cake and filter media. The deliquoring continued until the first air bubble was 

seen at the end of the biotage filter tube and then the pump was stopped. The opaque biotage 

filter tube makes it a little difficult to detect when the first air bubble has passed through, and 

so special attention had to be paid at this stage of each sample run to ensure the pump is stopped 

in good time. Neglecting to stop the pump would result in the API starting to dry and so could 

result in agglomerate formation due to mechanisms associated with drying taking charge. 

Therefore, it had to ensured that deliquoring was performed with most of the solvent removed 

but stopped in good time, as soon as air bubbles were detected at the end of the filter tube, to 

prevent drying process from taking effect.  

 
Figure 4-7: Examples of API cakes obtained at the end of washing process. a.) Micronised PCM API 

cake. b.) Crystalline PCM API cake. c.) Granular PCM API cake 



99 

 

Micronised and crystalline PCM washed cakes were easy to obtain from the biotage filter tube 

as the API cakes maintained the shape of the filter, as can be seen from Figure 4-7, and so 

cutting and obtaining the cake was easy. For granular PCM the particles would disperse as they 

did not tend to agglomerate significantly (as expected) and so the cake mostly came out of the 

tube freely with a higher chance of spillage during the cutting of the filter. Therefore, the 

practical solution to this was to made sure that a glass dish was placed underneath the filter 

tube during cutting with precautions taken to ensure no spillage or loss of material. 

Once all the washed cake was obtained from the biotage tube it was quickly divided and 

resuspended in the dispersing solvent. This was done to prevent drying of the washed cake in 

lab, which could result inaccurate PSD results.  

4.4.2 Laser diffraction analysis results 

Raw paracetamol API material was analysed using both the dry and wet cell methods using the 

Mastersizer laser diffraction instrument with the aim to analyse the effect of the different 

dispersing methods on the particle size distribution results obtained. Dry cell analysis was 

performed with the particles accelerated using compressed air and pulled through the 

measurement zone using a vacuum at different pressure settings. For wet cell analysis, 

isooctane solvent was used as dispersant due to paracetamol negligible solubility in the solvent. 

The result obtained from both dry and wet cell analysis for all 3 paracetamol API grades are 

shown in Figure 4-8.  
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Figure 4-8: Particle size distribution of PCM API obtained from both dry and wet cell analysis. a.) 

Micronised PCM PSD obtained; Dry Cell Analysis - D10: 3 µm, D50: 9 µm, D90: 29 µm; Wet Cell 

Analysis - D10: 30 µm, D50: 75 µm, D90: 152 µm. b.) Crystalline PCM PSD obtained; Dry Cell 

Analysis - D10: 5 µm, D50: 32 µm, D90: 150 µm; Wet Cell Analysis - D10: 12 µm, D50: 44 µm, 

D90: 101 µm. c.) Granular PCM PSD obtained; Dry Cell Analysis - D10: 53 µm, D50: 249 µm, D90: 

450 µm; Wet Cell Analysis - D10: 247 µm, D50: 361 µm, D90: 518 µm. 

For each experiment carried out in the Mastersizer, the API cake suspended in dispersant was 

analysed 5 times in Mastersizer with the average of the runs represented in this results & 

discussion section. For micronised PCM, Figure 4-8a, a significant increase in the particle size 

distribution was observed when analysing using the wet cell method compared to dry method. 

Initially this was thought to be due to isooctane being unsuitable for PCM API dispersion. The 

measurement was repeated with the raw micronised PCM dispersed in saturated ethanol, as 

well as isooctane with lecithin added as a dispersant, and also the isooctane suspension of 

micronized PCM was sonicated before analysis. However, none of those approaches resulted 

in the PSD measurements using the wet cell analysis becoming comparable to the dry cell 

analysis. The results for these additional measurements can be seen in the Appendix D - 

Investigating particle size distribution of agglomerates formed during washing process, Figure 

D-1 to Figure D-6.  
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This resulted in one of the biggest issues encountered during this whole study, which is the 

inadequate dispersion of the micronised material using wet analysis methods to allow as 

representative a measurement as possible. This is a significant problem because the API cake 

material obtained at the end of filtration and washing process from the Biotage filter tube is a 

wet/damp API cake which needs to be resuspended in slurry and so the only way to obtain its 

PSD is to use a wet particle size analysis method. 

Results obtained for raw crystalline and granular PCM API, Figure 4-8b and Figure 4-8c 

respectively, show a much more similar result for the dry and the wet particle size analysis 

methods. One thing to note is that for both crystalline and granular PCM grade D10 values 

obtained from the wet cell method is much higher than the one obtained from the dry method. 

This could be due to the small API particles present in both grades agglomerating together, 

similar to what was observed for micronised case, so resulting in much higher D10 values.  

PCM API slurry was prepared and then filtered and washed as explained in the section 4.3.3 

Experimental Procedure. Figure 4-9, Figure 4-10 and Figure 4-11 show the PSD results 

obtained from the API cakes obtained at the end filtration and washing process for all 3 PCM 

grades. Filtration was performed to both breakthrough and dryland cases to investigate any 

effect on the PSD caused. For washing, filtration was performed to dryland and then the wash 

solution was added to the top of the API cake to carry out washing for both good and bad 

washing case. 
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Figure 4-9: a.) PSD obtained for the two filtration runs for micronised PCM; Breakthrough - D10: 33 

µm, D50: 77 µm, D90: 140 µm; Dryland - D10: 32 µm, D50: 78 µm, D90: 150 µm. a.) PSD obtained 

for the two wash runs for micronised PCM; Bad case - D10: 42 µm, D50: 128 µm, D90: 316 µm; 

Good case- D10: 42 µm, D50: 119 µm, D90: 226 µm.. 

 
Figure 4-10: a.) PSD obtained for the two filtration runs for crystalline PCM; Breakthrough - D10: 

101 µm, D50: 1470 µm, D90: 2610 µm; Dryland - D10: 31 µm, D50: 93 µm, D90: 232 µm. a.) PSD 

obtained for the two wash runs for crystalline PCM; Bad case - D10: 39 µm, D50: 119 µm, D90: 221 

µm; Good case- D10: 42 µm, D50: 142 µm, D90: 294 µm. 

 
Figure 4-11: a.) PSD obtained for the two filtration runs for granular PCM; Breakthrough - D10: 

280 µm, D50: 481 µm, D90: 1292 µm; Dryland - D10: 202 µm, D50: 289 µm, D90: 512 µm. a.) PSD 

obtained for the two wash runs for granular PCM; Bad case - D10: 246 µm, D50: 367 µm, D90: 535 

µm; Good case- D10: 269 µm, D50: 397 µm, D90: 573 µm. 

Looking at the filtration runs performed for micronised PCM Figure 4-9a, there is not much 

difference observed between the PSD obtained between filtration performed by breakthrough 
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and dryland. One of the issues of analysing filtered cake obtained from filtration stopped at 

dryland, is that the API cake is still completely saturated in the slurry solution. To be able to 

cut the biotage filter tube and obtain the cake without spillage, the cake had to be deliquored. 

This then causes the dryland filtration to effectively be filtration at breakthrough. In future 

studies, rather than analysing API cake at the end of filtration to evaluate for any differences 

in breakthrough and dryland, it might be worth carrying out the filtration to the desired mode 

followed by washing and then obtaining cake for analyses. This would allow for better 

investigation of the PSD obtained of the isolated washed API depending on whether the 

filtration is carried out to breakthrough or dryland mode. As the API cake from both modes of 

filtration will be obtained after deliquoring, at the end of washing, but the effect of wash solvent 

interaction with the filtered cake could be quite different depending on it being fully or partially 

saturated in the mother liquor and so could affect particle size distribution of the washed API 

obtained. 

The results obtained for breakthrough filtration for crystalline PCM, Figure 4-10a, indicate 

something unexpected happened the particle size value obtained was much higher than 

expected. It is not clear whether this was due to sample handling or any other reason. For all 

the 5 particle size measurements carried out in Mastersizer for the API cake showed similar 

results with the average shown in Figure 4-10a. Further investigation would have been 

desirable by repeating this run, however, this was not possible at the time due to time 

constraints on the PhD project caused by COVID lockdown. As the main aim of this work is 

to investigate possibilities of analysing PSD of washed API cake using current lab particle size 

analysis techniques, and the best comparison of the washed cake particle would be with the 

API obtained from dryland filtration, hence repeating the breakthrough experiment with the 

time constraint was deemed non–essential experimentation. 
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Looking at the washing runs performed for all 3 PCM grades (Figure 4-9b, Figure 4-10b and 

Figure 4-11b), there was not a large difference between the PSDs obtained for washed cake 

produced from the “good” and “bad” washing procedures, especially for the crystalline and 

granular cases. For the micronised case, Figure 4-9b, there is an increase in the D90 value for 

the bad case of washing compared to good case. This result is as expected from previous 

studies, since using pure heptane as wash solvent for ethanoic PCM filter cake would be 

expected to result in the formation of agglomerates and so would lead to a higher a D90 value, 

as observed. Micronised material is most prone to becoming agglomerated due to the higher 

tendency for micronised material to clump together.17 For the granular API on the other hand, 

hardly any difference in PSD was observed for the two different washing regimes. This again 

corresponds to what has been observed previously, with bigger particles resulting in bigger 

pores in the API cake and less wetted surface area so less retention of solvent in the filtered 

API cake. Hence less chance of interaction between the saturated crystallisation solvent and 

the wash solvent in the API cake to cause any anti-solvent effect and so formation of 

agglomerates. Another aspect which one can speculate/consider is that whilst the quantity of 

material forming crystal-crystal bridges might be similar for different crystal sizes, the force 

exerted on the bridge by the larger crystals may make them more vulnerable to breakage.  

In Figure 4-12, Figure 4-13 and Figure 4-14 the evolution of PCM API material’s PSD obtained 

from wet cell analysis using laser diffraction is presented. The graphs show PSD going from 

raw API in liquid dispersant to filtration at dryland and then washing using both the “good” 

and “bad” washing cases for the 3 API grades.  
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Figure 4-12: a.) PSD obtain for micronised PCM during different isolation stages. b.) Percentile 

particle size values obtained for the distributions shown in a. 

 
Figure 4-13: a.) PSD obtain for crystalline PCM during different isolation stages. b.) Percentile 

particle size values obtained for the distributions shown in a. 

 
Figure 4-14: a.) PSD obtain for granular PCM during different isolation stages. b.) Percentile 

particle size values obtained for the distributions shown in a. 

For micronised API, Figure 4-12, the results obtained are in line with expectations. The PSD 

from raw PCM and API cake obtained at the end of dryland filtration were very similar. The 

result from the two washing modes are as expected with the PSD obtained from the “good 

washing” experiment being closer to the raw API material result and so exhibiting a lower 

extent of agglomeration then the “bad washing” case. However, the “good washing” 
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experiment still shows higher D50 and D90 values then the one obtained for filtration to dryland. 

These higher D50 and D90 values could correspond to the formation of agglomerates during the 

washing process. The multiple stage wash solution used in the case of “good washing” helps 

to reduce agglomerate formation, but it doesn’t completely prevent agglomeration during the 

washing process.  It could be the case that no matter how good the washing is when the particle 

size distribution of the raw API is very small, such as for the micronised PCM, there will always 

be some agglomerate formation.  

For crystalline API, the results obtained are quiet differing from the ones obtained from 

micronized API. There is a big increase in PSD obtained from raw PCM API to the filtered 

API material. Also, the PSD obtained from the “good” and “bad” washing procedures are the 

opposite to what is expected, with higher D50 and D90 values obtained for good case of washing.  

Not much change in PSD was observed between different washing process for granular API, 

Figure 4-14. This is similar to what was observed in previous studies as the large API particle 

have less of a tendency to agglomerate during isolation. The large pores in the granular API 

cake structure allows for quicker removal of the mother liquor solution and hence less chance 

of interaction between the washing solvent and mother liquor solution. Also, large pore size 

reduces the number of API sites in contact and so reduces the amount of crystal bridges that 

can form to cause agglomerate formation.20  

Overall, from the results obtained it’s hard to determine whether the laser diffraction technique 

is effective for analysing wet API cake at the end of the washing process. Some of the results 

obtained match expectation with what has been observed/predicted in previous studies but there 

are issues encountered due to sample handling and the off-line nature of the analysis technique.  

One of the issues encountered during Mastersizer analysis is that the result obtained were not 

the truest representation of the API cake sample. This is due to issues resulting from large 
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agglomerate (> 1 mm) settling in bottom of the Duran bottle. A 10 mL pipette was used to take 

the dispersed API cake sample from the Duran bottle and add to the Mastersizer Hydro MV 

cell for analysis. Even though the end tip of the pipette was cut to allow for larger particles to 

be transferred it can be seen that very large particle as shown in Figure 4-15b & Figure 4-15c 

would not be able to transfer and so would not be accounted for in the particle size analysis.  

 

Figure 4-15: Images obtained of dispersed filtered/washed API cake samples for mastersizer analysis. 

a.) Image of dispersed sample in a duran bottle taken from bottom showing the large agglomerates 

present in the sample. b & c.) Images of API mastersizer samples allowed to settle showing the large 

agglomerates present within. 

4.4.3 Focused Beam Reflectance Measurement (FBRM) analysis results   

An FBRM probe was inserted in a vessel to collect data on the wet cake dispersed as described 

in section 4.3.5 Focused Beam Reflectance Measurement (FBRM) analysis. The FBRM probe 

was used with iC FBRM software provided by Mettler Toledo. This combination of instrument 

and software records in-line particle size data of the particles suspended in the vessel and 

provide the data in the format shown in Figure 4-16. Figure 4-16a show the particle statistics 

as a graph providing the particle size and number trends of the sample at different time points 

during analysis. By clicking on the trend viewer at different time points, it is possible to view 

the chord length distribution of the sample at that moment in time. This trend viewer provides 

a particularly useful application for processes where an FBRM probe is used in-line to indicate 

how particle size and count react to varying process parameters. For the purposes of this study, 
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the FBRM probe is used to analyse the particle size distribution of a sample, which shouldn’t 

vary. This can be seen for Figure 4-16a, where the API cake particle statistics trends settle at a 

particular point very quickly. Chord length distribution (CLD) is then taken at five different 

time points as shown by the yellow line in Figure 4-16a, and the average of those five 

distributions is used as the chord length distribution of that sample for comparison in this study. 

Figure 4-16b shows the average chord length distribution of the micronised PCM sample 

analysed in Figure 4-16a.  

 

Figure 4-16: a.) Example of particle size trend obtained from Mettler Toledo FBRM iC software for 

micronised PCM obtained at the end of good case of washing. b.) Average chord length distribution 

obtained for micronised PCM (good washing case) using FBRM. 

Figure 4-17 contains the chord length distributions obtained for micronised PCM at different 

isolation stages, similar to PSD shown in Figure 4-12a. Figure 4-17a shows the unweighted 
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CLD which allows for enhanced resolution of fine particle changes while Figure 4-17b contains 

square-weighted CLDs which allows for enhanced resolution of coarse particle changes.  

Looking at Figure 4-17a, unweighted CLDs for micronised PCM, there is an increase in counts 

of fine particles for the bad case of washing compared to the raw micronised PCM. This is as 

expected for bad case of washing where introduction of pure heptane wash to the filtered API 

cake containing saturated ethanoic solution would result in an antisolvent effect and so cause 

an increase in the number of fine particles due to precipitation of PCM crystals. For a case of 

good washing there are fewer fine particles seen in the unweighted distribution, however from 

the square-weighted distribution there is a shift to the left side corresponding to higher amount 

of agglomerate formation when compared with raw micronised PCM, Figure 4-17b. This is 

similar to the result obtained using mastersizer, Figure 4-12a, where micronised material is 

seen to result in agglomerate formation even in the case of good washing.  

Figure 4-18 shows images obtained using the PVM probe which was inserted in the EasyMax™ 

vessel while the particle size analysis was performed using an FBRM probe. Further 

information related to the PVM technique is provided in section 5.3.4 Liquid Filtrate Post Off-

line Analysis. The images from the PVM are not of a good quality as it was challenging for the 

camera system in the probe to focus on all the particles present in its optical plane. This resulted 

in images where some particles are in focus while others are out of focus and the lack of clear 

particle boundaries made any PSD analysis using the image analysis function impossible. 

Hence, in this work, the PVM images are used as a qualitative descriptor to extract any relevant 

information that could support the results obtained from the CLD analysis obtained using the 

FBRM.  

From the images provided in Figure 4-18a, the raw micronised PCM API particles are more 

dispersed than in the images seen for both the bad and the good washing cases, Figure 4-18c 
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and Figure 4-18d respectively. For both the bad washing case, Figure 4-18c, and the good 

washing case, Figure 4-18d, the particles appear to be more aggregated than is the case for raw 

and filtered micronised cases. One of the reasons for this aggregation could be due to the 

agglomeration caused during the washing process. However, it is also important to note that 

for the raw and the filtered PCM cases, saturated ethanol was used as a dispersant, whereas for 

API cake obtained for both good and bad case of washing, isooctane solvent is used as a 

dispersant. This was to prevent precipitation occurring in the vessel if heptane (used for 

washing) and saturated ethanol come in contact during analysis. However, PCM would 

disperse better in saturated ethanol due to better wettability compared to isooctane and so this 

could also be a reason for the particle aggregation seen for both good and bad cases of washing 

in images from PVM. 

 

Figure 4-17: a.) Unweighted CLD obtained for micronised PCM during different isolation stages. b.) 

Square-weighted CLD obtained for micronised PCM during different isolation stages. 
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Figure 4-18: Images obtained from PVM probe during the different micronised analysis runs, with 

FBRM results attached in Figure 4-17. a.) Images of raw micronised PCM dispersed in saturated 

ethanol. b.) Images of micronised PCM filtered to dryland and then dispersed in saturated ethanol. c.) 

Images of micronised PCM washed using bad case scenario and then dispersed in isooctane. d.) 

Images of micronised PCM washed using good case scenario and then dispersed in isooctane.     

Both unweighted and square weighted chord length distributions are presented in Figure 4-19 

and Figure 4-21 for crystalline and granular PCM grade respectively. The PVM images 

obtained for the analysis of crystalline and granular PCM API cakes are presented in Figure 4-

20 and Figure 4-22 respectively.  

 

Figure 4-19: a.) Unweighted CLD obtained for crystalline PCM during different isolation stages. b.) 

Square-weighted CLD obtained for crystalline PCM during different isolation stages. 
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Figure 4-20:  Images obtained from PVM probe during the different crystalline analysis runs, with 

FBRM results attached in Figure 4-19. a.) Images of raw crystalline PCM dispersed in saturated 

ethanol. b.) Images of crystalline PCM filtered to dryland and then dispersed in saturated ethanol. c.) 

Images of crystalline PCM washed using bad case scenario and then dispersed in isooctane. d.) 

Images of crystalline PCM washed using good case scenario and then dispersed in isooctane.     

 
Figure 4-21: a.) Unweighted CLD obtained for granular PCM during different isolation stages. b.) 

Square-weighted CLD obtained for granular PCM during different isolation stages. 

 
Figure 4-22: Images obtained from PVM probe during the different crystalline analysis runs, with 

FBRM results attached in Figure 4-21. a.) Images of raw granular PCM dispersed in saturated 

ethanol. b.) Images of granular PCM filtered to dryland and then dispersed in saturated ethanol. c.) 

Images of granular PCM washed using bad case scenario and then dispersed in isooctane. d.) Images 

of granular PCM washed using good case scenario and then dispersed in isooctane.     
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The chord length distribution results obtained from both crystalline and granular PCM, Figure 

4-19 and Figure 4-21 respectively, show the same effect where there is an increase in the fine 

particles present in the API cake for the good and the bad washing cases when compared with 

the raw PCM. This could be due to precipitation taking place either during washing of the API 

cake in the biotage filter tube or in the Radley’s vessel during particle analysis as any left-over 

saturated ethanol in the washed API cake interacts with the isooctane solvent causing 

supersaturation. This second theory seems probable as one of the issues encountered during 

analysis of both crystalline and granular material was particles adhering to the side walls of the 

vessel and on the FBRM and PVM probes, as shown in images in Figure 4-23. This made any 

particle analysis of the API cake difficult as the chord length distribution of the sample started 

to vary after around 4 to 5 minutes of the probe’s in the vessel. (Trends obtained for all the 

different API cakes are attached in the Appendix D - Investigating particle size distribution of 

agglomerates formed during washing process, Figure D-7 to Figure D-18.) This fouling on the 

vessel wall and the probe was not observed in the micronised API case. 

 

Figure 4-23: Images showing PCM API stuck to the wall of the vessel and the probe at the end of 

analysis. 

4.4.4 Other particle analysis techniques tested 

Apart from Mastersizer – laser diffraction and FBRM, other lab-based particle analysis 

measurement techniques were also evaluated during this study. However, none of these 



114 

 

techniques were not found to be useful for analysis of wet agglomerated cake obtained at the 

end of filtration and washing. The reasons for this are presented below and indicate the 

challenging nature of this objective to both determine the extent of agglomeration and the size 

distribution of the agglomerates. 

Static microscopic-imaging analysis was performed using Morpholgi G3 (Malvern Panalytical, 

UK). The equipment consisted of a 2 mL wet dispersion cell together with a high-resolution 

digital camera to analyse particle size and shape. For this measurement technique, filtered / 

washed API cake had to be re-suspended in a dispersant similar to procedure explained in 

section 4.3.4 Laser diffraction particle size analysis. The re-suspended material had to be 

pumped into the Morpholgi G3’s wet cell using a syringe. The force exerted by the syringe to 

push API particles into the cell caused most of the agglomerates to break and so this technique 

was deemed not to be suitable for analysis of agglomerates formed at the end of filtration & 

washing process.  

As discussed in section 4.4.3 Focused Beam Reflectance Measurement (FBRM) analysis results 

particle vision microscope (PVM) (Mettler-Toledo, UK) was found to be inefficient for 

analysis of wet API cake obtained after filtration and washing process. The PVM probe is 

mostly used in-line to investigate a particle suspension, similar to the FBRM probe, with the 

equipment capturing the projection of free-flowing particles in the optical plane of the 

instrument. The issue with this method is the accuracy of particle analysis, a function of its 

optical measurement volume, which depends on its optical setting. To get a full story of the 

particles in the API cake, half of the API cake was cut vertically, as shown in Figure 5-1, and 

added to the 150 mL vessel to ensure particles from different regions of the filter wall as well 

as all the depth of the cake are analysed. However, this resulted in the system being 

oversaturated with too many particles in the system for PVM analysis as in-focused particles 
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images and analysis were affected by particle in the background and so severely compromising 

the accuracy of results from this technique. However, PVM images were found to be somewhat 

useful for visual analysis to go with the data analysis carried out for FBRM in section 4.4.3 

Focused Beam Reflectance Measurement (FBRM) analysis results. 

EasyViewer (Mettler-Toledo, UK) is another in-line particle size analysis tool similar to PVM, 

based on high-resolution microscopic images and image analysis. This PAT tool, even though 

not available in CMAC laboratory at the time of this PhD project, was being showcased for a 

day and so the opportunity was taken to analyse the three different PCM APIs using this tool. 

PCM API slurry was prepared in saturated ethanol (similar particle concentration as the slurry 

used for filtration and washing) and was analysed using EasyViewer tool. The slurry had to be 

analysed without being filtered and washed due to the time constraint, as the equipment was 

only available in the lab for one day for showcase purposes.  

All of the results obtained from the easy viewer are presented in Appendix D - Investigating 

particle size distribution of agglomerates formed during washing process, Figure D-19 to Figure 

D-22. The result from micronised API is presented in Figure 4-24 . Micronised PCM ethanoic 

slurry was added to a 150 mL EasyMax vessel with an in-line EasyViewer probe. After some 

time, once consistent PSD reading was achieved , then heptane solvent was added to the 

ethanoic slurry in the vessel to analyse the effect of heptane addition in the slurry. The result 

for this including images obtained are shown in Figure 4-24 & Figure 4-25. Addition of heptane 

in the system caused the particles to aggregate together, as heptane acts as a hydrophobic 

solvent due to the low solubility of PCM in heptane. If a similar effect is experienced in a 

filtered API cake during the washing after introduction of heptane the wash solvent, then the 

particles in the filter cake are more likely to aggregate. This would reduce the effectiveness of 

washing of the API cake which then in turn result in greater agglomeration which is consistent 
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with what was experienced. A similar effect is also observed for the crystalline slurry system 

as seen in Figure D-19 and Figure D-21.  

 

Figure 4-24: Graphs obtained from a micronised PCM measurement carried out using an 

EasyViewer provided by Mettler Toledo. a.) Trend for turbidity and chord length obtained during the 

micronised PSD analysis run. b.) Chord length distribution obtained for micronised PCM during the 

different stages of the run. 
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Figure 4-25: Images obtained from an EasyViewer for micronised PCM at different stages of the run 

with results shown in Figure 4-24. a.) Image of micronised PCM particles at the start of analysis 

dispersed in saturated ethanol. b.)  Image of micronised PCM particles at the start of analysis 

dispersed in saturated ethanol before heptane addition. c.) Image of micronised PCM particles after 

heptane addition to the slurry mixture, causing aggregation. d.) Image of micronised PCM particles 

after heptane addition with an increase in stirrer speed to 600 rpm. e.) Images of micronised PCM 

particles at the end with the increase in stirring causing the aggregate to break up a little. 

The image resolution obtained from EasyViewer and the automated analyses performed by ic 

vision software were found to be effective and a quick method of analysis compared to other 

optical imaging particle size analysis technique used within this study. However further full 

investigation of particle analysis of API material obtained from filtration and washing process 

is required, similar to work carried out with FBRM probe, section 4.4.3 Focused Beam 

Reflectance Measurement (FBRM) analysis results, to provide insight as to whether this analysis 

technique could be useful for evaluating PSD of wet filtered/washed API cake.   

4.5 Conclusion 

Particle analysis of API material obtained during various isolation stages is important to allow 

for better understanding of particle changes caused during isolation. This would allow for 

greater optimisation of these key isolation processes. In this study, filtered API cake obtained 

after the washing process was analysed using various particle size analysis techniques. The wet 
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filtered cake was taken from the filter tube and analysed off-line after being dispersed in a 

solvent.  

From the various particle analysis techniques investigated in this work, focused beam 

reflectance measurement, using Malvern Panalytical’s Mastersizer 3000, and chord length 

distribution, using Mettler Toledo’s FBRM probe, were the two main particle analysis 

techniques employed for analysis of the washed API cake. These techniques were found to be 

most practical in off-line analysis of a wet cake obtained after the washing process. Even 

though Mastersizer was found to be adequate within the initial study using small set of sample 

material from study conducted in chapter 3, further work using larger number of varied samples 

revealed some of the issues encountered.   

One of the biggest problems encountered throughout this study is the analysis of wet API was 

sampling and sample preparation of damp / wet filtered API cake obtained at the end of the 

washing process. Care must be taken while dispersing the washed cake to prevent any breakage 

of agglomerated present while ensuring it is done rapidly enough to prevent the solvent present 

in cake from drying and causing particle changes. The identity of the dispersing solvent also 

needs to be considered carefully to prevent either prevent any dissolution of the API cake or 

the dispersing solvent interacting with the wash solvent or any saturated mother liquor present 

in the API cake and causing precipitation or agglomeration.  

This study has illustrated the challenge of characterising API particles obtained from a multi-

component system at the end of the washing process. Further work is required to develop a 

definitive approach to be able to use an off-line particle measurement technique for analysis of 

a wet API cake.  
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4.6 Abbreviation  

Paracetamol (PCM); Active Pharmaceutical Ingredient (API); Particle Size Distribution (PSD); 

Focused Beam Reflectance Measurement (FBRM); Chord Length Distribution (CLD); Particle 

Vision Microscope (PVM) 
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5. Optimising removal of impurity on an industrial active 

pharmaceutical ingredient (API) using constant rate 

washing methodology  
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5.1 Introduction 

 Filter cake washing is a common process in solid-liquid separation, particularly in 

pharmaceutical industry, with the aim of removing impurities from the wet filter cake until the 

product has reached a required level of purity.1,2 The work performed in the three previous 

chapters of this thesis, chapters 2, 3 & 4, have demonstrated the importance of a well-designed 

washing process for isolation of API crystals. One of the aims of this PhD project is to use the 

learning developed throughout to produce a workflow which provides an optimum strategy for 

designing of washing processes in pharmaceutical isolation of APIs. This chapter introduces 

the wash process workflow developed and uses an industrial API drug substance to evaluate 

the methodology.  

In chapter 3, a constant rate washing process was developed using paracetamol model API with 

patent blue dye as impurity to investigate and optimise the washing process. This method is 

different from the constant pressure approach usually employed in laboratory research and 

industrial practice as it allows for detailed analysis of both the liquid filtrate aliquots and the 

solid API cake obtained at the end of washing experiment.  Analysing both evolving filtrate 

composition and API cake, allows for a more complete picture of the washing process to be 

built. The data and the understanding obtained from the constant rate method is found to be 

beneficial in designing an efficient wash process that is effective and reproducible in obtaining 

washed API with the required purity, yield, and particle size distribution.3 

The work described in this chapter reports the deployment of the constant rate washing process 

to an industrial compound to investigate the applicability and the versatility of this 

methodology in designing a washing strategy and optimising washing process performance of 

a pharmaceutical product. This work was carried out in collaboration with AstraZeneca (AZ). 

The API used is a marketed drug product and due to confidentiality is referred to as AZ 

Compound 1 (AZC1) for the purposes of this work. The impurity considered in this study, is 



123 

 

related to drug substance and is referred to as Impurity Compound 1 (IC1). To meet the 

stringent final drug product quality requirements, the level of IC1 impurity in the final product 

must be less than 8 ppm. Currently the industrial washing process is performed at 0oC in a 

centrifuge. To understand the role of washing in ensuring the IC1 impurity concentration levels 

in the API product are met a parametric study of the variables influencing washing 

effectiveness was carried out to optimise impurity removal.  

This study allowed investigation of the efficiency of the wash process workflow and the 

constant rate methodology in designing a washing strategy by using a challenging API drug 

substance.  

5.2 Wash process workflow 

Figure 5-1 showcases the wash workflow developed. There are four main stages in the 

workflow: identifying the wash process aim, wash solvent screening, lab-scale wash process 

development (DOE), scale-up of the wash process and validation (DOE). 
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Figure 5-1: Washing isolation workflow developed 
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At the start of designing a washing process, it is vital to have a clear aim of the washing 

objective(s) as this plays a big part in choosing the best possible wash solvent to achieve the 

required outcome. The likely aims of the washing process are listed in Figure 5-1: 

- Improve the purity of the filtered cake by removing impurity containing mother liquor 

solution present in the API filtered cake. Also potentially using wash solvent to dissolve 

any crystallised impurity present within the API cake.  

- Maintain a high yield of the API product, especially if the final drug product is 

expensive. Making sure not to dissolve very much API during washing while displacing 

the mother liquor solution with a wash solvent. 

- Improve performance of the downstream drying process; to decrease drying process 

time, and / or to prevent agglomerate formation during the drying process caused by 

crystal deposition from saturated mother liquor present in the API cake. 

The main aim of the washing process guides the wash solvent selection process. In the second 

stage of the workflow, the operator starts screening for the possible wash solvent candidates. 

The solubility of the API and the impurities in the candidate wash solvents and the miscibility 

of the wash solvent candidates with the mother liquor are some of the properties of potential 

wash solvents which need to be considered. Anti-solvent screening of the wash solvent 

candidates should be performed to eliminate candidates where there is significant API and 

impurity precipitation during the washing process, (ideally there would be none) see Chapter 

2. If the aim of the washing process is to improve purity level by optimising residual mother 

liquor removal, then a wash solvent with similar polarity should be chosen to allow for 

complete wetting and good contact with the of crystals forming the API cake. In the ideal case, 

a wash solvent that has low API solubility, but high impurity solubility would be best for 

removal of impurities while maintaining yield. However, it’s often difficult and may not be 

possible to find such solvent for systems with API related impurities. If no solvents meeting 
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the required specification, then washing could be carried out using a mixture of an anti-solvent 

and the crystallisation solvent (potentially common in case of anti-solvent crystallisation), see 

Chapter 2, or pure crystallisation solvent could be used as wash solvent with washing carried 

out at a lower temperature than the isolation point to prevent high yield loss.  

Thermodynamic properties of the wash solvent, such as boiling point and enthalpy of 

vaporisation are important if choosing a wash solvent with the aim of reducing dying time. 

However, using a wash solvent in which the API has a high or even moderate solubility can 

result in crystal bridge formation linking the product particles as the dissolved API in the wash 

solvent would precipitate out during solvent evaporation process and because liquid tends to 

collect at points of contact between the product crystals in the cake this would lead to 

agglomeration during the drying process.  

The industrial compound used in this study already had a wash solution in place which had 

gone through the NDA (new drug application) filling and had been approved by FDA. To 

prevent having to go to the regulatory authority and due to the short time available for this 

remote industrial placement, it was decided to omit this step of the workflow from this project. 

Following wash solvent screening, stage 3 of the workflow looks at using a design of 

experiment (DOE) approach to develop a washing process for the API at lab scale. Washing 

experiments are carried where; identity of wash solvent (selected from a shortlist identified at 

the wash solvent screening stage), contact time (related to the driving force causing the solvent 

to flow through the API filter cake), volume of wash solvent (related to cake volume and 

voidage), number of washes, and the temperature of the washing process are the list of variables 

to be investigated. Washing should be carried out using the constant rate methodology 

developed and described in thesis chapters 3, where analysis of both the washed API cake and 

the collected filtrate provide the necessary wash process performance information. The particle 
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size distribution of the washed API cake should also be analysed after washing, see thesis 

chapter 4, to investigate any agglomerate formation, crystal breakage or dissolution caused 

during the washing process. The washed API cake sample should be dried using a vacuum 

oven and analysed to verify the final purity at the end of the washing process.  

The results obtained from the DOE experiments are then related back to the aim of the washing 

process to define the optimal parameters to achieve the desired wash process outcome. Once 

the optimised parameters are identified, 3 further repeated washing experiments should be 

carried out with the selected parameters to validate the DOE results and ensure the desired 

wash process outcome is achieved consistently.  

The final part of the workflow looks at using the parameters obtained from the design of 

washing process at lab scale and scaling this up to the manufacture scale. This is one of the 

areas of workflow which has not been actively researched in this PhD project due to time 

constraints and Covid-19 preventing access to the larger scale equipment available in the 

project partner organisation AstraZeneca, as the placement was performed remotely at CMAC. 

Two of the main parameters to consider during scaling up of the process are the amount of 

wash solvent used and the driving force applied. One of the easier methods of scaling up 

washing process would be to be use a semi-continuous method, such as that used in the AWL 

continuous carousel filter unit. With the size of each filter aliquot similar to the Biotage filter 

tube used in this work, the transfer of parameters from small lab scale to larger scale continuous 

operation would be much simpler. However, if a more conventional agitated filter dryer is used 

for washing at manufacturing scale, then using a constant rate approach during lab scale 

experiment should allow the operator to match the wash solvent contact time anticipated at 

large scale in the laboratory investigation such that the process can be investigated to optimise 

for yield improvement and wash solvent quantity reduction to achieve sustainability goals. 
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Once similar results are obtained at the end of the scale-up experimental work compared to the 

lab scale then wash process design is completed.  

5.3 Material and Method 

5.3.1 Raw Materials 

The AZC1 used in this study was provided by AZ. The particle size distribution of the input 

API was determined at the start of the study to be D10: 3.15 µm, D50: 8.52 µm, D90: 26.5 µm. 

The particle size analysis was performed using a laser diffraction technique in a wet dispersion 

unit (Mastersizer 3000 laser diffraction particle size analyser with hydro dispersion unit, 

Malvern Panalytical, UK). The method used consists of; measurement duration, 10 seconds, 

number of measurements, 5, obscuration limit, 5–20%, stabilization time, 30 seconds, beam 

length, 2.5mm. For wet dispersions, the raw material is suspended in 2,2,4-trimethylpentane 

(isooctane) (purity 99.9% (GC), Merck) with dissolved lecithin solution to avoid particle size 

variation during the analysis (negligible solubility of AZC1 in isooctane). To obtain true 

particle size distribution of the API material, without any agglomerates present during the 

analysis, around 0.12 mg/mL of lecithin surfactant (powder from soybean, LOT: 8030-76-0, 

VWR Chemicals) was added to the isooctane dispersant. The API particle are found to settle 

very slowly and have a large wetted surface area due to the products particle size, which was 

in fact similar to the micronized paracetamol used in previous study.4  

The IC1 impurity present with the AZC1 API crystal slurry at the end of the crystallization 

process has been shown to exhibit clastogenicity based on in vitro and in vivo testing.5 

Clastogenicity is the phenomena by which a mutagenic agent disrupts or breaks chromosomes, 

leading to sections of the chromosome being deleted, added, or rearranged. Therefore, to 

safeguard the wellbeing of patients it is essential to prevent exposure to IC1 in the API product. 
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This is accomplished by demonstrating that the IC1 impurity level is always below 8 ppm to 

comply with the product specification limit.  

The API product provided by AZ contained around 7 ppm of the IC1 impurity. Therefore, to 

mimic the crystallized suspension obtained during manufacturing and to test the capability of 

the washing process in removal of the specific IC1 impurity, the API slurry in this study was 

spiked with a small amount of IC1 impurity. 

Oil Red EGN dye (LOT: 234117-25G; Sigma-Aldrich) was also used as impurity in this work. 

The main aim of using this dye as impurity is to aid with visualization of the washing process, 

as well as to compare the effectiveness or removal with that of the API related impurity to help 

evaluate wash performance and cake purity.  

To investigate the washing efficiency of the industrial process slurry, the crystallisation solvent 

and the wash solvent used in this study were the same as those used in the manufacturing 

process, which was approved by the relevant regulatory authority. To mimic the slurry at the 

end of crystallisation process, a solvent system consisting of ethyl acetate (purity > 99%, LOT: 

141-78-6, VWR chemicals), isooctane (purity 99.9% (GC), Merck) and water (Millipore water) 

were used. The wash solution consisted of a mixture of ethyl acetate and isooctane.  

5.3.2 Suspension Preparation 

The AZC1 slurry for each experiment was prepared by adding the required mass of API in two 

parts: the amount of API required to form saturated solution at the target isolation temperature 

was first measured and added to 50 mL crystallization solution. The required amount of 

impurity was then measured and added to the saturated crystallization solution. The mixture 

was then left in the sonicating bath (at 30oC) until no particles could be observed by naked eye, 

to ensure complete dissolution of the API and the impurity. The clear solution was then left in 

a Hailea HC-100A circulator / chiller for one hour to adjust the temperature of the saturated 
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solution to the desired level for the experiment. Once the solution has reached the target 

temperature in the chiller, some of the API particles are seen to have precipitated out as the 

API at the start is added in small excess of the solubility limit to ensure a saturate solution is 

achieved. This suspension is then filtered using a biotage ISOLUTE (Biotage AB, Uppsala, 

Sweden) 70-mL single-fritted polypropylene reservoir with 5 µm pore size to ensure a particle 

free saturated solution of AZC1 API is obtained. To ensure the temperature of the saturated 

solution is maintained to the desired level during filtration, a cooling jacket for the Biotage 

filter tube was created as seen in Figure 5-2. This cooling jacket was assembled by rolling tube 

around a plastic cylinder, creating a pocket in which a biotage filter could easily slot into for 

the experimental run. The cooling medium is then flowed in the tube. This was found to do an 

adequate job of maintaining the temperature of the solvent present within the filter tube during 

the filtration and the washing steps. A second precisely measured portion of AZC1 API was 

then added to the saturated solution to form slurry with 7.5% solid loading, by volume, this 

being similar to the solid loading achieved at the end of crystallization process going onto the 

filtration step in industry. Adding API in these two steps ensures that there is minimal change 

to the particle size distribution of the raw material. If all the API were added to the solvent at 

the start of the experiment, each crystal would be subject to some dissolution and the particle 

size distribution would be modified hence altering the results of this filtration and washing 

study as PSD would not be similar to the material in the process at the end of crystallisation. 

The slurry formed at the end of this sequence is left stirring in chiller, using a magnetic stirrer, 

at 250 rpm for an hour to ensure a homogenous mixture at the required temperature is achieved 

before the start of filtration/washing experiment.  
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Figure 5-2: Cooling jacket used for biotage filter tube 

For experiments spiked with IC1 impurity, around 0.5 mg of impurity is measured and added 

to the saturated solution.  This equates to a concentration of around 1900 ppm of IC1 impurity 

in the slurry mixture. This addition of the IC1 impurity to the API solution allows the washing 

performance in terms of removal of the IC1 impurity at relatively high concentrations 

consistent with the industrial situation which occurs at the end of crystallization stage.  

The solubility data required for creating saturated AZC1 API solution at the various 

temperatures investigated was provided by AstraZeneca, however this data is not been included 

in this thesis for confidentiality reasons.  

Some experiments were conducted using the red dye impurity to aid visualization of the wash 

process. For experiments carried out using red dye impurity, 5 mg of the impurity is added to 

50 mL of saturated API solution. The impurity amount was dictated by the UV 

spectrophotometer dynamic range and limit of detection, based on the calibration curve 

obtained, see Appendix C - Optimising removal of impurity on an industrial active 

pharmaceutical ingredient (API) using constant rate washing methodology.  

The original experimental aim was to incorporate both the IC1 API impurity and the colored 

dye impurity in the same slurry such that the removal of both impurities could be assessed from 
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the same experiment using two different analytical techniques. However, the patent blue V 

sodium dye impurity used in paracetamol study (Chapter 3) was found to be immiscible in the 

solvent system used in this work. The Oil red EGN dye impurity was found to be miscible with 

the crystallization and the wash solution mixture however was immiscible with acetonitrile and 

water, used as HPLC mobile phase (used for analysis of IC1 impurity). Hence, it was decided 

to perform a DoE using the IC1 impurity, as this API related impurity was the main focus of 

this study. Then a small number of additional independent experiments were carried out using 

the red dye impurity.  

5.3.3 Experimental Setup  

 

Figure 5-3: Process flow diagram of the filtration/washing experimental set-up 

Figure 5-3 shows the process flow diagram of the experimental setup used for this work. For 

filtration and washing, a biotage ISOLUTE (Biotage AB, Uppsala, Sweden) 70-mL single-

fritted polypropylene reservoir with 5 µm pore size was used. The biotage filter tube was placed 

inside a cooling jacket, Figure 5-2, to maintain the temperature of the slurry and solvent at the 

desired value during filtration and washing. The cooling jacket was connected to a Hailea HC-

100A chiller unit for recirculation of the coolant through the cooling jacket. The outlet of the 

Biotage tube was connected to a peristaltic pump, which controlled the flow of solvent through 

a PTFE valve and a flexible tube (Watson-Marlow, Marprene® tubing, 302.0016.016#14, 1.6 

mm Bore x 1.6 mm Wall). A fraction collector is placed at the end of the tube to collect the 
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different fractions of filtrate, which were latter analysed, as reported in section 5.3.4 Liquid 

Filtrate Post Off-line Analysis. The tubing connecting the biotage filter tube to the peristaltic 

pump and the fraction collector was kept as short as practicable and the hold-up volume was 

approximately 1.5 mL. The volume of fraction collected for aliquot in each experiment was 

kept consistent by varying the filtrate sample collection time depending on the pumping rate, 

Table 4-1. The pump is calibrated for each of the solvent system used in this study and the 

pump setting is analogous to the filtration rate and is used to represent the filtration rate in this 

chapter. 

Before the start of each experiment, the filter tube and vials were weighed. A complete mass 

balance was kept throughout each experiment that was conducted. The slurry and the wash 

solution were kept in the chiller at the desired experimental temperature beforehand. At the 

start of experiment, the 50 mL sample slurry was taken from the chiller and was quickly and 

carefully transferred to the jacketed filter tube, making sure complete removal of slurry was 

achieved while transferring from sample bottle to the biotage filter tube without much deviation 

in temperature, Table 5-1. The objective of the jacket around the Biotage tube is to maintain 

the temperature at the required level that has been obtained in the chiller throughout the 

experiment. The valve at the end of biotage tube is opened and the peristaltic pump is then 

turned on at the required rpm, allowing the filtrate to flow through the medium into the vials. 

On reaching dryland, the point when the filter cake surface is first exposed, the pump is halted 

and the filtrate vial at which filtration stops is noted. The wash solution bottle is then taken 

from the chiller and 10 mL of unsaturated wash solution is measured out. This is then carefully 

added to the filter tube by slowly running wash solvent down the wall of the tube using a 

disposable pipette making sure not to disturb the filter cake surface.  
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The wash solvent is then filtered through the cake and the medium at the same pumping rate 

as the filtration stage until, dry land was reached and again halting the pump. This procedure 

is repeated for two more washing sequences, with a total of 30 mL of wash solution used in 

total in each of the DoE experiments, Table 5-2.  The volume of wash solution used is kept 

consistent with the relative volumes used within the manufacturing process.  The final wash 

step was followed by cake deliquoring during which the pump ran at the same rate until the 

bubble point is detected and a break in the steady flow of filtrate is observed at which point the 

pump was turned off. Bubble point during deliquoring step is when air is freely able to pass the 

API cake and filter media. This is observed during the experiment as the first air bubble is seen 

at the end of the biotage filter tube. The filter tube mass is then measured and the vial number 

noted at points where washing and deliquoring stops occurred.  

5.3.4 Liquid Filtrate Post Off-line Analysis 

 

Figure 5-4: Post washing experiment analysis of the filtrate fraction samples (IC1 impurity) 

 

Figure 5-5: Post washing experiment analysis of the filtrate fraction samples (Red Dye impurity) 

At the end of the washing experiment, the post filtration analysis carried out for each 

experiment was dependant on whether the experiment is carried out using IC1 API impurity or 

the red dye impurity. Figure 5-4 and Figure 5-5 shows the experimental steps used for filtrate 

analysis employed for the IC1 and the red dye impurity respectively.  

For the experiment with the IC1 impurity, Figure 5-4, the vials containing the filtrate samples 

collected at the end of the experiment were weighed. The filtrate samples were then poured 
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from the long, narrow vials (17 mm diameter x 67 mm height, 10.5 mL volume capacity, 

Scilabware Ltd, UK) used in the fraction collector to pre-weighed shorter wider necked vials 

(24 mm diameter x 24 mm height, 5 mL volume capacity, Glaswarenfabrik, Karl Hecjt GmbH 

& Co KG, Germany) to aid evaporation of the solvent in the vacuum oven. The vials with 

filtrate were then placed in a vacuum oven at 45 oC with vacuum pressure of 10 Torr to 

completely evaporate of the solvent, leaving behind any dissolved API and impurity present in 

the filtrate. The temperature of the vacuum oven was not increased higher than 45 oC to prevent 

any degradation of the AZC1 API. The dried vials were then weighed to determine the amount 

of API lost during the washing process.  

To determine the concentration of the IC1 impurity present in the filtrate vials and obtain a 

wash profile, high-performance liquid chromatography (HPLC) was conducted using an 

Agilent Technologies HP1100 unit. A 50:50 v/v mixture of acetonitrile : water is added to the 

dried filtrate vials to dissolve the API and the impurity. Acetonitrile and water are the sample 

solvent and the mobile phase for HPLC analysis method developed for determining the 

concentration of IC1 in samples. The reason for first evaporating the crystallisation and wash 

solution present in the filtrate before re-dissolution of solute in HPLC sample solution is due 

to the immiscibility of the two solutions, see section 5.4.1 Experimental complications.  

For experiment with red dye impurity, Figure 5-5, the vials containing the filtrate are weighed 

at the end of the experiment. The filtrate sample is then analysed using UV-vis spectroscopy 

(ALS SP700 UV Spectrophotometer, Automated Lab Systems Ltd.) to quantify the Red Dye. 

The dye concentration was chosen to allow direct analysis without further dilution allowing 

the wash profile of the experiment to be obtained easily and accurately. After UV-vis analysis, 

the remaining filtrate in the vials is transferred to the smaller wider vials and then left to dry in 
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the vacuum oven at 45oC to determine API dissolved in each filtrate aliquot. Vials are weighed 

after each stage to ensure complete mass balance is kept throughout the experiment. 

5.3.5 Solid API Cake Post Off-line Analysis 

At the end of the experiment, the biotage filter tube containing the deliquored API cake is taken 

out of the cooling jacket and the mass of filter tube with the washed API cake is measured. The 

damp cake is carefully taken out of the filter tube, weighed and a small section is sliced and 

added to 60 mL of isooctane and lecithin dispersant solution (5g lecithin / 1 L isooctane) for 

particle size analysis using mastersizer. The wet dispersion method used for this analysis is 

similar to the method used for raw API material analysis, see section 5.3.1 Raw Materials. The 

reason for performing PSD analysis at this stage is to detect any agglomerate formation or 

change in PSD at the end of the washing process prior to drying the cake.  

The remaining damp cake is then again weighed and left to dry in the vacuum oven, to 

determine the residual solvent content in the cake and complete the mass balance to understand 

the mass of API obtained at the end of the isolation process. This is determined by using the 

percentage of residual solvent present in dried cake to back calculate the mass of API present 

in the full damped cake.   

The dried AZC1 API cake is gently milled using mortar and pestle to ensure a homogenous 

mixture of the washed dried API powder is obtained. Three samples each of 150 mg of the 

washed API powder are taken from each experiment and dissolved in the HPLC sample solvent 

for analysis of IC1 impurity concentration in the final washed cake.  

5.3.6 Design of Experiment (DoE) 

AZC1 is a marketed drug product therefore the manufacturing process and the process variable 

ranges are already approved by the regulatory authorities. Therefore, there is not a lot of 

freedom available to adjust the various variables affecting the washing process without having 
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to go through the procedure of getting approval from the relevant regulatory authority. For this 

reason, only two variables, the filtration/washing flowrate and the temperature at which the 

washing is carried out were varied in this experimental work, Table 5-1. Parameters such as 

the slurry loading, wash solution identity, volume of wash solution, number of washes were 

kept consistent with the values used in the manufacturing process. 

A multivariate design of experiment (DOE) approach was used to investigate the combined 

effects of the selected parameters on removal of IC1 impurity and hence washing performance. 

MODDE (Umetrics, Sweden) was the software used for the DOE approach. For this work, 

since only two factors were investigated a full factorial screening DoE approach was used. As 

can be seen from Table 5-2, the experimental design created compromised all the possible 

combinations of the factor levels. Also, the design consisted of 7 factorial experiments, 

including the 3 midpoint experiments and so could be performed within the limited time frame 

of this industrial project.  

Table 5-1: Table of factors, responses and analytical techniques used to quantify the responses in the 

DOE 

Variables 

Factors (abbreviation) Range and units 

Filtration & Washing rate (Fil) Pump setting 10 – 100 rpm (1.3 – 11.7 mL/min, 

respectively) 

Temperature (Tem) 0 OC, 11 OC, 22 OC 

Responses  

Responses (abbreviation) Analytical method used to quantify response 

IC1 concentration in washed cake (IC1c) HPLC 

% Decrease in IC1 (DIC1) HPLC  

API lost to washing (APIL) Mass balance 

% change in D10 (D10) Particle size analyzer, Mastersizer 3000 
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% change in D50 (D50) Particle size analyzer, Mastersizer 3000 

% change in D90 (D90) Particle size analyzer, Mastersizer 3000 

Table 5-2: Experiments carried out with IC1 impurity 

Experiment Name Run Order Filtration Rate (rpm) Temperature (oC) 

1 6 10 0 

2 1 100 0 

3 5 10 22 

4 4 100 22 

5 7 55 11 

6 2 55 11 

7 3 55 11 

Table 5-1 lists the responses used in this study. IC1 concentration in washed cake and the 

percentage decrease in IC1 impurity responses were determined by calculating the 

concentration of IC1 impurity added at the start of the experiment and using the HPLC method 

to analyse the IC1 concentration in the final washed cake. Tracking mass balance of the filtrate 

vials throughout the experiment, section 5.3.4 Liquid Filtrate Post Off-line Analysis, allowed 

the API loss during the washing process in each experimental run to be determined. Particle 

size analysis of the washed cake was performed at the end of each experiment as explained in 

section 5.3.5 Solid API Cake Post Off-line Analysis. The percentage change in particle size 

response for D10, D50 & D90 is hence determined using the same Equation 7 as used in chapter 

4 for particle size analysis: 

𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐷𝑥(%) = (
𝐷𝑥  𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑠ℎ𝑒𝑑 𝑐𝑎𝑘𝑒 −  𝐷𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑎𝑤 𝑝𝑎𝑟𝑎𝑐𝑒𝑡𝑎𝑚𝑜𝑙 𝐴𝑃𝐼

𝐷𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑎𝑤 𝐴𝑃𝐼
) 𝑥100 %  

(𝑤ℎ𝑒𝑟𝑒 𝑥 = 10, 50 𝑜𝑟 90) − 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7 

Table 5-3: Experiments carried out with Red Dye impurity 

Experiment Name Filtration Rate (rpm) Temperature (oC) Wash Volume (mL) 

R1 10 0 15 
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R2 100 0 20 

R3 10 22 20 

R4 100 22 20 

Table 5-3 shows the filtration/washing experiments that were carried out at the end of the study 

using red dye impurity. For red dye experiment even though they were not part of the DoE 

there was still enough time to carry out the 4 experiments with red dye which allowed for 

investigation of all the possible combination of factor levels in removal of the red dye impurity. 

The volume of wash for these experiments was increased from 10 mL in IC1 impurity 

investigation to 15 mL in R1 experiment and then to 20 mL for subsequent experiments to 

ensure a complete wash is obtained. This increase in wash volume was due to presence of red 

dye in the API cake at the end of the wash process in experiment R1, observed from the naked 

eye. Extra volume of wash solution ensured that the washing process was complete with 

optimal removal of the red dye impurity.   

5.4 Results and Discussion 

5.4.1 Experimental complications 

Throughout this study, there were several problems encountered in implementing the constant 

rate washing strategy on the AZC1 process system to analyse and optimise the washing 

performance. One of the main problems was the lack of analytical method available for 

detecting the IC1 impurity in the wash filtrate. The HPLC method developed in AZ was only 

able to detect IC1 impurity in the dry API powder at the end of the drying process. The 

crystallisation and the wash solution, consisting of ethyl acetate and isooctane, was immiscible 

with the mobile phase required for the HPLC, consisting of acetonitrile and water. Therefore, 

the methodology had to be modified, from the methodology of detecting a dye using UV-vis 

spectrometer as in paracetamol study or when using red dye, (section 5.4.3 Experimental result 

obtained – Red Dye impurity), where the filtrate had to be dried in the vacuum oven to obtain 
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any solid API and impurity present in the filtrate. In the modified procedure the solid precipitate 

was dissolved in the HPLC sample solution, of acetonitrile and water, before being analysed 

for IC1 impurity concentration in the wash filtrate. 

Evaporation of the solvent from the long vials used in the filtrate collector was another 

experimental issue encountered. In a trial experiment, performed before the start of the DoE 

experimental study, the vials with filtrate from the faction collector obtained at the end of the 

washing process were left in the vacuum oven to dry. Even after leaving the vials for over 7 

days there was still small amounts of solvent present in some vials, which had not evaporated 

off. This is similar to the problem encountered with evaporation dodecane solvent in 

paracetamol study, chapter 3. To ensure complete evaporation of filtrate for DoE experiments, 

the filtrate samples were transferred onto smaller, wider vials, similar to the one used for 

gravimetric solubility study in chapter 2.16 This change in vials allowed for the solvent to 

evaporate off confirmed by establishing that the masses of vials taken after two consecutive 

days were found to be similar. However, this change in experimental methodology did result 

in a significant increase in experimental duration as all the 40 or so filtrate vials had to be 

weighed and then transferred onto smaller pre-weighed vials and then weighed again to obtain 

complete mass balance. 

Figure 5-6 shows an image of a dried filtrate sample. Even though the vial looked dry by naked 

eye and the mass stayed consistent in vacuum oven over a period of 24 hr, there were still some 

immiscible solvent visible as a separate droplet found when the HPLC sample solvent was 

added to dissolve the API and the impurity. This could be caused by the API and impurity 

precipitating out as small agglomerates, or aggregating together as can be seen from Figure 5-

6. There could be a small amount of solvent trapped within the aggregated material, which 

would then take a very long time to evaporate off. Because the amount of residual immiscible 
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solvent present was very small and due to the project time constraints, it was decided that the 

methodology could be used to perform DoE experiments. Any presence of solvent in the wider 

dried vials was taken into account when performing mass balance calculations to determine the 

API loss during washing; this is detailed in Table C- 1 in Appendix C - Optimising removal of 

impurity on an industrial active pharmaceutical ingredient (API) using constant rate washing 

methodology. 

In future work problems due to evaporation of traces of residual solvent could be overcome by 

using a centrifuge vacuum evaporator (e.g. Genevac), which allows for more efficient solvent 

evaporation at lower pressure while maintaining temperature allowing thermal sensitive sample 

to be processed more efficiently.7 Due to the unavailability of such equipment, this was not 

possible for this study.  

 

Figure 5-6: Dry filtrate sample vial take from the vacuum oven 

Using a dye as a representative impurity, such as in the paracetamol study (chapter 3) or the 

red dye in this study, (section 5.4.3 Experimental result obtained – Red Dye impurity), 

measuring the wash profile using the UV-vis spectrometer was found to be a practical and 

precise method to determine dye content in filtrate samples (Figure 5-13). However, this was 

not found to be the case while using HPLC for wash profile analysis of the IC1 impurity. Figure 

5-7 show the graph obtained for IC1 impurity concentration in the filtrate samples from 
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experiment 8. Experiment 8 was an extra experiment conducted after the DoE experimental 

work to investigate further the reason for the significant variance in IC1 concentration in the 

early filtrate samples. Experiment 8 was conducted with same parameter conditions as the DoE 

midpoint experiment, except that the volume of wash was increased from 10 mL to 20 mL to 

ensure a complete washing had been achieved. To ensure there were no issues due to variation 

in amount of filtrate in each sample, 1 mL of filtrate from each filtrate sample was pipetted into 

a clean wide neck vial and left to dry. The results for this test are included in the experiment 8 

results graphs in Figure C-14 of Appendix C - Optimising removal of impurity on an industrial 

active pharmaceutical ingredient (API) using constant rate washing methodology demonstrates 

that the masses of filtrate added to each of the small filtrate vials was consistent.  

 

Figure 5-7: IC1 concentration in filtrate obtained from experiment 8. The red line shows the 8 ppm 

limit specification of the HPLC test 

From Figure 5-7 it can be seen that the concentration of IC1 in the filtrate during filtration and 

early stages of washing is found to vary quiet a lot. Approximately 1900 ppm of IC1 impurity 

was added to the AZC1 slurry at the start however, the HPLC method is only able to accurately 

detect around 20 to 35 ppm of IC1 impurity in the filtrate vials, Figure 5-7. This due to a 

limitation of the HPLC method which was developed by AstraZeneca for detection of trace 

quantities of the IC1 impurity in the AZC1 compound. The HPLC method is designed to be 

capable of accurately quantifying the IC1 concentration at levels of 8 ppm or lower. For the 
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quantification of IC1 using this method, a limit test calibration solution is prepared at 8ppm, 

which is the specification limit for IC1 in AZC1. This impurity limit test solution was measured 

daily by HPLC and the within-day precision (coefficient of variation) was less than 4.0% for 

the HPLC method employed. The peak area obtained in the limit test solution is then used to 

quantify the IC1 concentration of the sample of interest. For samples with concentrations of 

IC1 above 8ppm, the HPLC method is not able to accurately quantify the IC1 concentration 

this is manifested as noise in the data. Therefore, IC1 concentration in filtrate sample vials 

obtained during filtration and most of washing is not accurate and does not give a wash profile 

as expected. However, we are able to clearly see the endpoint of washing from Figure 5-7 as 

the IC1 concentration in the filtrate sample becomes consistent toward the end at around 5 ppm. 

In order to obtain a wash profile of any impurity to be investigated it is essential that the 

analytical method is able to quantify the concentration within the whole range from the start of 

filtration until the end of washing process. Because this was an industrial project, developing 

a new HPLC analysis methodology to extend the range of detection for this impurity was out 

of scope especially since the HPLC procedure is rather complex to differentiate the impurity 

reliably from other interfering species. This aspect should be considered in the design of other 

API washing investigations. One factor which could be considered in future experiment is to 

dilute the 1000 ppm sample to 10-30 ppm to get more accurate measurements but was not 

considered at the time of the experimental work.  

5.4.2 DoE results obtained – IC1 impurity 

Figure C-5 in Appendix C - Optimising removal of impurity on an industrial active 

pharmaceutical ingredient (API) using constant rate washing methodology contains all the 

responses obtained for the experiments carried out in the DoE study. Due to some variation 
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recorded in responses for the mid-point experiments and because some additional material and 

time being available at the end of the campaign, experiment 4 was repeated. 

Figure 5-8 shows the impact of the factors investigated that affect API loss during the washing 

process in this study. The coefficient plot in Figure 5-8 shows a good level of reproducibility 

and a good fit between the data and the model, confirming the model’s capability to predict 

responses. From the coefficient plot, temperature is found to be the major factor affecting the 

API loss during washing. Filtration rate of the wash solvent only seem to have a very small 

effect on the API loss when compared with temperature. This is also visible in Table 5- 4, 

which presents the API loss results for the 4 DoE experiments. The experiments carried out at 

0oC have a much smaller loss of API during the washing process compared to the experiment 

carried out at 22oC. Comparing experiments with same filtration rate but differing temperature 

in Table 5- 4, such as experiment 1 & 3, the API loss is seen to increase from 116 mg at 0oC to 

361 mg at 22oC. This is consistent with the solubility dependence of the API with respect to 

the temperature. The solubility of API increases around 3.5 fold in the wash solution as the 

temperature is increased from 0oC to 22oC.   

Comparing experiments at the same temperature, experiment 1 with 2, and experiment 3 with 

4, in Table 5- 4, a small effect on API loss due to filtration rate is visible and more notable at 

the lower temperature. This effect is similar to the one seen in the paracetamol study. The low 

wash solvent flowrate through the API cake results in greater contact time between the wash 

solvent and the particle. This increased amount of time allows solvent to reach nearer to the 

saturation solubility level.  

Figure 5-8b, the contour plot for the API loss dependence on temperature and flow rate shows 

temperature is the main factor affecting the loss of API. The small gradient of the horizontal 

lines in the graph towards the left hand side indicates the small effect due to the filtration rate 
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and the change in slope of that gradient with temperature is due to the interaction present 

between the two factors investigated. 

 

Figure 5-8: a.) Coefficient plot of DoE variables that effect API loss during the washing process, R2 

= 0.998, reproducibility = 0.996. b.) Contour plot obtained for the API loss 

Table 5- 4: API loss responses obtained from DoE experiment 

Experiment 

Name 

Filtration rate 

(rpm) 

Temperature 

(oC) 

API Loss 

(mg) 

API Loss 

(%) 

1 10 0 116 3.6 

2 100 0 91 2.8 

3 10 22 361 11.2 

4 100 22 354 11 

4 (repeat) 100 22 340 10.6 

Figure 5-9 and Figure 5-10 show the coefficient and contour plot for the factor investigated 

affecting the removal of IC1 impurity during washing. Figure 5-9 presents the final IC1 residual 

concentration response in the washed cake while Figure 5-10 shows the percentage change in 

IC1 concentration at the end of washing process. Both coefficient plots, Figure 5-9a and Figure 

5-10a, show the main variable affecting the response, however the DoE model obtained is not 

capable of accurately predict this responses, this is visible in the low Q2 value obtained for the 

models and the big difference between the R2 and Q2 values for the models. The contour plots, 

Figure 5-9b and Figure 5-10b, are included to allow visualisation of the direction of change in 

IC1 impurity level. 
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Temperature is only significant term found in the DoE models to influence IC1 impurity 

removal, as the error bar for the term does not cross the y-axis in the coefficient plots. Similar 

to the solubility of API, the solubility of the IC1 impurity in the wash solution is affected by 

the temperature. Carrying out washing at higher temperature would allow for greater amount 

of impurity to dissolve in the wash solution and exit the API cake. 

Filtration flowrate did not seem to have any effect in removal of IC1 impurity according to the 

DoE model. However, as mentioned earlier the low R2 and Q2 value, the model obtained is 

not high enough to obtain reliable predictions. From the previous study of paracetamol, the 

API in chapter 3, we would expect the contact time and hence the filtration rate of the wash 

solvent to play a part in efficient removal of the impurity. The lack of any noticeable effect of 

the filtration rate term could be due to the major impact of temperature masking any difference 

which would be caused due to change in filtration rate.   

 

Figure 5-9: a.) Coefficient plot of DoE variable that effect the final washed cake IC1 concentration, 

R2 = 0.549, reproducibility = 0.546. b.) Contour plot obtained for the IC1 concentration 
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Figure 5-10: a.) Coefficient plot of DoE variable that effect the percentage decrease in IC1 

concentration, R2 = 0.529, reproducibility = 0.439. b.) Contour plot obtained for the percentage 

decrease in IC1 concentration 

Figure 5-11 shows the coefficient plots obtained for the change in particle size distribution at 

the end of the washing process. For particle size distribution the DoE models did not show 

good reproducibility, nor there was good fit between the data and the model. The negative 

values obtained for Q2 for the D50 and D90 coefficient plot (Figure 5-11b and Figure 5-11c) 

reveals the poor model capability to predict responses.  

The weak DoE models obtained from particle size distribution analysis suggests that there is 

some inherent variation in the experiment or the analysis of particle size distribution that is not 

taken into account. Particle size analysis is a complex procedure involving sampling, 

dispersion, and accurate use of instrument.8 For micronized material with particle size below 

20 µm, particle size analysis comes with additional issues of particles adhering to one another 

due to electrostatic forces forming secondary particles, agglomerates and aggregates.9 The 

particle size analysis was made even more difficult in this study by analysing damp API cake 

which had been re-suspended in a dispersant for analysis.  

The dispersion and the accurate use of instrument was established beforehand by designing a 

method for the Mastersizer laser diffraction equipment using raw AZC1 API material. Analysis 

of the as supplied API material was first carried out using a dry dispersion unit at different 

pressures to obtain a size measurement consistent with the formal AstraZeneca measurement 
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of the API particle size distribution. These measurement conditions were then used to design a 

method for the instrument’s wet dispersion unit. The wet analysis method developed using the 

as supplied material which formed to input to these experiments was then used for analysis of 

the washed API samples.  

Sampling of the washed cakes obtained at the end of experiments is possibly the point where 

there could be the greatest source of variance in the particle size analysis. Factors such as the 

amount of deliquoring time in each experiment and the amount of time taken between the end 

of the experiment and the cake sample being re-suspended in the dispersant could be 

anticipated to have an impact on the particle size analysis. Whilst efforts were made to control 

these sources of variation these factors cannot be controlled perfectly. Further investigation is 

required to improve the particle size analysis of damp washed API cakes to better understand 

the different factors involved, especially for micronized material.   

 

Figure 5-11: a.) Coefficient plot of DoE variables that effect the change in particle size, D10, R2 = 

0.573, reproducibility = 0.585. b.) Coefficient plot of DoE variable that effect the change in particle 

size, D50, R2 = 0.366, reproducibility = 0.122. c.) Coefficient plot of DoE variable that effect the 

change in particle size, D90, R2 = 0.715, reproducibility = 0.742. 

Figure 5-12 shows the sweet spot plot obtained for the IC1 impurity removal from Modde using 

the models obtained for the API loss response and IC1 impurity concentration response. This 

graph shows the range of values of both variables which the washing process should be 

operated within to obtain the desired process outcome. One thing to note is that the IC1 

impruity removal model is not completely sufficient for prediction so the sweet spot plot 

presented cannot be used for accurate prediction. However experimental work can be 
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conducted to help improve the model. Figure 5-12 gives a good representation of how the sweet 

spot could be used for a more accurate model for constant rate washing investigation.  

For the sweet plot in Figure 5-12 the API loss criteria is set between 0 and 200 mg, while the 

IC1 concentration is set between the 3.45 ppm and 8 ppm. The lower IC1 concentration criteria 

was set at 3.45 ppm as that was the lowest concentration achieved in the DOE experiments and 

setting the criteria boundary to zero made the sweet spot very small, as its not practicle to 

achieve 100% removal.  The green area in the graph, Figure 5-12,  shows the sweet spot plot 

where both the coniditions set in the model are matched. Temperature is the major factor 

affecting the responses choosen (Figure 5-8, Figure 5-9 and Figure 5-10) and so the shape of 

sweet spot plot obtained is justified. Operating at temperature values above the sweet spot area 

can result in unnecessarily high yield loss during the washing process while operating at 

temperature level below the sweet spot area can result in an unacceptably high amount of the 

IC1 impuirty retained in the final washed cake.  

 

Figure 5-12: Sweet spot plot for reducing IC1 impurity using the DoE result obtained 

The sweet spot plot shows the recommended range of conditions to operate within for the 

variables investigated. One cautionary note relating to the sweet spot recommendation is the 

potential effect of agglomeration that could be encountered at the end of drying when operating 
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the washing process at higher temperatures and low flowrate. Residual wash solution within 

the API cake would contain a higher amount of dissolved API, as longer residence time of wash 

the wash solvent gives longer time for API to reach solubility limits. This API would be 

deposited during the drying process and can cause formation of crystal bridges between the 

product crystals resulting in agglomeration.4 Therefore, it is also important to consider 

downstream effects on the API product from changing washing process parameters in a scaled-

up industrial manufacturing process. Carrying out multiple washes introducing a final washing 

step using a solvent in which the API has very low solubility can assist in preventing 

agglomeration after the drying stage.16 

5.4.3 Experimental result obtained – Red Dye impurity 

 

Figure 5-13: a.) Filtrate vial samples obtained for experiment R1. b.) Wash profile curve for red dye 

impurity concentration and the cumulative API lost graph obtained for experiment R1 

An example of wash profile obtained from an experiment using red dye impurity is shown in 

Figure 5-13. Figure 5-13a shows the filtrate vials obtained from the fraction collector at the 

end of the filtration/washing experiment. The concentration of red dye impurity is similar at 
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the end of filtration to the start of the washing stage. Filtration is stopped at dryland and so the 

remaining mother liquor present in the filtered API cake is first displaced from the wash solvent 

front. There is a gradual decrease in red impurity concentration which can be seen in the filtrate 

vials obtained towards the middle and the end of the washing stage. The blue dots in the graph 

in Figure 5-13b displays the wash profile obtained using UV-vis spectrometer, with the 

decrease in red dye concentration aligned with visual aid provided from the filtrate samples.  

For the dye impurity, the impurity removal is assessed by determining the sequence number of 

the collected wash filtrate required to remove the red dye and for the red dye concentration to 

level off at its minimum value, this is similar to the method employed for blue dye 

concentration in paracetamol study, chapter 3. For experiment R1 in Figure 5-13b, the red dye 

concentration starts decreasing at filtrate sample number 14 and reaches concentration of 

around 0 and levels off at filtrate sample number 28. Therefore, the impurity removal in 

experiment R1 takes around 15 filtrate samples. Since the volume of filtrate collected in each 

vials at different filtrate rate is similar, hence this is found to be valid method for analysis of 

impurity removal using wash profiles. The wash profile obtained for the other 3 experiments 

carried out using red dye is provided in Appendix C - Optimising removal of impurity on an 

industrial active pharmaceutical ingredient (API) using constant rate washing methodology with 

the final result obtained shown in Table 5-5. The only big difference found from comparison 

of the 4 wash profiles obtained, is the removal of red dye in experiment R3. In experiment R3 

the low filtration rate together with the increased solubility of the impurity in the wash solution 

due to the high temperature would result in back-mixing effect.2 Hence, higher amount of wash 

solvent would be required for complete removal of impurity. This is similar to the result 

obtained from previous work carried out with paracetamol in the earlier study.10 

 
2 Prolonged contact between the mother liquor and the pure wash solvent results in mixing of the two solvent with 

migration of the impurity into the pure solvent with consequent reduction of washing efficiency.  
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The red dots in the graph in Figure 5-13b, shows the cumulative API loss progressively 

throughout the filtration and washing stages. One thing to note is that presence of any isooctane 

in individual filtrate vial samples is not taken into account when determining the cumulative 

API loss graph in Figure 5-13b. The total API loss during the washing process, Table 5-5, takes 

any isooctane present in the whole system into account using the calculation given in the Table 

C- 1, Appendix C - Optimising removal of impurity on an industrial active pharmaceutical 

ingredient (API) using constant rate washing methodology. The API loss result in Table 5-5 

corresponds to the result obtained from the IC1 impurity result in Figure 5-8. Temperature is 

the significant factor effecting API loss with the effect of filtration rate more visible in Table 

5-5 due to higher amount of wash solution being used in the red dye experiments.  

Table 5-5: API loss and impurity removal results obtained from the red dye impurity experiments 

Experiment 

Name 

Filtration 

rate 

(rpm) 

Temperature 

(oC) 

Volume 

of wash 

(mL) 

API 

Loss 

(mg) 

API 

Loss 

(%) 

No. of filtrate 

to remove 

impurity 

R1 10 0 15 187 5.8 15 

R2 100 0 20 140 4.4 15 

R3 10 22 20 714 22.2 21 

R4 100 22 20 430 13.4 14 

Due to the Mastersizer particle size analysis equipment being faulty, it was not possible to 

measure the particle size distribution for the washed cake sample obtained from experiments 

R1 or R2. The results obtained for the R3 and R4 experiment together with the result obtained 

for the extra experiment 8 are given in Table 5- 6.  

Table 5- 6: Change in particle size distribution at the end of the washing process for experiment with 

20 mL wash volume. Negative percentage values in the table represent a decrease in the particle size 

after the washing process 

Experiment 

Name 

% change in 

D10 

% change in 

D50 

% change 

in D90 
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R3 24 29 8 

R4 - 6 - 7 - 13 

Exp 8 0 0 - 3 

All three experiments presented in Table 5- 6 were carried out with 20 mL of wash solution 

compared to 10 mL of wash used for the DoE IC1 experiments. When comparing the results 

obtained for these three experiments with the DoE experiments, given in Appendix C - 

Optimising removal of impurity on an industrial active pharmaceutical ingredient (API) using 

constant rate washing methodology, the API particle size is maintained when using higher 

volume of washes which is consistent with results obtained from previous work and literature.4 

However, these are only three experiments and due to issues encountered with the results 

obtained for particle size analysis from the DoE, Figure 5-11, further investigation is required 

before any definite conclusions can be made.  

5.5 Conclusion 

A wash workflow is developed and introduced in this chapter, using the findings from previous 

PhD chapters with the aim of it being tested on an industrial compound. This work takes the 

constant rate washing methodology developed in previous Chapter 3 using a model compound, 

step 3 of wash workflow developed, and investigates the implementation of the methodology 

to assist in optimisation of washing process on an industrial compound. Other stages of the 

wash workflow could not be investigated in this project due to the lack of time available during 

this remote industrial project as COVID19 hampered any chances of this work being performed 

at AZ’s site.  

 Even though there were several problems encountered in applying the constant rate 

methodology for the AZC1 API system, this study was successfully implemented to investigate 

the variables of interest using this method. Because the API investigated is a marketed medicine 

with a registered manufacturing process this restricted the variables which could be changed in 
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the washing process and this restriction made the implementation of the methodology slightly 

difficult. However, this work shows the versatility of this method and indicates that it could be 

applied to other industrial APIs, especially during the process development to investigate and 

design an effective washing strategy for API product crystals. 

A parametric study was carried out to investigate the effect of temperature and filtration rate 

on removal of API related impurity during the washing process. Temperature was found to be 

the significant variable in removal of the impurity as well as the loss of API during the washing 

process. This is in consistent with the change in solubility linked to wash solvent temperature. 

This investigation of the impact of temperature on constant rate displacement washing in a lab 

setting has been found to be useful to validate and further develop the wash process workflow 

presented.  

Similar to previous work, chapter 4, particle size distribution analysis of washed API cake was 

not found to be deliver conclusive results in the DoE. Current lab-based particle size analysis 

techniques are not suitable for analysing damp API cake material and further work is required 

to develop a methodology or a measuring to technique to adequately measure PSD of damp 

wet API cake obtained at the do the washing process. 

5.6 Abbreviations  

AstraZeneca (AZ); Active pharmaceutical ingredient (API); high-pressure liquid 

chromatography (HPLC); particle size distribution (PSD); design of experiment (DoE)  
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Conclusion and Future Work 

6.1 Conclusion 

The washing process is a vital part of the isolation of crystalline API products. The work in 

this PhD project has highlighted some of the key mechanisms and phenomena that take place 

during the washing process and which can affect the process performance and product quality. 

The complex multi-component system present during the washing process has been thoroughly 

investigated with different studies performed to build a deeper understanding around this 

process and add to the scientific knowledge. 

The first study conducted, chapter 2, in this thesis project investigates the interaction of the 

solution system in the complex multi-component system present during the washing process 

consisting of the saturated mother liquor solution and the wash solution, minus the API crystals. 

Solubility studies of binary solvent mixtures of crystallisation and wash solvents were 

performed. Some of the solution mixtures investigated formed solubility maxima at certain 

solvent composition and exhibited possible impact caused due to difference in solubility for 

the constantly evolving solution system present in API packed bed during the washing process.   

Two anti-solvent evaluation methodologies were developed to investigate wash solvent 

selection and to aid with better washing regime design for the API isolation to prevent risk of 

impurity precipitation. The glass vial methodology presented can readily indicate if 

precipitation is likely to occur due to solvent interaction during the wash process and provide 

an insight into the kind of process that might take place in the saturated API cake during 

washing. The centrifuge vial method developed can then be used to quantify the extent and 

composition of the precipitation taking place. These methodologies were used on an API and 

it was found that for complete removal of mother liquor during the washing process with 

minimal impact on crystal product, a multi-step washing strategy is advised. This would 
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significantly decrease chance of any precipitation occurring during washing due to antisolvent 

phenomena and reduce any agglomerate formation during the dry process.  

The second study, chapter 3, investigates the constant rate filtration/washing methodology 

developed using readily available lab equipment to analyse filtrate obtained from the filtration 

and washing process. Analysis of filtrate using paracetamol API product with blue dye impurity 

showcased the usefulness of such data for optimising the washing process by understanding 

process performance, such as: wash process end point analysis based on impurity and mother 

liquor removal for the filtered API cake, determining the amount of API lost during the washing 

process and likely extent of agglomeration occurring during the drying process. Control and 

use of different flowrates using the constant rate methodology identified best wash solution 

flowrate through the API packed bed for effective removal of impurity. Use of low flowrates 

result in back diffusion and higher dispersion of mother liquor and impurity retention while too 

high flowrate causes wash solution to form channels within the packed API bed and so larger 

amount of wash solvent is required for complete removal which in turn results in greater API 

loss and inefficient use of solvent within the process.  

 Particle analysis of API crystals during the washing process is important to understand 

possible particle changes caused during washing due to interaction between wash solution, 

mother liquor solution and the crystal API packed bed. The filtered washed API cake obtained 

from the constant rate washing work in chapter 3 together with further filtration and wash 

studies performed, were used to investigate various particle size analytical technique to analyse 

washed API material, in chapter 4. Offline particle size analytical techniques such as focused 

beam reflectance measurement, using Malvern Panalytical’s Mastersizer 3000, and chord 

length distribution, using Mettler Toledo’s FBRM probe were used within this study. This work 

demonstrated the challenges involved in characterising API particles obtained at the end of the 
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washing process. Offline analysis involved sample preparation of washed damp API particle 

cake which was hard to handle and prevent any damage to the sample. The dispersing solvent 

used for sample analysis also needs to carefully considered to prevent any interaction of the 

solvent with the solid sample. None of the techniques investigated were found to be reliable 

for washed API cake particle size measurement and further work is required to develop a 

definitive approach to be able to use an off-line particle measurement technique for analysis of 

a wet API cake. 

Paracetamol has been widely used in this PhD project as the model API compound due to vast 

amount of data available. The anti-solvent study looking into the effect of solubility of binary 

solvent mixtures on the API crystal during the washing process, the constant rate methodology 

developed to better examine washing processes and the PSD work looking into particle 

characteristics of wash damped API cake are all investigated using Paracetamol API. The key 

findings from these studies are used to develop a wash process workflow which aims to help 

practitioners with designing a washing strategy which can aid with obtaining isolated API 

crystals with minimum agglomeration, product loss and solvent waste. This workflow is 

presented in chapter 5 of this thesis with some parts of the workflow applied on an industrial 

compound from AstraZeneca.  

The constant rate methodology was successfully used to investigate the optimum washing 

parameters for the industrial compound that would prevent API loss during the washing 

process. This was the main part of the workflow investigated due to lack of time available 

during this remote industrial project as COVID19 hampered any chances of this work being 

performed at AZ’s site. The parametric study investigated the effect of temperature and 

filtration rate on removal of API related impurity. An optimal washing process parameter was 

discovered and presented to the AstraZeneca project team. Use of the constant rate 
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methodology and the wash workflow during this study showcased the versatility of this being 

applied to industrial API projects to design an optimised wash process for the API drug 

substance. This constant rate approach and the associated workflow is now used routinely as 

part of the AZ crystallization and isolation process development workflow. 

6.2 Future Work 

This PhD project was able to demonstrate the importance of the washing process in the isolation 

of an API product and show case a practical approach to optimise washing performance. As 

mentioned previously, the lack of literature on API washing makes it even more vital to further 

investigate the washing process to ensure optimised washing can be designed into every API 

crystallization and isolation process.  

The constant rate filtration methodology showcased in this PhD project in chapter 3 allows for 

easy data collection during the washing process. Due to the lack of washing process data for 

API drug substance in literature there has been very little to no work looking into investigation 

of axial dispersion models and coefficients for such systems. The data gathered in this work 

for different washing process scenarios using several crystallization and wash solvents in three 

different paracetamol crystal sizes can be used to develop wash process dispersion models to 

predict wash process performance for different APIs with similar crystal physical properties in 

different solvent systems. Such models can be used to aid with wash process design by 

predicting optimal process parameters before investigating/validating the model result in labs.   

Constant pressure filtration is widely used in pharmaceutical industry for filtration and washing 

of batch processes. Work in this PhD project have shown constant rate filtration allows for 

better control during the filtration and washing process. With continuous manufacturing of 

pharmaceutical products being widely explored in industry, constant rate filtration can be 

applied to continuous and semi-batch processes for integration of inline analysis during 



160 

 

washing process with feedforward and feedback control present to ensure adequate process 

performance is achieved every time. Integration of such system in a continuous process might 

be easier to implement with peristaltic pump compared to vacuum/pressure systems employed 

for constant pressure filtration. 

One of the main areas for further research and technology development highlighted during this 

PhD project is particle size distribution measurement of wet / damp API filter cake obtained at 

the end of the washing process. Obtaining a true representation of the particle attributes at the 

end of washing process is very beneficial to optimising the process to decrease the extent of 

agglomeration occurring during isolation. Several different laboratory particle size analysis 

techniques, have been tried during this PhD, as reported in chapter 4. None of these techniques 

were found to be extremely effective in obtaining reliable measurements of particle attributes 

due to the wet API cake having to be recovered, resuspended and analysed off-line. Further 

work is required in this field, looking at employing in-situ imaging techniques such as X-Ray 

Nano Computed Tomography to obtain API cake particle analysis during washing without 

having to resuspend the material. This should help eliminate some of the errors caused during 

sampling and resuspending of the washed API cake. 

The API wash process workflow developed is one of the main practical outcomes of this PhD 

project which aims to help facilitate and simplify designing of a pharmaceutical API washing 

processes. This API washing workflow should be trialled with other industrial API crystals to 

assess the validity of the workflow with more complex API compounds. This workflow should 

ideally become a living document, able to be modified if required to ensure it encompasses any 

further developmental findings.  

Sometimes agglomeration is beneficial for a crystal API product compared to single crystals 

(dependant on the final crystal morphology) in terms of flowability, filterability and 
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compaction properties. For these processes it could be worthwhile to investigate integration of 

the isolation processes such as crystallisation, filtration and washing processes to obtain the 

desired agglomerate at the end of the drying process. These processes could be designed in a 

way where the aim of filtration and washing process is to continue the crystallisation process 

and promote agglomeration, in the API cake, to a certain extent while ensuring to replace the 

impure mother liquor solution with a solvent that can aid during the drying process.  

Developing the API washing workflow has provided a means of presenting and applying the 

conclusions of the work in a form which is readily disseminated. 
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Appendix A - Exploring the role of anti-solvent effects during 

washing in active pharmaceutical ingredient purity  

Table A-1:  Main properties of the solvents used in this work.24-28 

Solvent 

Boiling 

point 

(ºC) 

Enthalpy of 

vaporization 

(kJ/mol) 

Viscosity (cP) 

(Temperature 

ºC) 

Density (g/mL) 

(Temperature 

ºC) 

Surface tension 

(mN/m) 

(Temperature 

ºC) 

Ethanol 78.4 38.58 1.26 (20) 0.79 (20) 21.99 (20) 

Isopropanol 82.2 39.85 2.1 (25) 0.78 (25) 21.4 (20) 

Isoamyl 

alcohol 
132 55.2 3.74 (25) 0.81 (15) 24.77 (15) 

Acetonitrile 81.6 33.23 0.35 (20) 0.78 (20) 29.04 (20)_ 

n-Heptane 98.4 31.77 0.397 (25) 0.68 (20) 19.7 (20) 

Isopropyl 

acetate 
88.5 37.2 0.52 (25) 0.87 (20) 22.3 (20) 

 

Table A-2: Calculated final ratio of wash solvent in solution mixtures at the end of wash solution 

addition. 

Starting volume of 

crystallisation solvent (µl) 

300 
 

Ratio of wash solution 

(crystallisation : wash) 

90:10 75:25 50:50 40:60 30:70 20:80 10:90 0:100 

Volume of crystallisation solvent 

in wash solution (µl) 

630 525 350 280 210 140 70 0 

Volume of wash solvent in wash 

solution (µl) 

70 175 350 420 490 560 630 700 

 

Final volume of crystallisation 

solvent in solution (µl) 

930 825 650 580 510 440 370 300 

Final volume of wash solvent in 

solution (µl) 

70 175 350 420 490 560 630 700 

 

Therefore volume fraction of 

wash solvent in final solution 

0.07 0.175 0.35 0.42 0.49 0.56 0.63 0.7 

 

Table A-3: Initial experiment conducted of liquid holdup inside centrifuge vial using water. The rpm 

was set at 6000. The amount of time of centrifugation was varied. The cells with italic and bold 

numbering are the one where the vials were left in the centrifuge for an extra 2-3 minutes before 
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taking the sample out and measuring the mass. This extra time helped in draining much more of the 

solvent out of the filter and so resulted in much less solvent hold-up in those samples 

Vial 

Weight of 

centrifuge 

filter tare 

(g) 

Weight of centrifuge 

filter after 1 min 

centrifuging (g) 

Mass of 

solvent holdup 

in the filter 

after 1 minute 

(g) 

Weight of 

centrifuge filter 

after  another 1 

min centrifuging 

(g) 

Mass of 

solvent holdup 

in the filter 

after 2 minute 

(g) 

1 0.40129 0.42540 0.02411 0.41587 0.01458 

2 0.40213 0.41018 0.00805 0.40592 0.00379 

3 0.40235 0.40870 0.00635 0.40563 0.00328 

4 0.40125 0.43443 0.03318 0.4052 0.00395 
  

Average holdup 0.01792 
 

0.0064 

 

 

Figure A-1: HPLC calibration curve of paracetamol 
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Figure A-2: HPLC calibration curve of metacetamol and acetanilide 

 

Figure A-3: Glass vial showing presence of liquid solution still present at the bottom of the vial with 

the solid precipitate (incomplete separation of solid and liquid sample). 
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Figure A-4: Full quantitative analysis of ethanol-acetonitrile case. a.) Solubility of paracetamol in 

ethanol-acetonitrile binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution is shown in the graph together with the supersaturation achieved 

in the solution when different ratio of wash solution is added to the saturated crystallisation solvent. 

c.) Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio of 

impurities precipitating out with respect to the paracetamol (API) for each of the different ratios of 

wash solutions used. 
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Figure A-5: Quantitative analysis of ethanol-isopropyl acetate case. a.) Solubility of paracetamol in 

ethanol-isopropyl acetate binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution is shown in the graph together with the supersaturation achieved in 

the solution when different ratio of wash solution is added to the saturated crystallisation solvent. c.) 

Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio of impurities 

precipitating out with respect to the paracetamol (API) for each of the different ratios of wash solutions 

used. 
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Figure A-6: Quantitative analysis of isopropanol-acetonitrile case. a.) Solubility of paracetamol in 

isopropanol-acetonitrile binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution is shown in the graph together with the supersaturation achieved 

in the solution when different ratio of wash solution is added to the saturated crystallisation solvent. 

c.) Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio of 

impurities precipitating out with respect to the paracetamol (API) for each of the different ratios of 

wash solutions used. 
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Figure A-7: Quantitative analysis of isopropanol-heptane case. a.) Solubility of paracetamol in 

isoprpanol-heptane binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution is shown in the graph together with the supersaturation achieved 

in the solution when different ratio of wash solution is added to the saturated crystallisation solvent. 

c.) Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio of 

impurities precipitating out with respect to the paracetamol (API) for each of the different ratios of 

wash solutions used. 
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Figure A-8: Quantitative analysis of isopropanol-isopropyl acetate case. a.) Solubility of paracetamol 

in isopropanol-isopropyl acetate binary solvent mixture at 22 oC. b.) Percentage of solute 

precipitating out of solution for different wash solution is shown in the graph together with the 

supersaturation achieved in the solution when different ratio of wash solution is added to the 

saturated crystallisation solvent. c.) Mass of impurities precipitating out when using different ratios of 

wash solution. d.) Ratio of impurities precipitating out with respect to the paracetamol (API) for each 

of the different ratios of wash solutions used. 
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Figure A-9: Quantitative analysis of isoamyl alcohol-acetonitrile case. a.) Solubility of paracetamol 

in isoamyl alcohol-acetonitrile binary solvent mixture at 22 oC. b.) Percentage of solute precipitating 

out of solution for different wash solution is shown in the graph together with the supersaturation 

achieved in the solution when different ratio of wash solution is added to the saturated crystallisation 

solvent. c.) Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio 

of impurities precipitating out with respect to the paracetamol (API) for each of the different ratios of 

wash solutions used. 
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Figure A-10: Quantitative analysis of isoamyl alcohol-heptane case. a.) Solubility of paracetamol in 

isoamyl alcohol-heptane binary solvent mixture at 22 oC. b.) Percentage of solute precipitating out of 

solution for different wash solution is shown in the graph together with the supersaturation achieved 

in the solution when different ratio of wash solution is added to the saturated crystallisation solvent. 

c.) Mass of impurities precipitating out when using different ratios of wash solution. d.) Ratio of 

impurities precipitating out with respect to the paracetamol (API) for each of the different ratios of 

wash solutions used. 
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Figure A-11: Quantitative analysis of isoamyl alcohol-isopropyl acetate case. a.) Solubility of 

paracetamol in isoamyl alcohol-isopropyl acetate binary solvent mixture at 22 oC. b.) Percentage of 

solute precipitating out of solution for different wash solution is shown in the graph together with the 

supersaturation achieved in the solution when different ratio of wash solution is added to the 

saturated crystallisation solvent. c.) Mass of impurities precipitating out when using different ratios of 

wash solution. d.) Ratio of impurities precipitating out with respect to the paracetamol (API) for each 

of the different ratios of wash solutions used. 
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Figure A-12: XRPD results for raw API (paracetamol) and it impurities (metacetamol and 

acetanilide) together with the precipitate obtained from some sample wash solution results. 

 

Figure A-13: DSC result obtained for raw API (paracetamol) and it impurities (metacetamol and 

acetanilide) together with the precipitate obtained from some sample wash solution results at 10 

oC/min heating rate. 
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Figure A-14: DSC result obtained for precipitate obtained from ethanol-heptane system at 2 oC/min 

heating rate. 
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Appendix B - Employing constant rate filtration to assess active 

pharmaceutical ingredient (API) washing efficiency  

Table B-1: Main properties of the solvents used in this work.28-32 

Solvent 

Boiling 

point 

(ºC) 

Enthalpy of 

vaporization 

(kJ/mol) 

Viscosity (cP) 

(Temperature 

ºC) 

Density (g/mL) 

(Temperature 

ºC) 

Surface tension 

(mN/m) 

(Temperature 

ºC) 

Ethanol 78.4 38.58 1.26 (20) 0.79 (20) 21.99 (20) 

Isopropanol 82.2 39.85 2.1 (25) 0.78 (25) 21.4 (20) 

Isoamyl 

alcohol 
132 55.2 3.74 (25) 0.81 (15) 24.77 (15) 

Acetonitrile 81.6 33.23 0.35 (20) 0.78 (20) 29.04 (20)_ 

n-Heptane 98.4 31.77 0.397 (25) 0.68 (20) 19.7 (20) 

n-Dodecane 216.3 61.52 1.5 (25) 0.75 (20) 25.35 (20) 

 

Figure B-1: Factors of DoE 

 

Figure B-2: Responses of DoE 
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Figure B-3: DoE experimental worksheet with factors 

 

Figure B-4: DoE experimental worksheet with responses 

 

Figure B-5: Images of all the API washed cakes taken at the end of experiment and sorted in terms of 

wash solvent, number of washes and void volume of wash solvent 
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Figure B-6: Results obtained from experiment 1; crystallisation solvent: ethanol; wash solvent: n-

heptane; API grade: crystalline; filtration rate (rpm): 10; volume of wash: 1 void volumes; number of 

washes: 3. a.) Graph showing cumulative API loss in filtrate samples throughout the experiment, mass 

of PCM API lost during wash = 1.48 g. b.) Normalised concentration of blue dye impurity in each 

filtrate sample obtained throughout the experiment. c.) Particle size distribution of the raw paracetamol 

API and the washed cake sample obtained at the end of the washing experiment, from the damp cake. 

d.) 1H-NMR analysis results showing the residual crystallisation solvent content in the final washed 

cake. 

 

Figure B-7: Results obtained from experiment 2; crystallisation solvent: isopropanol; wash solvent: 

acetonitrile; API grade: micronised; filtration rate (rpm): 100; volume of wash: 1 void volumes; 

number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0.66 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-8: Results obtained from experiment 3; crystallisation solvent: ethanol; wash solvent: n-

dodecane; API grade: special granular; filtration rate (rpm): 100; volume of wash: 1 void volumes; 

number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 

 

Figure B-9: Results obtained from experiment 4; crystallisation solvent: isopropanol; wash solvent: 

n-dodecane; API grade: crystalline; filtration rate (rpm): 10; volume of wash: 1 void volumes; 

number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0.07 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-10: Results obtained from experiment 5; crystallisation solvent: isoamyl alcohol; wash 

solvent: mix n-heptane solution; API grade: special granular; filtration rate (rpm): 10; volume of 

wash: 1 void volumes; number of washes: 3. a.) Graph showing cumulative API loss in filtrate 

samples throughout the experiment, mass of PCM API lost during wash = 0.17 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 

 

Figure B-11: Results obtained from experiment 6; crystallisation solvent: isoamyl alcohol; wash 

solvent: mix n-dodecane solution; API grade: micronised; filtration rate (rpm): 100; volume of wash: 

1 void volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate samples 

throughout the experiment mass of PCM API lost during wash = 0.39 g. b.) Normalised concentration 

of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) Particle size 

distribution of the raw paracetamol API and the washed cake sample obtained at the end of the 

washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 
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Figure B-12: Results obtained from experiment 7; crystallisation solvent: isoamyl alcohol; wash 

solvent: n-heptane; API grade: micronised; filtration rate (rpm): 10; volume of wash: 2 void volumes; 

number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 

 

Figure B-13: Results obtained from experiment 8; crystallisation solvent: isoamyl alcohol; wash 

solvent: n- heptane; API grade: special granular; filtration rate (rpm): 100; volume of wash: 2 void 

volumes; number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-14: Results obtained from experiment 9; crystallisation solvent: isopropanol; wash solvent: 

acetonitrile; API grade: crystalline; filtration rate (rpm): 10; volume of wash: 2 void volumes; 

number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0.37 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 

 

Figure B-15: Results obtained from experiment 10; crystallisation solvent: ethanol; wash solvent: n-

dodecane; API grade: micronised; filtration rate (rpm): 100; volume of wash: 2 void volumes; 

number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-16: Results obtained from experiment 11; crystallisation solvent: ethanol; wash solvent: mix 

n-heptane solution; API grade: crystalline; filtration rate (rpm): 100; volume of wash: 2 void 

volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 0.31 g. b.) Normalised concentration of blue 

dye impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution 

of the raw paracetamol API and the washed cake sample obtained at the end of the washing 

experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation 

solvent content in the final washed cake. 

 

Figure B-17: Results obtained from experiment 12; crystallisation solvent: isopropanol; wash 

solvent: mix n-dodecane solution; API grade: special granular; filtration rate (rpm): 10; volume of 

wash: 2 void volumes; number of washes: 3. a.) Graph showing cumulative API loss in filtrate 

samples throughout the experiment, mass of PCM API lost during wash = 0.17 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 
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Figure B-18: Results obtained from experiment 13; crystallisation solvent: isopropanol; wash 

solvent: n-heptane; API grade: special granular; filtration rate (rpm): 10; volume of wash: 3 void 

volumes; number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 

 

Figure B-19: Results obtained from experiment 14; crystallisation solvent: ethanol; wash solvent: 

acetonitrile; API grade: special granular; filtration rate (rpm): 10; volume of wash: 3 void volumes; 

number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout the 

experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-20: Results obtained from experiment 15; crystallisation solvent: isoamyl alcohol; wash 

solvent: acetonitrile; API grade: crystalline; filtration rate (rpm): 100; volume of wash: 3 void 

volumes; number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 1.48 g. b.) Normalised concentration of blue 

dye impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution 

of the raw paracetamol API and the washed cake sample obtained at the end of the washing 

experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation 

solvent content in the final washed cake. 

 

Figure B-21: Results obtained from experiment 16; crystallisation solvent: isoamyl alcohol; wash 

solvent: n-dodecane; API grade: crystalline; filtration rate (rpm): 10; volume of wash: 3 void 

volumes; number of washes: 1. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 0.08 g. b.) Normalised concentration of blue 

dye impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution 

of the raw paracetamol API and the washed cake sample obtained at the end of the washing 

experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation 

solvent content in the final washed cake. 
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Figure B-22: Results obtained from experiment 17; crystallisation solvent: isopropanol; wash 

solvent: mix n-heptane solution; API grade: micronised; filtration rate (rpm): 10; volume of wash: 3 

void volumes; number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples 

throughout the experiment, mass of PCM API lost during wash = 0.95 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 

 

Figure B-23: Results obtained from experiment 18; crystallisation solvent: ethanol; wash solvent: mix 

n-dodecane solution; API grade: micronised; filtration rate (rpm): 10; volume of wash: 3 void 

volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate samples throughout 

the experiment, mass of PCM API lost during wash = 0 g. b.) Normalised concentration of blue dye 

impurity in each filtrate sample obtained throughout the experiment. c.) Particle size distribution of 

the raw paracetamol API and the washed cake sample obtained at the end of the washing experiment, 

from the damp cake. d.) 1H-NMR analysis results showing the residual crystallisation solvent content 

in the final washed cake. 
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Figure B-24: Results obtained from experiment 19; crystallisation solvent: isopropanol; wash 

solvent: mix n-dodecane solution; API grade: crystalline; filtration rate (rpm): 100; volume of wash: 

3 void volumes; number of washes: 3. a.) Graph showing cumulative API loss in filtrate samples 

throughout the experiment, mass of PCM API lost during wash = 0.29 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 

 

Figure B-25: Results obtained from experiment 20; crystallisation solvent: isoamyl alcohol; wash 

solvent: mix n-dodecane solution; API grade: special granular; filtration rate (rpm): 55; volume of 

wash: 3 void volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate 

samples throughout the experiment, mass of PCM API lost during wash = 0.1 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 
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Figure B-26: Results obtained from experiment 21; crystallisation solvent: isoamyl alcohol; wash 

solvent: mix n-dodecane solution; API grade: special granular; filtration rate (rpm): 55; volume of 

wash: 3 void volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate 

samples throughout the experiment, mass of PCM API lost during wash = 0.05 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 

 

Figure B-27: Results obtained from experiment 22; crystallisation solvent: isoamyl alcohol; wash 

solvent: mix n-dodecane solution; API grade: special granular; filtration rate (rpm): 55; volume of 

wash: 3 void volumes; number of washes: 2. a.) Graph showing cumulative API loss in filtrate 

samples throughout the experiment, mass of PCM API lost during wash = 0.07 g. b.) Normalised 

concentration of blue dye impurity in each filtrate sample obtained throughout the experiment. c.) 

Particle size distribution of the raw paracetamol API and the washed cake sample obtained at the end 

of the washing experiment, from the damp cake. d.) 1H-NMR analysis results showing the residual 

crystallisation solvent content in the final washed cake. 
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Appendix C - Optimising removal of impurity on an industrial 

active pharmaceutical ingredient (API) using constant rate 

washing methodology  

 

Figure C-1: Particle size distribution of raw AZC1 API, determined using mastersizer wet dispersion 

unit 

 

Figure C-2: HPLC calibration curve for IC1 impurity 
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Figure C-3: UV-vis calibration curve for red dye in mother liquor solvent system 

 

Figure C-4: Design of Experiment worksheet obtained 

 

Figure C-5: Final DoE worksheet with responses of all the experiments carried out. (Experiment 9 is 

just the repeat of experiment 4) 

Table C- 1: Calculation to correct for API loss during washing process due to isooctane presence in 

filtrate, DoE, Experiment 1 

Vail filtration stopped 11 

Cumulative API mass loss at filtration (mg) 870 
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API dissolved in saturated solution at 0 
o
C (mg) 141 

Cumulative API mass loss at the end of 

experiment (mg) 1584 

Mass loss during washing (mg) = 1584 – 870 = 714 

Corrected mass loss to washing (mg) = (141/870) * 714 = 116 

 

Figure C-6: DoE Experiment 1. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-7: DoE Experiment 2. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-8: DoE Experiment 3. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-9: DoE Experiment 4. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-10: DoE Experiment 4 Repeat. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-11: DoE Experiment 5. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-12: DoE Experiment 6. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-13: DoE Experiment 7. a.) Graph showing the IC1 concentration in each filtrate vail 

collected. b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the 

API. c.) Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size 

distribution of the raw AZC1 API material and the washed cake sample obtained at the end of the 

experiment. e.) Table showing the IC1 concentration in slurry at the start of experiment and the IC1 

impurity concentration in the final washed cake. f.) Calculation to correct for API loss during 

washing process due to isooctane presence in the dry filtrate vails. g.) Particle size distribution 

comparison of the washed material obtained vs the raw material started with.   
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Figure C-14: Experiment 8. a.) Graph showing the IC1 concentration in each filtrate vail collected. 

b.) Normalised concentration of IC1 impurity in each filtrate sample with respect to the API. c.) 

Cumulative API loss in filtrate samples throughout the experiment. d.) Particle size distribution of the 

raw AZC1 API material and the washed cake sample obtained at the end of the experiment. e.) Table 

showing the IC1 concentration in slurry at the start of experiment and the IC1 impurity concentration 

in the final washed cake. f.) Calculation to correct for API loss during washing process due to 

isooctane presence in the dry filtrate vails. g.) Particle size distribution comparison of the washed 

material obtained vs the raw material started with.   

 

Figure C-15: Experiment 8, the mass of filtrate pipetted into each small vail to dry and then analyse 

using HPLC 
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Figure C-16: Experiment R1. a.) Filtrate vails samples obtained, showing gradual decrease in red 

dye impurity concentration. b.) Calculation to correct for API loss during washing process due to 

isooctane presence in the dry filtrate vails. c.)  Wash profile curve obtained for red dye impurity 

concentration and the cumulative API lost graph obtained for the experiment. 

 

Figure C-17: Experiment R2. a.) Filtrate vails samples obtained, showing gradual decrease in red 

dye impurity concentration. b.) Calculation to correct for API loss during washing process due to 

isooctane presence in the dry filtrate vails. c.)  Wash profile curve obtained for red dye impurity 

concentration and the cumulative API lost graph obtained for the experiment. 
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Figure C-18: Experiment R3. a.) Filtrate vails samples obtained, showing gradual decrease in red 

dye impurity concentration. b.) Calculation to correct for API loss during washing process due to 

isooctane presence in the dry filtrate vails. c.)  Wash profile curve obtained for red dye impurity 

concentration and the cumulative API lost graph obtained for the experiment. 

 

Figure C-19: Experiment R3. a.) Particle size distribution of the raw AZC1 API material and the 

washed cake sample obtained at the end of the experiment. b.) Particle size distribution comparison of 

the washed material obtained vs the raw material started with.   
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Figure C-20: Experiment R4. a.) Filtrate vails samples obtained, showing gradual decrease in red 

dye impurity concentration. b.) Calculation to correct for API loss during washing process due to 

isooctane presence in the dry filtrate vails. c.)  Wash profile curve obtained for red dye impurity 

concentration and the cumulative API lost graph obtained for the experiment. 

 

Figure C-21: Experiment R4. a.) Particle size distribution of the raw AZC1 API material and the 

washed cake sample obtained at the end of the experiment. b.) Particle size distribution comparison of 

the washed material obtained vs the raw material started with.   
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Appendix D - Investigating particle size distribution of 

agglomerates formed during washing process 

 

Figure D-1: Mastersizer analysis of micronised PCM using isooctane as dispersant after raw 

micronised PCM left in isooctane over the weekend. a.) D10, D50 and D90 values obtained for the 5 

mastersizer runs 1-5 and 6 is the average value of the 5 runs. b.) Particle size distribution obtained 

for the 5 runs from mastersizer software. 
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Figure D-2: Mastersizer analysis of micronised PCM using saturated ethanol as dispersant after raw 

micronised PCM left in saturated ethanol over the weekend. a.) D10, D50 and D90 values obtained 

for the 5 mastersizer runs 1-5 and 6 is the average value of the 5 runs. b.) Particle size distribution 

obtained for the 5 runs from mastersizer software. 
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Figure D-3: Mastersizer analysis of micronised PCM using isooctane as dispersant after raw 

micronised PCM left ultrasound for 5 minutes at 30 kHz power. a.) D10, D50 and D90 values 

obtained for the 5 mastersizer runs 1-5 and 6 is the average value of the 5 runs. b.) Particle size 

distribution obtained for the 5 runs from mastersizer software. 
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Figure D-4: Mastersizer analysis of micronised PCM using isooctane as dispersant with lecithin 

added to isooctane as surfactant. a.) D10, D50 and D90 values obtained for the 5 mastersizer runs 1-

5 and 6 is the average value of the 5 runs. b.) Particle size distribution obtained for the 5 runs from 

mastersizer software. 
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Figure D-5: Mastersizer analysis of crystalline PCM using isooctane as dispersant with lecithin 

added to isooctane as surfactant. a.) D10, D50 and D90 values obtained for the 5 mastersizer runs 1-

5 and 6 is the average value of the 5 runs. b.) Particle size distribution obtained for the 5 runs from 

mastersizer software. 
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Figure D-6: Mastersizer analysis of granular PCM using isooctane as dispersant with lecithin added 

to isooctane as surfactant. a.) D10, D50 and D90 values obtained for the 5 mastersizer runs 1-5 and 6 

is the average value of the 5 runs. b.) Particle size distribution obtained for the 5 runs from 

mastersizer software. 
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Figure D-7: a.) Particle size trend obtained from FBRM probe for raw micronised PCM in saturated 

ethanol, before and after heptane addition. b.) Chord length distribution obtained for raw micronised 

PCM in saturated ethanol, before and after heptane addition. 
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Figure D-8: a.) Particle size trend obtained from FBRM probe for raw crystalline PCM in saturated 

ethanol, before and after heptane addition. b.) Chord length distribution obtained for raw crystalline 

PCM in saturated ethanol, before and after heptane addition. 
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Figure D-9: a.) Particle size trend obtained from FBRM probe for raw granular PCM in saturated 

ethanol, before and after heptane addition. b.) Chord length distribution obtained for raw granular 

PCM in saturated ethanol, before and after heptane addition. 
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Figure D-10: a.) Particle size trend obtained from FBRM probe for filtered micronised PCM in 

saturated ethanol. b.) Chord length distribution obtained for filtered micronised PCM in saturated 

ethanol. 
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Figure D-11: a.) Particle size trend obtained from FBRM probe for filtered crystalline PCM in 

saturated ethanol. b.) Chord length distribution obtained for filtered crystalline PCM in saturated 

ethanol. 
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Figure D-12: a.) Particle size trend obtained from FBRM probe for filtered granular PCM in 

saturated ethanol. b.) Chord length distribution obtained for filtered granular PCM in saturated 

ethanol. 
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Figure D-13: a.) Particle size trend obtained from FBRM probe for micronised PCM washed cake – 

bad case scenario in isooctane. b.) Chord length distribution obtained for micronised PCM washed 

cake – bad case scenario in isooctane. 
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Figure D-14: a.) Particle size trend obtained from FBRM probe for crystalline PCM washed cake – 

bad case scenario in isooctane. b.) Chord length distribution obtained for crystalline PCM washed 

cake – bad case scenario in isooctane. 
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Figure D-15: a.) Particle size trend obtained from FBRM probe for granular PCM washed cake – 

bad case scenario in isooctane. b.) Chord length distribution obtained for granular PCM washed 

cake – bad case scenario in isooctane. 
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Figure D-16: a.) Particle size trend obtained from FBRM probe for micronised PCM washed cake – 

good case scenario in isooctane. b.) Chord length distribution obtained for micronised PCM washed 

cake – good case scenario in isooctane. 



219 

 

 

Figure D-17: a.) Particle size trend obtained from FBRM probe for crystalline PCM washed cake – 

good case scenario in isooctane. b.) Chord length distribution obtained for crystalline PCM washed 

cake – good case scenario in isooctane. 
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Figure D-18: a.) Particle size trend obtained from FBRM probe for granular PCM washed cake – 

good case scenario in isooctane. b.) Chord length distribution obtained for granular PCM washed 

cake – good case scenario in isooctane. 
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Figure D-19: Graphs obtained from crystalline PCM run carried out using easy viewer provided by 

Mettler Toledo. a.) Trend for turbidity and chord length obtained during the crystalline PSD analysis 

run. b.) Chord length distribution obtained for crystalline PCM during the different stages of the run. 
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Figure D-20: Images obtained from easy viewer for crystalline PCM at different stages of the run. a.) 

Image of crystalline PCM particles at the start of analysis dispersed in saturated ethanol. b.)  Image 

of crystalline PCM particles at the start of analysis dispersed in saturated ethanol before heptane 

addition. c.) Image of crystalline PCM particles after heptane addition to the slurry mixture, causing 

aggregation. d.) Image of crystalline PCM at the end of the run. 

 



223 

 

 

Figure D-21: Graphs obtained from granular PCM run carried out using easy viewer provided by 

Mettler Toledo. a.) Trend for turbidity and chord length obtained during the granular PCM PSD 

analysis run. b.) Chord length distribution obtained for granular PCM during the different stages of 

the run. 
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Figure D-22: Images obtained from easy viewer for granular PCM at different stages of the run. a.) 

Image of granular PCM particles at the start of analysis dispersed in saturated ethanol. b.)  Image of 

granular PCM particles at the start of analysis dispersed in saturated ethanol before heptane 

addition. c.) Image of granular PCM particles after heptane addition to the slurry mixture, with some 

evidence that the smallest particles have aggregated slightly. d.) Image of granular PCM at the end of 

the run. 

 

  

 

 

 

 

 


