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SUMMARY

The purpose of the research presented in this thesis was to produce metastable active 

pharmaceutical ingredients (API) by spray drying and to analyse, physico-chemically 

characterise these forms and develop strategies to enhance their physical stability. The 

solid state properties o f two spray dried drugs and their sodium salt forms together with 

co-spray dried API/salt composites were investigated and compared to the unprocessed 

materials. The drugs investigated were the sulphonamide compounds, sulfadimidine and 

sulfathiazole. The compounds were spray dried from water, ethanol, acetone and mixtures 

o f these organic solvents with water.

The methods o f analysis employed to characterise the resulting spray dried powders were 

conventional and modulated differential scanning calorimetry (DSC/MTDSC), 

thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), 

attenuated total reflectance-FTIR (ATR-FTIR) and powder X-ray diffraction (PXRD). 

Surface properties were analysed by inverse gas chromatography (IGC) and morphology 

by scanning electron microscopy. Hygroscopic properties and water interactions were 

studied by dynamic vapour sorption (DVS).

All APIs were crystalline prior to spray drying. Both sulfadimidine and sulfathiazole 

could be spray dried into X-ray amorphous materials by tuning specific process 

parameters - the selection of an inlet temperature resulting in an outlet temperature o f the 

process below the glass transition o f the API and the use o f the spray drier in the open 

mode configuration rather than the closed mode configuration resulted in amorphous 

product. Some reduction in crystallinity was detected for sulfadimidine when a higher 

inlet temperature or the closed mode configuration was used, whereas sulfathiazole did 

not form amorphous phases when the latter configuration was employed, but resulted in



the metastable polymorph I. The physical stability o f the two amorphous APIs was 

considerably different, with sulfadimidine being stable for up to 5 months on storage 

under dry conditions at 5 °C, whereas sulfathiazole started to crystallise within an hour 

from the end o f the spray drying process. Physical stability studies on amorphous 

sulfathiazole under different temperatures and relative humidities showed that the API 

can be tuned to crystallise into a specific polymorph by selecting the conditions o f storage 

and that the crystallisation o f amorphous sulfathiazole in the solid state follows Ostwald’s 

rule of stages.

Spray drying o f salt solutions resulted in amorphous materials, regardless o f the solvent 

and the spray drier configuration employed. Enhanced physical stability characterised the 

amorphous salt powders compared to the non-ionised forms under dry conditions of 

storage. No detection of crystalline material was possible even after more than three years 

storage in dry conditions. However, the amorphous salts were highly hygroscopic 

materials and moisture induced crystallisation o f the salts to hydrates was determined 

through intermediate/transitory viscous/liquid solutions.

In the case o f API/salt co-spray dried systems, amorphous dispersions of 

sulfadimidine/sulfadimidine sodium and sulfathiazole/sulfathiazole sodium could be 

produced over a wide composition range. Augmented proportions o f salt raised the Tg, 

enhancing the storage stability, however an enhanced hygroscopicity also resulted. For 

example, the addition of only 10% w/w salt to sulfathiazole resulted in a considerable 

increase in stability from 1 hour to approximately 2 months when stored in desiccated 

conditions. Tuning the properties o f amorphous salt/acid composites by optimising the 

APIisalt ratio appears potentially promising to improve the physical stability o f 

amorphous formulations.
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Chapter 1 Introduction

1.1 Origin and scope

Solid state characterisation of a drug following pharmaceutical processing and upon 

storage is a fundamental aspect in the development of drug formulations.

Nowadays the pharmaceutical industry is faced with many challenges. Problems occur 

when active pharmaceutical ingredients (API) and excipients undergo phase 

transformations during development and processing which influence the physical, 

chemical and mechanical properties of solids. The solid-state properties of the API have 

to be fully characterised and understood in order to tackle unpredictability and to ensure 

consistent product performance. Most solid drug formulations use APIs in their stable 

crystalline state. This is to guarantee quality, stability, safety and therapeutic efficacy. 

Although it is generally advantageous to produce a drug substance in its most stable form, 

to avoid undesirable changes occurring during processing or storage, the most stable form 

is not always the one characterised by the best biopharmaceutical properties (Rodn'guez- 

Spong et al., 2004). A key aspect of innovation in drug product development is to produce 

a drug in its most useful solid state form for the successful development of 

pharmaceutical preparations, even at the cost of reduced stability. Notwithstanding, 

adequate stability of a dosage form must be ensured and maintained within the limits 

imposed by pharmaceutical regulations (Mortko et al,  2010). In addition, with the 

increasing number of newly discovered poorly soluble drugs, it may be worthwhile to use 

either metastable crystalline or amorphous states which, due to their higher level of 

energy, are characterised by greater apparent solubility. Unfortunately, drugs in the non

equilibrium state are much less stable than their crystalline counterparts and tend to revert 

back to the more stable crystalline state, often precluding the use of amorphous state in 

solid oral dosage forms. Consequently one of the most significant challenges for the
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Chapter 1 Introduction

industry is to guarantee similar product performance (including stability) at least for the 

shelf life of the product.

Traditionally, pharmaceutical processes were optimised to prevent or reduce the 

insurgence o f metastable forms. Nowadays there is a tendency to employ and exploit 

techniques such as milling or spray drying which may result in the generation o f 

metastable pharmaceuticals. However a more in depth understanding of the phenomenon 

o f amorphous / metastable form generation is needed to be o f use from a pharmaceutical 

perspective.

Several studies reported in the literature have been carried out on the crystallisation o f 

sulfathiazole from solution by means o f different solvents (solvent mediated polymorphic 

transformation). These studies highlighted that the choice of process parameters used 

affected the final polymorphic form (Aaltonen et al., 2003; Blagden et al., 1998; Parmar 

et al., 2007). However, no amorphous sulfathiazole has been produced so far except by 

melt quench techniques (Caron et al., 2011; Kerc and Srcic, 1995; Threlfall, 1995). 

Furthermore, attempts by Caron et al., (2011) to obtain an amorphous form o f this API 

via spray drying proved unsuccessful (Caron et al., 2011). In contrast, sulfamidine, 

despite having a similar chemical structure to that o f sulfathiazole, is known to amorphise 

upon spray drying (Caron et al., 2011). Therefore, it was thought o f interest to investigate 

the reasons underlying this inconsistency. Subsequently, it was hypothesised that 

modifying spray drying parameters could result in the production o f sulfathiazole in its 

amorphous state as occurs for sulfadimidine. It was also hypothesised in line with (Tong 

and Zografi, 1999), that the use o f the corresponding sodium salt forms o f the two APIs 

would result in an amorphous phase on processing.

The scope o f this work was to investigate the properties o f the two selected APIs when 

subjected to spray drying through systematic studies involving the impact o f feed

4



Chapter 1 Introduction

composition, configuration o f the spray drier and process parameters. Moreover, the 

sodium salt forms were also processed and compared to their corresponding non-ionised 

forms.

Finally it was investigated whether performance o f the materials in terms o f physical 

stability could be improved by co-processing the acid form together with the salt form.

1.2 Aims and objectives

In the preformulation stage o f drug development, full characterisation of the 

physicochemical properties o f active pharmaceutical ingredients (APIs) is crucial. The 

importance o f this stage lies in the opportunity to minimise unexpected formulation 

problems in the later stages of product development which will induce an increase in time 

and costs involved in delivering optimised dosage forms and mainly affect therapeutic 

efficacy, safety and quality issues. In this context, to widen the limited scientific 

understanding o f phenomena such as crystallisation, polymorphism, phase 

transformation, generation o f amorphous substances, desolvation and dehydration 

involved in pharmaceutical processes such precipitation, drying, milling and compression 

is essential.

Nowadays, with the increasing tendency o f new drugs to possess low aqueous solubility, 

the interest in amorphous formulations is growing considerably. The potential advantage 

deriving from formulating drugs in the amorphous form, would consist in the increased 

apparent solubility with a potential improvement in APIs bioavailability. Unfortunately 

the great potential o f amorphous formulations is opposed to their physical instability.

The general aim o f this research concerned examining the changes in the solid state 

properties o f selected APIs as a consequence o f the spray drying process. In particular.

5



Chapter 1 Introduction

the ability to generate amorphous forms following the spray drying process was 

considered an interesting area o f analysis and investigated in depth.

The specific objectives o f the work presented in this thesis were:

1. To investigate the impact o f the spray drying process on the physicochemical 

properties o f poorly soluble APIs, sulfadimidine and sulfathiazole, both acidic molecules 

belonging to the class o f sulphonamides, and to characterise these in the context o f the 

corresponding behaviour o f their sodium salt forms.

2. To examine the solid state changes and other physico-chemical properties o f the drug 

substances on spray drying through systematic studies involving the impact o f feed 

composition, configuration o f the spray drier and other influential process parameters. 

The ability o f this APIs to generate amorphous substances was also investigated.

3. To study, investigate and develop a new strategies to increase the physical stability of 

amorphous substances without adding any polymeric excipient to the formulation.

6



Chapter 1 Introduction

1.3 Spray drying

Spray drying is a one step process used to dry a liquid feed (solution, suspension or 

em ulsion) into a solid pow der (M aster, 2002). The applications o f  this technique are 

m any and it is w idely used in the food and chem ical industry, and also in the 

pharm aceutical and biopharm aceutical industry. Spray drying processes are characterised 

by rapid solvent evaporation, frequently resulting in the transform ation o f  a crystalline 

structure to its am orphous counterpart (Caron et al., 2011; Chidavaenzi et al., 1997; 

C orrigan et al., 1984; Tajber et al., 2005) or resulting in (a) different polym orphic 

phase(s) within the m aterial (Beckm ann and O tto, 1996). V ariations o f  feed concentration 

have been found to be relevant to the outcom es o f  spray drying processes. A study carried 

out by (C hidavaenzi et al., 1997) show ed that by m odifying this param eter, various solid 

state com positions o f  the final products were obtained. In another study, Buckton et al. 

(2002) show ed that am orphous lactose, produced by using different feed tem peratures in 

the process, crystallised to different solid state com positions after exposure to identical 

conditions o f  relative hum idity (B uckton et al., 2002). Furtherm ore, Beckm ann and Otto, 

(1996) show ed that d ifferent polym orphic form s o f  abecarnil, could be produced by using 

d ifferent solvents in the feed solutions.

The process therefore can be used to control the physical state o f  pharm aceuticals, 

provided that the operating param eters are carefully  optim ised. The spray drying process 

involves five stages (M aster, 2002), the first o f  w hich is the atom isation o f  the feed into a 

spray. C ontact o f  the spray w ith the hot drying m edium , follow ed by drying o f  the 

droplets represents the second and third stage, respectively. The last tw o stages include 

the separation o f  the particles from  the drying gas and the collection o f  the dried product. 

The properties o f  the resulting spray dried pow der particles and the physicochem ical 

characteristics o f  the m aterials are controlled by the settings em ployed in the spray drying
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Chapter 1 Introduction

equipm ent. The B iich i-290  spray drier (schem atically  represented in Figure 1.1) 

em ployed in this work is equipped with a tw o-flu id  nozzle  atom iser. D ifferent atom isers 

are available depending on the n ozzle  design including tw o-flu id , ultrasonic n ozz les and 

rotary atom isers (M aster, 2002).

Figure 1.1 Spray dryer (Biichi-290) and the drying medium flow pattern (co-current flow) 
(red arrows): 1 -  drying medium intake (electric heating o f  the drying m edium), 2 -  nozzle 
(atom isation o f the feed into fine droplets), 3 — tem perature sensor (air inlet), 4 — drying 
cham ber (spray/drying medium contact), 5 -  tem perature sensor (air outlet), 6 — cyclone 
(separation o f product from drying m edium), 7 -  collecting vessel (collection o f  dried  
particles), 8 -  outlet filter to remove fine particles, 9 -  aspirator (adapted from Biichi-290 
technical specifications).

A ccording to the type o f  atom iser used, the characteristics o f  the spray o f  droplets wil l  

change leading to different properties o f  the final pow ders (O akley, 1997). A tom isation  

involves the dispersion o f  a liquid in a gaseous m edium  to increase the surface area to 

m ass ratio o f  the liquid (Islam  and Langrish, 2 010). A s the droplet surface area exposed  

to the heat is high, drying is characterised by an intense heat and m ass transfer w hich  

results in a fast and effic ien t process. In the Buchi 2 90 , the spray drying procedure 

involves the electrica lly  heated atom isation gas (air or N 2) and feed liquid entering the 

nozzle  from the top independently and their releasing as a spray into the cham ber through

8
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the nozzle tip and cap orifice. The diameter o f  the orifice influences the size o f  the 

droplets and consequently the size o f  the final particles. The diameter orifices o f  the tip 

and cap used in this study measured 0.7 mm and 1.5 mm respectively. The use o f  a fixed  

diameter enables the uniformity and reproducibility o f  the spray cone. Therefore particles, 

obtained using this technique, are generally uniform in m orphology and size (B iichi-290  

technical specification, 2007).

Contact o f  the spray with the hot drying gas, fo llow ed  by the drying o f  the droplets - the 

second and third stages o f  the process - take place in the drying chamber (Figure 1.1). 

W hen the droplets com e into contact with the drying gas, evaporation occurs at the 

surface and the surface solute concentration increases (Oakley, 1997). Until the solvent 

diffiases from the core o f  the droplet to the surface, evaporation takes place at a constant 

rate (Master, 2002). W hen the solvent content becom es too low , the solute at the surface 

develops a dried shell forming a particle, with the subsequent rate o f  evaporation 

dependent on the rate o f  moisture difftision through the dried surface shell (Masters, 

2002). The thickness o f  the shell depends on the drying rate. High initial drying rates lead 

to larger particles with thin shells and low  density. Conversely, low  initial drying rates 

w ill lead to smaller particles with thick shells and high density (Oakley, 1997).

The separation o f  the dried product from the drying medium -the fourth stage o f  the 

process- takes place in the cyclone w hile the final stage consists o f  the collection o f  the 

product from the collecting vessel placed underneath the cyclone (Figure 1.1).

Several solvents can be em ployed in the spray drying process and the type o f  solvent used  

w ill determine the spray dryer configuration. Spray dryers are available as open cycle and 

closed  cycle  system s. In the open cycle system , used to process non-inflam m able 

solvents, the drying gas (air, N 2) is exhausted to the atmosphere after the spray drying 

process is com pleted. In contrast, the use o f  flammable, organic solvents necessitates the
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closed m ode configuration. W ith this configuration the drying gas (N 2) is filtered o f  

solvent vapours at low  temperature and recycled (B uchi-B-290, 2007; Islam and 

Langrish, 2010; Master, 2002). The use o f  different configurations w as seen to impact on 

various properties including the crystallinity o f  lactose (Islam and Langrish, 2010) and 

solvent content o f  the spray dried particles o f  chlorothiazide sodium and potassium  

(Paluch et al., 2012).

Both configurations (open and closed  cycle) were used to carry out the experimental work  

in this thesis. Other processing parameters were also varied to analyse the influence o f  

these on the final properties o f  the API investigated. These included the inlet/outlet 

temperatures, feed concentration and temperature, com position o f  the feed and type o f  

solvent used.

When spray drying a solution, em ulsion or dispersion, process variables may impact on 

the final product and in particular the inlet temperature (temperature at which the drying 

gas is heated) can be considered a key parameter. Variation o f  this parameter results in 

the m odification o f  the outlet temperature, i.e. the temperature o f  the air with the solid  

particles before entering the cyclone. The relevance o f  the outlet temperature consists in 

the fact that it can alter several product powder characteristics such as residual solvent 

levels and physical state characteristics. Spray drying at a lower outlet temperature 

(below  the boiling point o f  the solvent) for exam ple w ill yield powders exiting the spray 

dryer with high residual solvent levels which can adversely affect both short and long 

term physical stability o f  amorphous solid dispersions. Specifically, residual solvents can 

plasticise the solid dispersion particles, leading to the formation o f  small levels o f  

crystallinity that can act as nucleation sites for crystal growth during storage. 

Consequently, the outlet temperature must be carefully evaluated and once this parameter 

has been optim ised or determined, the inlet temperature should be ranged accordingly to
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determine the effect on powder properties. The relevance o f  this study lies in the prospect 

o f  utilising the findings from lab scale spray drying techniques for potential application at 

industry scale.

1.4 The sulphonamides

The sulphonamides are a class o f  drugs w hose molecular structures contain the 

sulfanilamide m oiety (Figure 1.2a) or a sulfanilamide analog (Adsm ond and Grant, 2001; 

Yang and Guillory, 1972).

Figure 1.2c Chemical structure of sulfathiazole

Sulfadim idine and sulfathiazole differ from each other in the kind o f  substituent on the -  

SO 2N H 2 group, presenting a pyrimidinic and a thiazolic ring respectively. The structural 

resemblance between the sulfanilamide grouping and PA B A  (p-am inobenzoic acid) 

enables the sulphonamides to block the synthesis o f  fo lic  acid in bacteria which accounts 

for the antibacterial action o f  these drugs. B y interrupting this process sulphonam ides 

inhibit bacterial growth and activity. The sulphonam ide com pounds used in this thesis are

Figure 1.2a Chemical structure of sulfanilamide.

CHj

Figure 1.2b Chemical structure of sulfadimidine
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specifically antimicrobial agents primarily used in veterinary medicine and to a lesser 

extent in human medicine. The structures o f sulfadimidine and sulfathiazole are shown in 

Figure 1.2 b-c.

1.5 Background to drugs used in the current work

Sulphonamides have a strong tendency toward crystal polymorphism because o f the high 

number o f donor and acceptor chemical groups within their structures (Yang and 

Guillory, 1972; Caira, 2007). The possibility o f development o f various interactions, 

especially hydrogen bonding, between these groups, enhances the possibility of the drugs 

to crystallise in multiple forms. In particular, sulfathiazole has long been the subject 

matter o f several studies on polymorphism due to its high propensity to solidify into 

different polymorphs from various solvents, with five forms identified to date (Parmar et 

al., 2007). In addition, amorphous sulfathiazole obtained only by quench cooling 

techniques has been described (Caron et al., 2011; Threlfall, 2003, Kerc and Srcic, 1995).

In contrast, sulfadimidine does not present polymorphism but merely changes in crystal 

habit when it solidifies from different solvents (Maury et al., 1985). The drug can 

however be made amorphous via spray drying as described by Nolan, (2008) and more 

recently by Caron et al., (2011).

The sodium salt forms o f sulfathiazole and sulfadimidine used to carry out the 

experimental work in this thesis were supplied in a crystalline anhydrous state. 

Sulfathiazole sodium, like the corresponding free acid, is also known to be highly 

(pseudo) polymorphic and, a monohydrate, a sesquihydrate, a 4.6*H20 hydrate and an 

exahydrate have been reported in the literature (Crusellas, 1943; Rubino, 1989). In 

contrast, only a single dihydrate form of sulfadimidine sodium has been described (Patel, 

1995). To date no amorphous forms for both salts have been reported.
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1.6 Solid state characteristics of API materials

In the pharmaceutical field, the majority of drugs are administered in the form o f powder, 

tablets or capsules. During product development, changes in temperature, pressure and 

relative humidity can occur at any stage and may cause problematic phase transitions in 

the solid state, impacting on the physiochemical properties, the therapeutic efficiency and 

toxicity of the pharmaceuticals.

In particular, specific problems related to POLYMORPHISM and AMORPHISM in the 

pharmaceutical context can be assessed through polymorph screening and amorphous 

state characterisation. Adequate characterisation of the physicochemical properties of 

active pharmaceutical ingredients is a prerequisite to minimise risks o f undesirable 

findings during clinical phases (Giron et al., 2004) and forms an essential part o f pre

formulation studies.

1.7 Polymorphism

Crystalline solids consist o f atoms, molecules or ions arranged in a regular lattice 

characterised by long-range tridimensional symmetry (Datta and Grant, 2004). The ability 

o f a substance to exist in at least two crystalline forms originating from a different 

arrangement o f the molecules in the solid state is defined as polymorphism (Aaltonen et 

al., 2003; Khoshkhoo and Anwar, 1993; McCrone, 1965 ). A third o f organic substances 

under normal conditions of pressure and temperature are polymorphic (Threlfall, 1995). 

From a pharmaceutical perspective, the interest provoked in this phenomenon derives 

from the fact that various polymorphs, albeit presenting the same chemical composition, 

can have different chemical, physical and mechanical properties (Table 1.1) (Datta and 

Grant, 2004; Parmar et al., 2007).
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Table 1.1 Categorisation of properties that can be affected by polymorphic changes 
(adapted from Datta and Grant, 2004)

P hysical and therm odynam ic properties density, refraction index, hygroscopicity, thermal 

and electric conductibility, m elting point, chemical 

potential, free energy, thermal capacity, vapour 

pressure, solubility and thermal stability

K inetic properties Stability, dissolution rate, m elting rate

M echanical properties Hardness, compressibility, thermal expansion

Surface properties Free surface energy, crystalline habit, surface area

Consequently, the complete screening o f a crystalline form is o f primary importance since 

the ultimate properties o f a specific pharmaceutical product depend mostly on the way in 

which the molecules are arranged in their solid state. Nowadays pharmaceutical 

regulatory guidelines demand that the pharmaceutical industries, besides knowing the 

exact solid state nature o f a material obtained during the manufacturing process, know 

about product stability over time and have to ascertain the different physico-chemical 

properties related to the various polymorphic forms (Bym et al., 1995; FDA, 2007).

1.7.1 Classification of Polymorphs: Enantiotropism and Monotropism

Polymorphs can be classified in two categories, monotropes and enantiotropes, depending 

upon their stability with respect to the range o f temperatures and pressures (Threlfall, 

1995). In a polymorphic system if one o f the polymorphs is stable over a certain 

temperature range and pressure while the other polymorph is stable over a different 

temperature range and pressure, then the two polymorphs are said to be enantiotropes. In 

contrast, sometimes only one polymorph is stable at all temperatures below the melting 

point, while all the other polymorphs remain unstable. In this case these polymorphs are
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linked by a m onotropic relation. The therm odynam ic relationship betw een enantiotropic 

and m onotropic polym orphs is illustrated in Figure 1.3.

AH

Tt TtA TtB Tenip

a) Enantiotropic vystem

A ftLiq
AH,

B

A

Temp. MP Tm TfA

(b) Monotropic system

Figure 1.3 Variation o f Energy with tem perature for the solid and liquid phases (Liq) o f a 
single com pound, showing a) enantiotropy, and b) m onotropy. Curves H a, H b and H l are 
for enthalpy. Curves G a, G b and G l are for Gibbs free energy. jHfA and represent 
enthalpy o f fusion and zfH, represents enthalpy of transform ation. T, is for tem perature of  
transition. TfB and TfA are the fusion tem peratures o f polym orphs A and B respectively. 
Adapted from (Giron, 2001)

in Figure 1.3a, polym orph A is stable below  the tem perature o f  transition (Tt), because o f 

lower free energy G a than polym orph B. On heating as the tem perature increases and 

goes beyond T,, free energy G b o f  polym orph B becom es less than G a and polym orph B 

becom es m ore stable than polym orph A. This represents an enantiotropic relation o f  the 

solid phases. For an enantiotropic system , a reversible transition can be observed at a 

particular transition tem perature at w hich the free energy curves cross before the m elting 

point is approached.

In a m onotropic (F igure 1.3b) as opposed to an enantiotropic system , there is no point at 

which the tw o free G ibbs energy curves m eet. As a result, the conditions o f  inter

conversion evidenced before cannot be verified and therefore no reversible transition 

from the m etastable to the stable polym orph can be observed below  the m elting point.
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H ow ever the im plications o f  the latter are that a m ore therm odynam ically  stable form 

could rem ain concealed for kinetic reasons and then still show  itse lf at a later stage, for 

exam ple during handling or storage. This could cause problem atic consequences.

1.7.2 Pseudo-polymorphism (Solvates and hydrates)

W hen a crystalline solid is m ade up from the com bination o f  tw o different m olecules, one 

o f  w hich is a solvent, it is know n as pseudo-polym orph or solvate (G iron, 2001). Such 

form s originate from the process o f  crystallisation from solution when at nucleation the 

enthalpy o f  the crystal lattice including the solvent is low er than the enthalpy o f  the lattice 

consisting only in drug m olecules.

O f particular interest are the hydrates, pseudo-polym orphs for w hich the solvent is water. 

Hydrates can occur follow ing crystallisation from aqueous solution or by exposure o f  a 

crystal to an environm ent containing w ater vapour at various relative hum idity  values. 

Hydrates depending on their w ater content can be classified as stoichiom etric or non- 

stoichiom etric. In stoichiom etric hydrates, the num bers o f  w ater and host m olecules have 

a stoichiom etric ratio, w hile the am ount o f  w ater in non-stoichiom etric hydrates depends 

on the relative hum idity  (RH ) o f  the environm ent.

M oreover, based on the location o f  the solvent in the crystal hydrates, M orris and 

H om edo (1993) (K.R. M orris, 1993; Rodn'guez-Spong et al., 2004) classified these 

species as:

1) Channel hydrates: w ater m olecules o f  contiguous unit cells are displayed beside 

one another along an axis o f  the lattice creating channels o f  so lvent throughout the 

crystal structure.

2) Isolated site hydrates: w ater m olecules are isolated by the presence o f  interposed 

drug m olecules
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3) Ion-associated hydrates: in this case water molecules complete the coordination 

shell of the ions fulfilling the stereo-chemical requirements o f the ions included in 

the crystal.

In the pharmaceutical industry, hydrates can be used as APIs if  their state o f hydration is 

proven to be maintained following exposure to all the climatic conditions to which the 

substance might be exposed during its shelf life. Problems may occur if exposure to a dry 

environment or to low RH conditions occurs, in which case a hydrate may transform to a 

crystal characterised by a lower state of hydration, including an anhydrous form, by loss 

o f water. Such changes can have a deep impact on the mechanical properties and 

solubility of the substance, therefore altering product performances (Giron et al., 2004). 

Dehydration can modify, retain or destroy the crystalline structure o f a hydrate depending 

on the impact of the water in stabilising the hydrate crystal structure.

Generally the development o f a completely new anhydrous crystal occurs on the removal 

o f the solvent, as water plays an important role in determining the final crystal structure 

o f the hydrate by means of hydrogen bonding (McCrone, 1965 ). However, occasionally, 

if  the structure is retained upon dehydration, the new anhydrate form developed will 

present only minor structural modifications compared to the original form and could even 

revert back to its original hydrate form under changing conditions o f pressure and 

humidity. This process is typical o f channel hydrates (McCrone, 1965 ). Furthermore 

frequently, dehydration may be followed by the complete loss o f structural organisation 

and the development of an amorphous material (Taylor et al., 1998).
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1.8 Amorphous state

Many pharmaceuticals often convert to partial or full amorphous materials on processing. 

Amorphous materials although presenting a disorganised liquid-like structure are 

however solids. Compared to crystals, the amorphous state is highly disordered and 

thermodynamically unstable (Caron et al., 2011; Hancock and Zografi, 1997). The 

molecular organisation of an amorphous solid lacks the long range order o f molecular 

packing characteristic o f the regular latticing typical o f crystalline materials. Amorphous 

materials however, are characterised by a short range molecular order. This means that 

molecules in the amorphous state have a neighbouring environment similar to a molecule 

in the crystalline state, which is not repeated throughout the entire structure (Hancock and 

Zografi, 1997; Liu et al., 2006).

1.8.1 Amorphous solids by rapid cooling of melt (quench cooling).

Quench cooling a melted material below its melting temperature has the potential to 

inhibit the reorganisation o f the molecules in a regular crystal lattice. In particular, 

molecules may be frozen in their random positions. The formation o f an amorphous 

substance by cooling its liquid melt is schematically represented in Figure 1.4. Upon 

cooling a melted substance from a temperature above Tm, crystallisation can occur or be 

avoided depending on the properties o f the material and/or the rate of cooling. If 

crystallisation takes place, the substance is characterised by changes in specific volume 

and enthalpy at T,n with the transition to an equilibrium (lower enthalpy and volume) 

crystalline state. In contrast, if  no crystallisation takes place the substance remains in an 

out-of-equilibrium liquid state (higher enthalpy and volume) and is defined as a super

cooled liquid (Hancock and Zografi, 1997; Liu et al., 2006). Further cooling o f the super

cooled liquid will result in the formation o f an amorphous substance defined by several
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authors as a glass (Baird and Taylor, 2012; Caron et al., 2011; Hancock and Zografi, 

1997). This occurs at the liquid to glass transition temperature (Tg) (Baird and Taylor, 

2012). The super-cooled liquid cannot remain in a liquid state without converting to an 

amorphous phase upon further cooling (Liu et al., 2006). The reason is that the enthalpy 

of a liquid phase below a certain temperature known as the Kauzmann temperature (Tk in 

the graph) would otherwise be lower than the enthalpy o f a solid which is a 

thermodynamically impossible case (Liu et al., 2006) (Hilden and Morris, 2003).

Liquid

Specific volume 
Enthalpy

S u p e r c o o le d
liquid

G l a s s

Crystal

Tk Temperature

Figure 1.4- Schematic representation of temperature related variation of enthalpy and 
specific volume

The purpose of the quench cooling process is to cool the molten state to below the Tg 

rapidly enough to prevent formation o f nuclei and growth, trapping the API in a 

kinetically disordered, amorphous state (Baird et al., 2010).

Besides spray drying, quench cooling and dehydration o f pseudo polymorphs, other 

common pharmaceutical techniques are able to convert crystals to their corresponding 

amorphous phases, these include; milling, freeze drying and melt extrusion.
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1.8.2 Stability of the amorphous state

The amorphous state is not in thermodynamic equilibrium, as its corresponding 

crystalline state is characterised by a lower energy level for any material below its 

melting point. This characteristic is adverse to the development of amorphous 

formulations because the change from an amorphous material to a crystal will lead to 

modifications in the physico-chemical and consequently, pharmaceutical properties o f the 

substance. The improved apparent solubility and enhanced dissolution rate o f the 

amorphous state compared to the corresponding crystalline form however, can be 

considered advantageous nowadays, as a growing number o f new drugs are characterised 

by limited bioavailability due to poor solubility (Caron et al., 2011; Karmwar et al., 2012; 

Kaushal et al., 2004). Additional advantages consist in the fact that transformation to the 

amorphous state does not require chemical modification o f the molecule and is applicable 

to any drug system (Caron et al., 2011). The Tg is a key factor in the stability o f the 

amorphous state (Hancock et al., 1995; Yu, 2001). It represents the crossover between the 

liquid state, which is disordered with high molecular mobility and the glassy state which 

is disordered with greatly reduced molecular mobility (Caron et al., 2011). Therefore 

these materials should be stored at temperatures below the Tg to reduce the possibility o f 

crystallisation (Hancock et al., 1995). As a consequence o f the disordered arrangement of 

molecules and the lack o f a regular crystal lattice, amorphous solids can sorb significant 

amounts o f water within the material. Water sorbed into the amorphous solids can cause 

structural changes in amorphous materials such as swelling (Mikhailov et al., 2009). 

Moreover it is well known that water acts as a plasticiser i.e. it increases the molecular 

mobility by breaking the hydrogen bonds among the drug molecules which results in the 

reduction o f Tg. A drastic lowering o f Tg below the storage temperature causes the 

crystallisation o f amorphous substances (Burnett et al., 2004; Burnett et al., 2006).
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1.9 Water-solid interaction mechanism

Solid-water interactions consist o f five different mechanisms, i.e. surface adsorption, 

capillary condensation, bulk absorption, hydrate formation and deliquescence (Ahlneck 

and Zografi, 1990; Hiatt et al., 2011).

Adsorption indicates the adhesion o f water vapour molecules to the solid surface. The 

total amount o f water adsorbed is related to several factors such as; the affinity between 

the surface and water molecules (hydrophilicity), temperature, RH and the surface area. 

Based on the forces involved in the interactions between the solid and vapour molecules, 

adsorption can be differentiated as either physical adsorption (physisorption) in which 

van der Waals interactions are involved, or chemical adsorption (chemisorption) where 

the adsorbed molecules are chemically bonded, usually by means o f hydrogen bonding. 

Condensation of an adsorbed vapour within the pores which might be present at the 

surface o f a solid is, instead, defined as capillary condensation.

In the process o f absorption, water enters the bulk solid structure. Amorphous solids due 

to free void space and enlarged free volume are able to absorb water in the bulk. In 

contrast, crystalline solids due to their high molecular packing generally only adsorb 

water at the surface (Hancock and Shamblin, 1998; Mikhailov et al., 2009). However in 

particular conditions of RH it is possible for a crystal to absorb water and to develop a 

hydrate form (Newman et al., 2008).

On adsorption, soluble crystalline solids can undergo a first order phase transformation 

from solid to an aqueous solution known as deliquescence. This occurs at a relative 

humidity specific to the solid, generally defined as critical relative humidity (RHO) (Hiatt 

et al., 2011). As the amount o f moisture sorbed by amorphous solids is typically much 

greater than that adsorbed by crystalline solids below their critical RHO, amorphous solids 

undergo deliquescence at a lower RHO (Hancock and Zografi, 1997; Hiatt et al., 2011).
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Furthermore according to Mikhailov et al., (2009), when dealing with amorphous solids, 

deliquescence can be regarded as a non equilibrium phase transition like the glass 

transition (Mikhailov et al., 2009). Deliquescence is critical in a pharmaceutical context 

because the exposure o f solids to humidity values above RHO results in the formation o f a 

liquid phase where chemical reactions may be accelerated or physical changes catalysed 

(Hancock and Shamblin, 1998). For example in the case o f formulations containing a 

substance undergoing deliquescence, the resulting condensed water can impact on the 

properties o f other water-soluble components. Consequently processing and storage o f 

either crystalline or amorphous materials require the determination o f the conditions at 

which deliquescence takes place (Ahlneck and Zografl, 1990).

1.10 Physicochemical characterisation

The screening process requires the combined use of different analytical techniques which 

include thermal analysis, infrared spectroscopy, inverse gas chromatography and water 

sorption analysis, DVS.

1.10.1 Thermal analysis

Thermal analysis comprises a group o f techniques in which changes o f physical or 

chemical properties o f the sample are monitored against time or temperature, while the 

temperature o f the sample is programmed. The temperature program can be kept 

isothermal, involve heating/cooling stages at a determined rate or combine the two in 

sequences.

In the pharmaceutical industry in particular, differential scanning calorimetry (DSC) is a 

widely used technique. It enables several characteristic properties such as the purity o f a 

material, melting point, phase transitions and transition enthalpies, degree o f crystallinity
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and decom position to be m easured and analysed (C las et al., 1999; Lappalainen et a!., 

2006; Shah et al., 2006).

DSC m easures the differential heat flow  required to m aintain a m aterial sam ple cell and 

an inert reference cell (w ithin a controlled environm ent) at the sam e tem perature.

It is known that a m aterial subjected to therm al stress m ay undergo changes in its 

physicochem ical state. These are defined as phase transitions. During a phase transition if 

the process is endotherm ic (i.e. m elting) or exotherm ic (i.e. crystallisation) the material 

will absorb or release heat respectively (G iron, 1998). Therefore to m aintain both the 

sam ple and reference cells at the sam e tem perature, less or m ore heat m ust flow  to the 

sam ple depending on w hether the process is exotherm ic or endotherm ic. DSC m easures 

the am ount o f  heat absorbed or released by the m aterial during such transitions, providing 

inform ation on its physical state as a function o f  tem perature. Its capacity to m easure 

transition tem perature and corresponding enthalpies m akes DSC a valuable tool in 

producing therm ogram s for various chem ical system s. In this context, DSC is extrem ely 

useful in the identification o f  both am orphous and polym orphic substances (Caron et al., 

2011; G iron, 1998).

For exam ple during DSC analysis an am orphous solid will undergo a glass transition as 

the tem perature is raised. On a typical DSC therm ogram  (F igure 1.5) o f  an am orphous 

m aterial, Tg appears as a step change (heat flow  deflection) in the baseline due to the 

sam ple undergoing a change in heat capacity.

Further heating will provide the m olecules o f  the sam ple with enough energy to arrange 

them selves into a crystalline form. This transition from am orphous to crystalline results in 

an exotherm ic peak on the DSC therm ogram . Beyond crystallisation as the tem perature 

increases the sam ple reaches its m elting tem perature (T),,). In this case the peak is 

endotherm ic. In contrast DSC analysis o f  a m onom orphic crystal will only display a
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specific endothermic peak for each substance attributed to melting. Further endothermic 

or exothermic events may be recorded as a consequence of polymorphic transformation if 

the drug is polymorphic. Specifically the peak will be exothermic in case of enantiotropy 

and vice versa, endothermic, in case of monotropy. A peak on the DSC may result in the 

case of dehydration of solvated/hydrated structures. To distinguish between endothermic 

events caused by dehydration or polymorphic transitions, DSC data are usually 

complemented by thermogravimetric analysis (TGA).
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Figure 1.5 Typical DSC thermogram of an amorphous material

TGA is a technique that measures the mass variation of a sample located on a thermo

balance inside a controlled environment. The mass change is usually determined as a 

function of temperature. Therefore an endothermic event on a DSC thermogram related 

to loss of solvent, will be accompanied by corresponding mass loss in the same range of 

temperature provided that the two thermal analyses are carried out employing the same 

heating rate.
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1.10.2 FTIR Analysis

C om plete characterisation o f  pharm aceuticals includes vibrational spectroscopic infrared 

(IR) analysis w hich provides inform ation on the solid state o f  pharm aceuticals at the 

m olecular level (K aushal et al., 2008). IR energy is a sm all portion o f  the electrom agnetic 

spectrum  w hich covers the w avelength range betw een 0.78 and 1000 |im . W avelengths in 

IR spectroscopy are generally m easured in w avenum bers w hich are the reciprocal units o f  

the IR w avelength expressed in inverse cm (cm ').

The IR spectrum  can be divided into three frequency regions w hich are:

• N ear infrared (13.000-4.000 cm '')

• M id infrared (4.000-200 cm '')

• Far infrared (200-10 cm ')

The m ost com m on IR frequency used in physical characterisation is the M id infrared.

The infrared spectrum  o f  a substance is recorded by passing a beam o f  IR light through 

the sam ple. W hen a chem ical substance is subjected to such energy, transitions between 

m olecular vibrational and rotational energy levels cause the absorption o f  IR energy and 

gives rise to absorption bands at characteristic frequencies. A bsorption how ever occurs 

only if  tw o rules are satisfied:

1. when infrared radiation interacts with a m olecule undergoing a change in dipole.

2. when the incom ing infrared light has sufficient energy for the transition to the next 

allow ed vibrational state.

The transm itted light i.e. not absorbed by the sam ple, is then detected by a spectrom eter 

w hich reveals how  much energy is absorbed at each w avelength by producing a 

characteristic spectrum  for the substance. A spectrum  consists o f  a sequence o f  absorption 

peaks/bands as a function o f  the w avelength (F igure 1.6). Each IR-active bond during the
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m o lecu la r v ib ra tio n  w ill abso rb  IR  en erg y  at a p a rticu la r/sp ec ific  v ib ra tio n a l freq u en cy  

(v) acco rd in g  to  th e  fo llo w in g  fo rm ula :

1 Ik
 X —
2 t t c  111

W here  c rep resen ts  the  speed  o f  ligh t, K is the  fo rce  co n stan t, and  |i is equal to :

n il  ^  ^ 2
= --------------------mi +  1712

w ith  m i and  m 2 re sp ec tiv e ly  the m ass o f  the  tw o  a to m s bonded  toge ther.

A cco rd in g  to  th is  fo rm ula  the  h ig h er the  d iffe ren ce  in e lec tro n eg a tiv ity  b e tw een  tw o  

a tom s bonded  to g e th er, th e  h ig h e r the  freq u en cy  o f  abso rp tio n .

A F T IR  sp ec tru m  is th ere fo re  co m p rises  a series o f  p eak s each  c o rre sp o n d in g  to  specific  

functional g roups inc luded  in the  m o lecu la r struc tu re  and  c o n seq u en tly  usefu l fo r 

id en tify in g  th e  substance .

T he d iag ram  in F igu re  1.6 g iv es  an ap p ro x im ate  o u tlin e  o f  w here  sp ec ific  ty p es o f  bond  

s tre tches m ay  be found .
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Figure 1.6 Diagram adapted from the literature, illustrating the wavenumber regions at 
which specific FTIR stretch peaks may be found.
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IR analysis has been widely used to study crystals and the phenomenon o f polymorphism. 

Given that in polymorphic forms the molecular structure is identical, modification in the 

FTIR spectra such as band shift or variation of absorption intensities can be attributed to 

differences in interactions within the polymorphs (Threlfall, 2003). In particular, the 

hydrogen bond, the strongest o f all the intermolecular interactions, determines the most 

evident changes in the FTIR spectra (Kaushal et al., 2008). This particular bond originates 

from the attractive interaction between two electronegative atoms through a hydrogen 

bridge. Specifically, IR analysis can be used to investigate hydrogen bondings as the peak 

position o f a stretching X-H bond (with X= oxygen, nitrogen or carbon etc.) is extremely 

sensitive to the extent of association (Tang et al., 2002). While an unbounded X-H gives a 

sharp peak on the IR spectrum of a molecule, the peak broadens and shifts to lower 

wavenumbers as a consequence o f the formation of a X-H Y hydrogen bond (with Y 

being the acceptor atom). The shift is caused by the lengthening o f the X-H bond which 

results on hydrogen bond formation. Hence the stronger the H-bond the greater the shift 

to lower wavenumbers. For this reason the FTIR technique is useful for polymorphic 

identifications (Threlfall, 1995). Several polymorphic substances have been identified by 

means of IR analysis (Hu et al., 2010; Threlfall, 2003; Threlfall, 1995).

With regard to amorphous solids, several authors have investigated their molecular 

structure by FTIR analysis (Kaushal et al., 2008; Tajber et al., 2005; Tang et al., 2002) as 

the molecular structure o f an amorphous solid cannot be analysed in detail by X-ray 

diffraction (Kaushal et al., 2008). Amorphous materials are structurally very different 

from their crystalline counterparts however, they tend towards crystallisation. According 

to Tang et al. (2002), investigating the molecular associations in amorphous substances 

and the differences compared with those in the crystalline state can provide a more in 

depth understanding of the crystallisation tendency and how to prevent/reduce it by
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selection o f appropriate crystallisation inhibitors (Tang et al., 2002). Intermolecular 

interactions and in particular hydrogen bondings in amorphous solids are known to affect 

their molecular mobility, in particular by affecting the Tg (Taylor, 1998). Useful 

information about the reciprocal arrangement o f the molecules and the nature o f 

intermolecular interactions in the amorphous state can be obtained by IR spectroscopy. 

Mainly, by means o f this technique, information on hydrogen bonding interactions in the 

amorphous state can be elicited and compared to those in the crystalline state. It is 

presumed that these interactions are different as limitations in crystal packing no longer 

exist. Furthermore, changes in the strength o f molecular interactions or the formation o f 

new interactions may result (Kaushal et al., 2008).

1.10.3 Powder X-Ray Diffraction (PXRD)

A useful technique complementing thermal and IR analysis in the physico-chemical 

characterisation o f pharmaceuticals is PXRD. This method enables the characterisation of 

pharmaceutical powders and particularly the identification o f drug polymorphs (Lu et al., 

2005).

The PXRD technique is based on Bragg's law, which describes the diffraction o f a 

monochromatic X-ray beam impinging on a plane o f atoms (Brittain, 1999; Cullity, 1978). 

Basically, when X-rays irradiate crystal materials (the atoms o f which are arranged in 

planes), radiation is scattered and then diffracted at angles related to the spacings between 

the planes o f the molecules in the lattice. Therefore diffraction o f X-rays by 

pharmaceutical crystals is exploitable for identification purposes for the reason that the 

three-dimensional spacing of planes constituting the crystal lattice is unique to each 

compound and each substance will provide a distinctive pattern. Moreover, PXRD is also 

a straightforward technique for the detection of amorphous forms. Generally amorphous
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materials, devoid of a crystal lattice, will not reveal peaks but a characteristic diffuse 

halo.

Since solids can undergo phase transitions (polymorphic transformation or 

amorphisation) at any stage including handling and storage, this technique can be an 

important tool for monitoring the behaviour o f the sample throughout the entire 

formulation process.

1.10.4 Inverse gas chromatography (IGC)

Inverse gas chromatography is a versatile and extremely sensitive technique which is 

widely used to measure surface thermodynamic properties o f powders including the 

surface free energy (Newell et al., 2001) and is also employed to measure solubility 

parameters (Adamska and Voelkel, 2005; Price, 1988), glass transition temperature and 

its dependence on relative humidity (Ambarkhane et al., 2005; Buckton et al., 2004). 

Surface energy o f powders is crucial in several industrial applications and processes. For 

example it is of primary importance in determining adhesion in composites and coatings 

(Langer and Kamiiiska-Bach, 2011), it affects the particle wetting behaviour in several 

processes such as disintegration, dissolution, dispersion and solubilisation and it can also 

be used to determine the surface amorphous content (Brum and Burnett, 2011).

IGC involves the adsorption o f a probe molecule in vapour phase (mobile phase) with 

known and specified physico-chemical properties onto the surface o f a stationary phase 

(the powder we want to analyse) which, in this case, presents unknown physicochemical 

properties. This technique inverts the conventional relationship between mobile and 

stationary phase employed in analytical chromatography (Buckton and Gill, 2007). The 

stronger the interaction between adsorbate and probe, the more energetic the surface and 

the longer the retention time. Some thermodynamic parameters can be derived from the
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retention behaviour of vapour molecules. IGC enables the dispersive and specific 

component of the surface energy of a solid substance to be determined. In acid-base 

theory, the total surface free energy of a solid (ŷ )̂ has 2 main components: a dispersive 

contribution (y/) and a specific or acid-base contribution The dispersive component is 

directly obtained from the retention times of a series of alkanes. In contrast, by injecting a 

range of polar probe molecules such as dichlormethane and ethyl acetate, it is possible to 

calculate the specific free energy. The latter can be converted to acid-base parameters if 

acid-base theories are applied. Several theories have been applied to date, all based on the 

Lewis acid-base concept including the Van Oss and Good theory (Van Oss and Good, 

1989) employed in this thesis.

1.10.5 Water vapour sorption analysis (DVS)

Water vapour sorption isotherms indicating the water uptake by a sample at different 

relative humidity (RH) values at a fixed temperature, are widely used to evaluate the 

hygroscopicity of pharmaceutical solids (Newman et al., 2008).

The sorption/desorption isotherms can be obtained based on weight changes after 

equilibrating a substance at a fixed RH inside a sealed chamber. The apparatus used in 

this work to analyse the hygroscopic properties of unprocessed and spray dried sample 

was the DVS Advantage 1 apparatus (Surface Measurement Systems, UK). This 

instrument comprises a precise microbalance which records the mass changes of the 

sample over time. Using DVS the RH can be computationally modified by mixing water 

vapour with dry gas (nitrogen) in different proportions in order to simulate various RH 

conditions. On DVS analysis, the sample can either be exposed to a fixed RH ranging 

from 0 to 95% for a specific length of time or exposed to a sequence o f RH step changes. 

In this case progression (to a subsequent step) can be time controlled or dependent on the
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attainment of mass equilibrium (Am/AT) at each RH step. Another method o f DVS 

analysis consists of exposing the sample to ramp changes in RH over time.

The use of this equipment is advantageous compared to the traditional use o f different 

chambers containing saturated salt solutions as the RH chamber storage method is labour 

intensive and time consuming. Furthermore, several RH chambers are also necessary to 

cover a wide RH range and consequently more samples are required. DVS is faster 

because the attainment of equilibrium is accelerated by the use o f small sample size (a 

single sample is sufficient) and by the dynamic environment provided by the humidified 

nitrogen gas purge.

With the DVS advantage apparatus the sample at each RH value can be further 

characterised by other techniques, such as DSC and XRD etc. This provides detailed 

information on the sample following water induced phase transitions such as 

crystallisation o f polymorphic changes.

The applications o f this technique are manifold and seen to be useful in the determination 

o f the following:

1. Evaluation o f hygroscopicity (Newman et al., 2008)

2. Analysis o f surface adsorption and bulk absorption (adsorption) capacity (Agrawal 

et al., 2004; Alvarez-Lorenzo et al., 2000)

3. Measurement o f water sorption/desorption isotherms (Tewes et al., 2010)

4. Quantification of amorphous content (Shah et al., 2006)

5. Determination of critical humidity o f crystallisation (Burnett et al., 2004)

6. Measurement o f critical humidity (RHO) o f solvate/hydrate formation or 

desolvation

7. Assessment o f hysteresis: difference in water vapour uptake between the sorption 

and desorption isotherms (Alvarez-Lorenzo et al., 2000; Hiatt et al., 2008).
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Materials and Methods 

2.1 Materials

Material
(abbreviation or chemical formula)

Supplier/manufacturer

Acetic acid glacial (CH3COOH) BDH Laboratory Supplies, UK

Acetone (CH3COCH3) Lab Scan Analytical Sciences, Ireland

Compressed air Haug Kompressoren, Germany

Decane, iGC grade Sigma, Ireland

Dichloromethane, iGC grade Sigma, Ireland

Ethanol (EtOH) Cooley distillery, Ireland

Ethyl acetate, iGC grade Sigma, Ireland

Heptane, iGC grade Sigma, Ireland

Hexane, iGC grade Sigma, Ireland

Methanol, HPLC grade Lab Scan Analytical Sciences, Ireland

Nitrogen gas (high purity, oxygen free) HOC Gases, Ireland

Nonane, iGC grade Sigma, Ireland

Octane, iGC grade Sigma, Ireland

Potassium Bromide (KBr) Sigma, Ireland

Silica gel Merck. Germnay

Sulfadimidine Sigma, Ireland

Sulfadimidine sodium Sigma, Ireland

Sulfathiazole Sigma, Ireland

Sulfathiazole sodium Sigma, Ireland

Water, deionised Purite Prestige Analyst HP water

Water, HPLC grade Purite Prestige Analyst HP water
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2.2 Methods 

2.2.1 Spray drying

All systems were spray dried as solutions or suspensions using a Buchi-290 Mini Spray 

Dryer (Buchi Laboratoriums-Technik AG, Flawil, Switzerland).

Systems were spray dried from water, organic solvent (pure ethanol or pure acetone) or 

from organic solvent:water cosolvent systems at different v/v compositions. The 

concentrations and constituents o f the feed solutions, the spray drying parameters, the 

solvent(s) employed, and the drying gas for the various spray drying systems are detailed 

in Appendix I.

All stock and feed solutions were freshly prepared prior to spray drying. The selected 

quantity o f API was dissolved in a suitable volume o f the liquid medium. A sonicator 

(Fisher scientific FB 15053, Dublin, Ireland) was used to aid dissolution. The Buchi-290 

Mini Spray Dryer allows for spray drying in both a closed mode (CM) and open mode 

(OM) configuration. Both configurations were employed in the experimental work carried 

out. When operating in the closed mode configuration the Buchi-290 spray dryer was 

used in conjunction with the Biichi-295 inert loop (Biichi Laboratoriums-Technik AG, 

Flawil, Switzerland). This modality is typically chosen with flammable or explosive 

solvents (i.e. organic solvents, toxic products or oxygen sensitive products) to be 

processed. The drying medium, nitrogen is constantly reused in the drying process 

through recycling within a closed system. A standard size cyclone was used in all spray 

drying experiments. After spray drying all samples were collected from the collecting 

vessel and cyclone o f the spray dryer using a small brush and antistatic gun (Zerostat® 3, 

Sigma-Aldrich, UK). Samples were stored in amber screw top jars and stored in a sealed 

desiccator at 5 °C under low humidity conditions provided by silica gel, if  not otherwise 

mentioned.
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2.2.2 Spray drying of sulfadimidine (SD) and sulfadimidine sodium 

(SDNa)

Spray dried powders were obtained using a laboratory scale Buchi B-290 Mini Spray 

dryer (Buchi Laboratoriums-Technik AQ Flawil, Switzerland) operating either in an open 

cycle mode (OCM) configuration using air as the drying gas or in a closed cycle mode 

(CCM) configuration using nitrogen as the drying gas. 0.5% w/v SD feed systems were 

prepared by dissolving the active pharmaceutical ingredient (^API) in ethanolic or acetonic 

solvents, prepared by mixing ethanol or acetone with deionised water at different v/v 

ratios: 9:1, 8:2, 7:3 and 6:4 for ethanolic and 9:1, 7:3 acetonic solutions respectively. SD 

was also spray dried as a solution from pure acetone. Due to the poor solubility o f the 

drug in water, SD was additionally dissolved in water at 65 °C to generate a 0.1% w/v 

solution.

Spray drying o f SD was performed using the following parameters: inlet temperature 

between 78 °C and 120 °C, gas flow o f 40 mm (473 L/hr); aspirator rate o f 100% and 

feed flow rate o f 30% (8 mL/min).

SDNa solutions (0.5% w/v) were spray dried from pure water, ethanol:water solutions 

(9:1, 8:2, 7:3 v/v) in the OCM and from acetone:water solutions (9:1, 8:2, 7:3 v/v) in the 

CCM using identical spray drying parameters as for SD, except for the inlet temperature 

employed to spray dry the salt from water which was varied between 120 and 160 °C.

Additional details regarding process parameters used including feed concentrations and 

outlet temperatures for the spray dried systems are presented in Appendix I.
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2.2.3 Spray drying of sulfadimidine (SD) and sulfadimidine sodium 

(SDNa) composite systems

Composite spray dried powders were obtained using a Buchi B-290 Mini Spray dryer 

(Buchi Laboratoriums-Technik AG, Flawil, Switzerland) operating in an open cycle mode 

configuration using air as the drying gas. 0.5% w/v feed solutions were prepared by 

dissolving the APIs in a mixture o f ethanol and deionised water at a v/v ratio o f 9:1 and 

spray drying with an inlet temperature o f 78 °C using identical spray drying parameters as 

for SD.

2.2.4 Spray drying of sulfathiazole (ST) and sulfathiazole sodium 

(STNa)

Spray dried powders were obtained using a laboratory scale Buchi B-290 Mini Spray 

dryer (Buchi Laboratoriums-Technik AQ Flawil, Switzerland) operating either in an open 

cycle mode (OCM) configuration using air as the drying gas or in a closed cycle mode 

(CCM) configuration using nitrogen as the drying gas. 0.5% w/v ST feed systems were 

prepared by dissolving the active pharmaceutical ingredient (API) in ethanolic or acetonic 

solvents, prepared by mixing ethanol or acetone with deionised water at different v/v 

ratios: 9:1, 8:2, 7:3. ST was also spray dried as a solution from pure acetone and as a 

supersaturated solution from pure ethanol. Supersaturation was obtained by dissolving an 

amount o f drug (greater than the limit o f saturation) in ethanol with the aid of a sonicator. 

Due to the higher solubility o f the drug in acetonic solutions, ST was additionally 

dissolved in acetonic solutions in order to achieve a comparable degree o f saturation to 

the ethanolic solutions. Spray drying o f ST was performed using the following 

parameters: inlet temperature o f 78 °C, gas flow o f 40 mm (473 L/hr); aspirator rate of 

100% and feed flow rate o f 30% (8 ml/min). Additional details regarding feed
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concentrations, degree o f saturation and outlet temperatures of the spray dried systems are 

presented in Table 2.1 and Appendix I.

Table 2.1 Spray drying parameters for sulfathiazole

Solvent Spray dryer 
configuration

Volume
ratio
(v/v)

Outlet
(°C)
range

Feed
conc.(w/v)
%

Degree
saturation
%

Ethanol Open 1/0 52-56 0.5% 120%
Ethanohwater Open 9/1 49-55 0.5% 50%
Ethanol: water Open 8/2 48-52 0.5% 35%
Ethanol: water Open 7/3 45-50 0.5% 30%
Ethanol: water Closed 9/1 51 0.5% 50%
Ethanohwater Closed 7/3 48-49 0.5% 30%
Acetone Closed 1/0 58-59 0.5% 42%
Acetone:water Closed 9/1 49-54 0.5% 8%
Acetone:water Closed 8/2 48-50 0.5% 7%
Acetone:water Closed 7/3 47-50 0.5% 8%
Acetone Closed 1/0 57-58 1.2% 100%
Acetone:water Closed 9/1 54-55 3% 50%
Acetone:water Closed 8/2 49-50 2.45% 35%
Acetone:water Closed 7/3 50-51 1.95% 30%

STNa solutions (0.5 % w/v) were spray dried from pure water, ethanol and ethanoI:water 

solutions (9:1, 8:2, 7:3 v/v) in the OCM and from pure ethanol, ethanohwater and 

acetone:water solutions (9:1, 8:2, 7:3 v/v) in the CCM using identical spray drying 

parameters as for ST, except for the inlet temperature which was set to 160 °C. This inlet 

temperature was chosen to enable the recovery o f a powder suitable for analysis as an 

inlet temperature lower than 160 °C resulted in wet and sticky powders. The resulting 

outlet temperature ranged between 98 and 108 °C.
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2.2.5 Spray drying of sulfathiazole (ST) and sulfathiazole sodium 

(STNa) composite systems

Spray dried powders were obtained using a Buchi B-290 Mini Spray dryer (Buchi 

Laboratoriums-Technik AG, Flawil, Switzerland) operating in an open cycle mode 

configuration using air as the drying gas. 0.5% w/v feed solutions were prepared by 

dissolving the APIs (Table 2.2) in a mixture o f ethanol and deionised water at a v/v ratio 

o f 9:1. Spray drying o f ST and ST-STNa systems was performed using the following 

parameters: gas flow o f 40 mm (473 L/hr); aspirator rate o f 100% and feed flow rate o f 

30% (8 ml/min). The inlet temperature for the mixtures was adapted to the amount o f salt 

employed in the system, ranging from 85 to 90°C as reported in Table 2.2.

Table 2.2: Spray drying parameters for ST: STNa systems. (An inlet temperature 
higher than 85 °C for ST 9:1 resulted in partially crystalline materials. For the other 
systems inlet temperature lower than 90 °C resulted in wet powders).

ST: STNa 
Weight ratio 

(w/w)
Code Inlet (°C)

9:1 ST 9:1 85
8:2 ST 8:2 90
3:1 ST3:1 90
3:2 ST 6:4 90
1:1 ST 1:1 90
4:6 ST 4:6 90
1:3 ST 1:3 90

15:85 ST 15:85 90
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2.2.6 Thermal Analysis Methods 

2.2.6.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) runs were conducted on a Mettler Toledo DSC 

821^ using nitrogen as a purge gas. The method selected was similar to that previously 

reported by Caron et al ,  (2011). Samples (3-7 mg) were placed in pin-holed aluminium 

pans and heated at a scanning rate of 10 °C/min from 25 °C (approximately room 

temperature) to 220 °C for SD and ST and from 25 °C to 320 °C or 280 °C respectively 

for SDNa and STNa, unless otherwise detailed. The recorded thermograms were analysed 

with Mettler Toledo STAR® software (n>2).

2.2.6.2 Modulated temperature differential scanning calorimetry 

(MTDSC)

Modulated temperature differential scanning calorimetry (MTDSC) scans were recorded 

on a QA-200 TA instruments MDSC calorimeter using nitrogen as a purge gas. Weighed 

samples (1.5-3.5 mg) were sealed in closed aluminium pans with one pin-hole. The 

method selected was similar to that previously reported by Caron et al., (2011). A 

scanning rate of 1 °C/min, amplitude of modulation of 1 °C and modulation frequency of 

1/60 Hz were employed for all the experiments. The temperature range was from 5 °C to 

200 °C (n>2).

2.2.6.3 Thermogravimetric analysis (TGA)

TGA experiments were conducted on a Mettler Toledo TG 50 apparatus using a method 

previously described by (Tajber et al., 2005). Weighed samples (5-10 mg) were analysed 

in open aluminium pans placed on a Mettler MT5 balance. All samples were heated at a
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scanning rate o f 10 °C/min under nitrogen purge. Mass loss o f the samples recorded were 

analysed by Mettler Toledo STARe software (n>2).

2.2.7 Powder X-ray diffraction (PXRD)

X-ray powder diffraction measurements were conducted on samples mounted on a low 

background silicon sample holder, using a Rigaku Miniflex II, desktop X-ray 

diffractometer (Tokio, Japan). The method employed was previously described by Caron 

et al. (2011). The samples were scanned over a range o f 5-40° in 20 scale using a step size 

o f 0.05°/s. The X-ray source was a Cu Ka radiation ( X  =1.542 A) and the diffractometer 

was operated with a voltage o f 30 kV and a current o f 15 mA.

2.2.7.1 Crystalline content evaluation by PXRD

XRD was used to quantify the percentage crystallinity o f spray dried (partially 

crystalline) powders. The same samples, stored for 3 years under dessicated conditions, 

were assumed to have fully crystallised and were used as the 100 % crystalline standards. 

This was deemed appropriate as these samples, relative to crystalline unprocessed 

material, would more closely resemble the processed materials in terms physical 

characteristics, such as particle size. The % crystallinity was calculated from equation 1 

below:

Crystallinity % = ^  (100) (1)
A,

where Ac and Aj: are the total peak areas o f the spray dried (partially) crystalline sample 

and o f the recrystallised sample, respectively.
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2.2.8 Powder density (Helium pycnometry)

True density was measured with an AccuPyc 1330 Pycnometer (Micromeritics®) using helium  

(99.995%  purity) to determine the volume o f the sample. The samples were dried for at least 24 hr 

prior to analysis using a vacuum oven operating at 6 0 0  m bar and 25 °C . Density measurements 

for amorphous ST were carried out immediately after collection o f  the powder from the spray 

dryer.

A 1 cm^ sample cup was used for sample analysis. A calibration check was run prior to analysis 

with an empty sample cup to check how close the average volume was to zero, expected to be 

within ± 0.05%. During each analysis the evacuation rate was 0.005 psig/min, the number o f  

purges was 10 and the number o f runs was 5. Measurements were carried out at least in duplicate.

2.2.9 Scanning Electron Microscopy (SEM)
Visualisation o f particles was undertaken by scanning electron microscopy (SEM). SEM 

micrographs were recorded on a Mira Tescan XMU microscope (Tescan s.r.o., Czech 

Republic). Resolution: 3 nm at 30 kV, accelerating voltage: 5 kV, specimen stage: 300 

mm by 330 mm (Compucentric), detector: secondary electron. Before analysis, the 

samples were fixed on aluminium stubs and coated with gold under vacuum. Different 

areas of each sample were analysed and photomicrographs were taken at different 

magnifications.

2.2.10 Fourier Transform Infra-Red Spectroscopy (FTIR)

Infrared spectra were produced using a Nicolet Magna IR 560 E.S.R spectrophotometer 

controlled by OMNIC 4.1 software. The method used was as previously described by 

Caron et al. (2011). An average o f 64 scans with a resolution o f 2 cm '' over a 

wavenumber region o f 4000-650 cm"' was used for each sample. Powder samples were 

diluted with KBr in a ratio 1:100 w/w, ground with a pestle in an agate mortar and then
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pressed under 8 tons for 2 m inutes in order to produce 13 mm KBr/drug discs. All spectra 

were baseline corrected. Analyses were carried out at least in duplicate.

2.2.11 Attenuated Total Reflectance Fourier Transform Infra-Red 

Spectroscopy 

(ATR-FTIR)

Infrared spectra o f sulfathiazole: sulfathiazole sodium  co-spray dried systems were 

produced using a PerkinElm er Spectrum IFT-IR Spectrom eter and evaluated using 

Spectrum vS.O.l software as previously described (Grossjohann et al., 2012; Tewes et al., 

2011). An average o f  6 scans with a resolution o f  4 cm ' over a wavenum ber region o f  

4000-650 cm"' was used for each sample. All spectra were baseline corrected. Analyses 

were carried out at least in duplicate. W hen co-spray dried acid/salt composites were 

analysed, the spectrum o f  pure amorphous salt was subtracted from the m ixture spectra, 

considering their m olar ratio.

2.2.12 Water sorption analysis 

2.2.12.1 Dynamic vapour sorption (DVS)

W ater sorption behaviour o f  samples was determ ined using a DVS Advantage 1 apparatus 

(DVS Surface M easurement Systems, UK), as previously described (Tewes et al., 2010). 

Samples placed in a m icrobalance were exposed to three cycles o f  RH (0 -9 0 -0  %) at 

25°C, with the following steps 3, 6, 10 and then every 10% RH (n<2). W ater sorption 

isothenns were calculated using the equilibrated mass (dm /dt < 0.002 mg/m in for 10 min) 

recorded at the end o f  each stage and expressed as a percentage o f  the dry sample mass.
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The Young-Nelson equations were used to fit experimental equilibrium sorption and 

desorption data o f the isotherms obtained for the sulfathiazole:sulfathiazole sodium co

spray dried systems (Tewes et al., 2010):

M^=A(p + e) + BeRH 2̂)

M , = A(p + 6) + BeRH,^^ 3̂^

where Ms and Md are, respectively, the mass percentage o f water contents o f the system at 

equilibrium for each %RH during sorption and desorption. A and B are constants 

characteristic o f each system. In this model, 9 is the fraction o f the surface covered by at 

least one layer o f water molecules. It is defined as follows, with E  a constant depending 

on the material.

9  = R H /(R H  + E{\ -  RH))  4̂^

And p  is defined by the following equation:

p  = - E ^  R H / { E - R H x { E - l ) )  + E ^ i E -1) x ln[£-  R H { E - 1 ) /£ ] - (£  +1)x ln(l -  RH)  (5) 

Thus, A9 is the mass o f water in a complete adsorbed monolayer expressed as a 

percentage o f the dry mass o f the sample. A{fi+0) is the total amount o f adsorbed water, 

and A/3 is the mass o f water which is adsorbed beyond the mass o f the monolayer (i.e., in 

multilayer or cluster adsorption). B is the mass of absorbed water at 100% of RH, and, 

hence, 50RH is the mass of absorbed water when the water coverage is 9 for a given 

%RH. According to the model characteristics, from the estimated values o f A, B, and E, 

the corresponding profiles o f water adsorbed in monolayer (A9), multilayer (A^) and 

absorbed (B9RH) were obtained.
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2.2.13 Surface free energy measurement

Surface free energy measurements were carried out using inverse gas chromatography 

(iGC) (SMS Ltd., London, UK), as described previously (Tewes et al., 2011). Powders 

were packed into silanised glass columns (300mm x 3mm). The columns were pre-treated 

for 1 h at 30 °C and 0% RH to remove any physisorbed molecules. Then, 250 (J.L o f the 

elution mixture (probe vapour and helium) was injected into the carrier gas (helium) flow. 

All injections o f probe vapours were performed at 0.03% v/v o f the saturated probe 

vapour. A flame ionization detector was used to monitor the probes elution. 

Measurements were performed at 0, 10 and 20% of RH and 30 °C, (n = 2). In acid-base 

theory, the total surface free energy of a solid (y /)  has 2 main components: a dispersive 

contribution {js‘̂ ) and a specific or acid-base contribution which are independent

and additive, according to Eq. (6).

inert reference to determine the dead volume o f the system. At this low % of saturation

method developed by Schultz et al. (Schultz et al., 1987). was obtained indirectly via

and by using the acid-base theories developed by Van Oss et al. (vOCG) (Van Oss et al., 

1988). In the vOCG theories, is subdivided into two non-additive parameters and 

ŷ “ related according to Eq. (7), representing the electron acceptor (acid) and donor (base) 

properties, respectively.

(6)

In order to calculate y /  o f the powders, alkane probes with a known dispersive 

contribution (yp'̂ ) and a nil specific contribution {yp^^) were used. Methane was used as

(0.03% v/v), iGC was used in infinite dilution condifions and y /  was calculated using the

the measurement o f the specific free energy o f adsoption (AG^^) o f 2 monopolar probes

(7)
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By using ethyl acetate (yp~ = 475.67, yp* =  0 at 30°C) as the base probe and

dichloromethane {yp~ =  0, = 124.58 mJ/m^, at 30 ° C )  as the acid probe with the acid

and base component values calculated based on the Della Volpe and Siboni scale (Della 

Volpe and Siboni, 1997), 7/  and of the powders surface were calculated. Polarity

index ( Y s  ) was then calculated.

Additionally the spreading coefficient (S ^ ^ )  was calculated using the dispersive 

contribution (ŷ '̂ ) and the acid-base contribution (ŷ  ̂ and ys~) o f the total surface free 

energy o f the solid and o f the liquid (water) by the following equation.

S s i = 2 . ^  + 2 . ^  + 2 . ^ - 4 . 4 ^ - 2 r t
(8)

Where y i ,  y i^  and y C  are respectively the dispersive contribution { y i )  and the acid-base 

contribution (y// and y C )  o f the total surface free energy o f the o f the liquid (water) 

(Zdziennicka and Janczuk, 2010).

2.2.14 Tg prediction of composites using the Gordon and Taylor 

equation

To measure the theoretical Tg values o f co-spray dried composites the Gordon and Taylor 

equation was used:

W i X T g i + K  xw2 XTg 2
Tq = -------------------------------------

Wi +  K XW2

Where Tg is the predicted glass transition temperature in Kelvin degrees o f the 

amorphous composite mixture, Tgl and Tg2 are the experimental glass transition 

temperatures for the individual amorphous components measured by MTDSC. Wi and W2
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are the weight fraction o f  each substance in the mixture and k is a constant which was 

obtained by using the Simha-Boyer rule:

T g i x S i
^  = —  ^T g i x S i

where 5i and S2 are the true densities o f  the individual amorphous components.

2.2.15 Solid-state stability study

The physical stability of the amorphous forms was investigated as a function o f humidity and 

temperature. Spray dried samples were placed in weighing boats and positioned inside plastic 

humidity controlled chambers (Amebis Ltd. Ireland) providing a constant relative humidity of:

• < 5%

• 35%

• 55%

• 60 %

• 75 %

The samples were stored at refrigerator temperature o f 5 °C and at 25 or 40 °C using Gallenkamp 

incubators (Gallenkamp, UK).

At appropriate time intervals a sample of each solid material was removed for analysis by PXRD, 

SEM, DSC, and FTIR.

2.2.16 Solubility studies of sulfathiazole 

2.2.16.1 Solubility in acetone and acetone:water solvent systems

The solubility o f sulfathiazole was determined in acetone and three different 

acetone:water (v/v) ratios at 25 °C (9:1; 8:2; 7:3 v/v). Excess solid was placed in 12 ml
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ampoules (closed with screw caps to prevent evaporation) placed in a tem perature 

controlled (25 °C) water bath shaking at 100 cpm. The vials were kept under constant 

conditions for up to 60 hours and analysed at different time intervals (1 hr, 6 hr, 24 hr, 48 

hr and 60 hr). The concentrations o f  API in filtrates, (obtained by using a 0.45 |im 

m em brane filter (Titan 2, USA), from the acetonic systems were m easured using a 

Shimadzu HPLC class VP series with a LC-IOAT VP pum p, SIL-IOAD VP autosam pler 

and SCL-IOAVP system controller equipm ent operating w ith a SPD-lOA VP UV-VIS 

spectrophotom eter (k~254  nm). A Hypersil BDS C IS 5p,m (length 150mm) column 

(Thermo scientific) and a flow rate o f  1 m L/m in were employed using a m ethod 

previously reported in the literature (Capparella et al., 1995). The solubility o f  the drug in 

each solvent system was calculated as the average o f  the concentration values at the 

plateau o f the corresponding concentration versus tim e curve (n=3).

The HPLC system used was a W aters HPLC, which consists o f  a W aters 600E pump, 

W aters 717 Autosampler and a W aters 2487 Dual X Absorbance Detector. Data collection 

and integration were accomplished using W aters 746 Data M odule. The m obile phase 

was filtered through a 0.45 |j,m membrane filter (Gelman Supor-450, USA) before use 

and degassed under reduced pressure during the run using a Phenom enex Degasser, 

m odel DG-4000.

2.2.17 Solubility studies of sulfadimidine 

2.2.17.1 Solubility in acetone

The solubility o f  sulfadimidine in acetone was determined at 25 °C. Excess solid was 

placed in 50 ml glass beakers (n=3) containing acetone and stirred continuously for 3 hrs. 

The suspensions were then allowed to settle until a superficial clear solution was 

obtained. After sedimentation, samples o f  the filtered supernatant were placed in 1.5 mL
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vials and dried in a Gallenkamp incubator oven at 40°C until complete evaporation o f the 

acetone. The supernatant was filtered through a 0.45 f^m membrane filter (Titan 2, USA). 

The solubility o f the drug (n=3) was calculated by gravimetric analysis.

2.2.18 Statistical analysis

iOC data were statistically evaluated by a two-way analysis o f variance (ANOVA) test 

with Bonferroni test as post-hoc test. Significance level was a  <0.05.
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3 Introduction

3.1 Spray dried Sulfadimidine (SD) and sulfadimidine sodium  

(SDNa)

The low solubility of some active pharmaceutical ingredients is a major hindrance to their 

use as effective pharmacological agents. In order to increase the solubility of such 

compounds, various chemical, physical and/or technological approaches can be employed 

such as the utilisation of their corresponding salt forms or particle size reducing processes 

such as the spray drying technique. This method has commonly been used in pharmaceutical 

technology; however a deeper understanding of the performance and properties of the 

processed materials is needed. In this work a model sulphonamide compound with low 

aqueous solubility sulfadimidine (SD) is spray dried, characterised and compared to the 

equivalent sodium salt system: sulfadimidine sodium (SDNa). Spray drying is a process 

capable of transfomiing a material from a liquid state (solution, suspension, emulsion) into a 

dry particulate. The physico-chemical properties of the resulting material including size, 

morphology and solid state nature can be modified upon processing. Corrigan et al., 1984, 

Tajber et al., 2005 and Chidavaenzi et al., 1997, for example have described the change on 

spray drying from crystalline to amorphous materials o f the drugs employed in their 

respective studies upon spray drying (Chidavaenzi et al., 1997; Corrigan et al., 1984; Tajber 

et al., 2005).

From a pharmaceutical perspective, sodium salts are the most commonly used salt forms by 

virtue of their low toxicity compared to other salt forms (Ashford, 2002). However, little 

information on the behaviour of spray dried sodium salt systems is reported in the literature.

53



C hapter 3 A m orphisation of sulfadim idine and sulfadim idine sodium  upon sp ray  d ry ing

For example, sodium cromoglycate was spray dried from ethanol, water and various 

compositions of these two solvents by Najafabadi et al., 2004 (Najafabadi et al., 2004) and 

then by Gilani et al., 2004 (Gilani et al., 2004). A correlation between the degree of 

crystallinity of the processed materials and the solubility of the API in the feed solution was 

noted. More recently, Paluch et al., (2012) (Paluch et al., 2012) found that spray drying 

chlorothiazide sodium resulted in an amorphous material regardless of the processing 

conditions employed. However, the findings from their study showed that the use of different 

spray drier configurations (closed versus open configuration) resulted in differences in the 

residual solvent content of the amorphous processed powders, noting a higher content for 

materials spray drying in the closed cycle configuration. Retained solvents including water 

may induce chemical reactions leading to degradation (Hancock and Shamblin, 1998), cause 

crystallisation of amorphous materials or also induce polymorphism. Polymorphic transitions 

induced by solvent-drug interaction have been extensively described in several studies 

(Aaltonen et al., 2003; Anwar et al., 1989; Croker and Hodnett, 2010; Parmar et al., 2007; 

Rodriguez-Homedo and Murphy, 1999). Although drug-solvent interactions are an 

important consideration in the spray drying process, few studies have investigated directly 

the impact o f a specific solvent on a drug, and in particular on the sodium salt form o f a drug. 

This forms the basis for this chapter. Moreover, a range of other conditions were used to 

process SD and SDNa, and the impact of changing the operational mode of the spray dryer 

(open or closed mode configuration) and the inlet drying temperature on the characteristics of 

resulting materials was investigated.

SD was initially spray dried from water. Then ethanol and acetone were chosen to spray dry 

the API in a range of co-solvent concentrations with water on the basis o f previous work by
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Nolan (Nolan, 2008) who spray dried SD from different co-solvent compositions. As no 

information on processing sulfadimidine sodium has been reported in the literature to date, 

initially the spray drying parameters considered were identical to those used to process the 

non ionised form. To increase the feasibility of obtaining an amorphous drug upon 

processing, SD and SDNa starting materials were spray dried only from solutions 

(Chidavaenzi et al., 1997). Due to poor solubility in water, a low concentration of 0.1% 

(w/v) was used when SD was spray dried from this solvent. For all the other systems, a 0.5% 

(w/v) feed solution was employed in the spray drying process. Solutions of SD and SDNa in 

ethanol;water and pure water were spray dried using a Buchi B-290 Mini Spray Dryer 

operating in the open mode configuration (OCM). In contrast, the closed cycle configuration 

(CCM) was used to spray dry the API from acetonic solutions. The physico-chemical 

properties, including the physical stability, of both the processed and the starting materials 

were compared in order to evaluate the impact of the process.
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3.2 Physicochemical properties of Sulfadimidine 

3.2.1 PXRD, thermal and solubility analysis

The PXRD patterns of unprocessed SD (Figure 3.1) was characterised by Bragg peaks 

indicative of a crystalline structure and consistent with the pattern reported by Caron (Caron 

et al., 2011).
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Figure 3.1 PXRD pattern of SD starting material.

The DSC thermogram (Figure 3.2) of SD showed a single endothermic event with onset at 

197 ±0.5°C which corresponds to the melting of the drug. The powder was dry, with a mass 

loss of ~ 0.3% up to 120°C attributed to adsorbed moisture as indicated by TGA analysis. 

Beyond the melting point, starting at ~230°C an abrupt mass loss was also recorded due to 

the degradation of the API (Figure 3.2).
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Integral -771.54 mJ
normalized -128.68 Jg''-1 

Onset 196.79 ° C

Peak 198.12 °C

!
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Figure 3.2 DSC (a) & TGA (b) thermograms of SD starting material.

The solubility of SD in water, ethanol and water:ethanol mixtures at different ratios was 

previously determined in this laboratory by (Nolan, 2008) and is plotted in Figure 3.3 as a 

function of the volume fraction of ethanol.
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Figure 3.3 Ethanohwater solubility profile for sulfadimidine at 25“C, the solubility of the solute 

plotted against the volume fraction of the mixed system (ethanohwater) [from (Nolan, 2008)].
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SD solubility in ethanol (4.205 ±0 .131  m g/mL) was approxim ately nine times higher than in 

water (0.453 ± 0.004 mg/mL). From the ethanoliw ater solubility profile by Nolan (Figure 

3.3) it can be evinced that the addition of ethanol to water renders the solvating environm ent 

less polar, resulting in a more favourable solvation of the hydrophobic SD in the liquid 

phase.In particular, by adding a volume o f ethanol between 50% and 90% v/v to the water, 

the solubility of the drug in the co-solvent m ixtures was higher than in the individual 

solvents. The graph also showed that the highest level o f solubilisation for SD was achieved 

with ethanol content between 70 and 90% v/v. At these volum e fractions, the solubility o f SD 

increased up to ~ twice the solubility in pure ethanol.

3.3 Sulfadimidine spray dried from water and ethanohwater mixtures

3.3.1 Open cycle mode (OCM)

3.3.1.1 SD spray dried from water

The spray drying technique involves the atom isation o f a liquid feed which can be prepared 

either by dissolving or suspending a solid into a suitable solvent. H owever the study by 

Chidavaenzi et al. dem onstrated that spray drying solutions or suspensions can im pact on the 

final crystallinity of the processed material (Chidavaenzi et al., 1997). Zhang et al. (2007) 

showed that the solubility of sulfadim idine in water could be increased by heating the solvent 

(Zhang et al., 2007). Therefore a 0.1% (w/v) solution of SD in water was obtained when the 

tem perature o f the solvent was increased up to 65°C. D ifferent inlet tem peratures were tested 

between 78 and 100°C to spray dry SD from water. H owever the use o f these inlet 

tem peratures resulted mainly in low yields of wet powders stuck to the cyclone walls which 

therefore could not be analysed.
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According to the technical specifications of the Buchi B-291 Mini Spray Dryer increasing the 

inlet temperature results in a corresponding increase in the outlet temperature. This 

consequently reduces the relative humidity in the spray dryer environment which can lead to 

an increase of yield by preventing stickiness (Buchi-B-290, 2007). When the inlet was finally 

set at 120°C, the collection of a powder suitable for analysis was possible. Spray dried SD 

analysed by PXRD did not show any characteristic Bragg peaks as for the starting material 

but a diffuse halo pattern indicative of an amorphous compound (Figure 3.4f). Thermal 

analysis by DSC of spray dried SD from water revealed initially a baseline deflection at 

79°C, corresponding to the glass transition temperature (Tg) of amorphous SD. This value is 

in agreement with the Tg of SD reported by Caron et al. (Caron et al., 2011).

1000 cps

Et0H:H20 6:4 (78°C) 6

Et0H:H20 7:3 (78°C)

5 10 15 20 25 30 35 40
2 Theta (Degrees)

Figure 3.4 PXRD pattern of a) unprocessed SD, b) SD spray dried from ethanohwater 9:1 v/v; 
c) SD spray dried from etlianohwater 8:2 v/v; d) SD spray dried from ethanohwater 7:3 v/v; e) 
SD spray dried from ethanol:water 6:4 v/v; f) SD spray dried from water at inlet of 120°C; g) 
SD spray dried from ethanol:water 9:1 v/v at inlet of 120°C.
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The Tg was followed by an exothermic peak with onset at 120°C, attributed to the 

crystallisation of the amorphous material (Figure 3.5B). Finally a melting endotherm with 

peak onset at ~195°C and AH of -120  J/g was observed. Onset of melting evaluated for the 

processed material was 3 degrees lower compared to the starting material values. In order to 

establish if amorphous SD crystallised on heating into its original solid state form, PXRD 

analysis was performed on the material immediately on heating beyond the endset of the exo

peak in the DSC. Bragg peaks corresponding uniquely to the unprocessed API were observed 

and no new peaks were evident. This was expected, as no polymorphic structures of SD are 

reported in the literature.
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Figure 3.5 DSC curves of a) unprocessed SD; b) SD spray dried from water (Inlet 120°C); c) SD 
spray dried from ethanohwater 9:1 v/v (Inlet 120°C) d) SD spray dried from ethanohwater 9:1 
v/v (Inlet 78°C); e) SD spray dried from ethanohwater 8:2 v/v (Inlet 78°C); f) SD spray dried 
from ethanohwater 7:3 v/v (Inlet 78°C); g) SD spray dried from ethanol:water 6:4 v/v (Inlet 
78°C). Tg region highlighted.
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3.3.1.2 SD spray dried from ethanohwater co-solvent systems

The improved solubility of SD in co-solvent mixtures of water and ethanol coupled with the 

possibility of dissolving the salt form in comparable solvents formed the basis of spray 

drying from these co-solvent systems.

The feed concentration was increased to 0.5% (w/v) to produce an appropriate amount of 

powder for further analysis in a reasonable period of time. Initially for comparison purposes 

the same inlet of 120°C was used and the drug was dissolved in an ethanol:water 9:1 v/v 

system. The PXRD pattern for SD processed from this co-solvent system was characterised 

by Bragg peaks of reduced intensity compared to the starting material which indicated that 

the drug was produced in a partially crystalline state (Figure 3.4 g). Partially crystalline 

systems produced upon spray drying have been previously reported for other spray dried 

substances (Chidavaenzi et al., 1997; Langrish, 2007). These biphasic or multiphase systems 

are considered adverse for pharmaceutical development purposes because the presence of a 

more stable crystalline form increases the tendency of the remaining amorphous material to 

crystallise during storage. O f particular concern is the release of the water absorbed in the 

amorphous phase upon crystallisation which increases the molecular mobility of the 

remaining amorphous fraction through plasticisation (Vehring, 2008).

Thermal analysis of SD was in agreement with the results from PXRD. No clear Tg could be 

detected for the system spray dried from the ethanolic solution, as a consequence of the 

increased crystallinity. Moreover the crystallisation exotherm was of reduced AH and at a 

lower onset temperature (-95 °C) compared to the system spray dried from water. The 

amorphous content calculated by PXRD was approximately 12%. The same samples, after
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full crystallisation upon storage under dessicated conditions (3 years), were used as the 100 

% crystalline standards to calculate the amorphous content in the spray dried material as 

indicated in Chapter 2 (Materials and methods, section 2.2.7.1).

It seems plausible that the outlet temperature could be the parameter which caused 

differences in the physical state of the drug. The outlet temperature is the temperature to 

which substances are subjected in the spray drier until completion of the process. This is an 

important parameter to be considered because an outlet above Tg may promote the 

crystallisation of the API. The outlet temperature for the system spray dried from water 

(~65°C) was below the temperature of the glass transition of amorphous SD while for the 

system spray dried from the ethanolic mixture (~85°C) it was above Tg. To assess that the 

different solid state outcomes were a consequence of the impact of the outlet temperature on 

processing SD, and not related to the spray drying of a heated solution, the inlet temperature 

was reduced to 78°C and SD was spray dried from ethanolic solutions prepared and held at 

room temperature. To fully dissolve SD to a concentration of 0.5% w/v, four different 

ethanoliwater ratios 9:1, 8:2, 7:3 and 6:4 (v/v) were tested. SD was previously spray dried at 

this inlet temperature from ethanolic mixtures but at a lower concentration by Nolan (Nolan, 

2008) who successfully produced amorphous particles. This temperature was chosen because 

of the boiling point of the main component of the mixture. All SD powder samples spray 

dried from ethanohwater solutions (inlet 78°C) at all compositions presented no diffraction 

peaks but a characteristic halo pattern in the PXRD diffractograms of the materials (Figure 

3.4b-e).

DSC thermograms of spray dried SD at all compositions (Figure 3.5) showed a deflection of 

the baseline due to the glass transition event, with temperature onsets in agreement with
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those obtained on spray drying from water. Beyond Tg, a crystallisation peak was detected at 

a temperature between 100°C and 130°C for all systems, attributed to the crystallisation of the 

amorphous material (Figure 3.5). The onset temperature of this peak was lower compared to 

the amorphous system obtained from water, indicating a reduced thermal stability. The 

melting onset for all systems was at ~197°C and AH of -124  J/g which compares to both the 

onset and AH for the unprocessed material.
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3.3.2 Closed cycle mode (CCM)

3.3.2.1 SD spray dried from acetone and acetonic solutions

To analyse the impact of solvent on the physicochemical properties of spray dried SD 

dissolved in a different solvent, the API was spray dried from acetone and two different 

acetone:water co-solvent ratios 9:1 and 7:3 (v/v). To safely process inflammable solvents 

such as acetone the CCM with nitrogen (N^) as drying gas was employed. This configuration 

allows the circulation of inflammable gases and solvent vapours under inert conditions. DSC 

analysis of SD spray dried from pure acetone did not detect any degree of amorphous 

material as just the melting endotherm (~196°C) was recorded on the thermograms of the 

spray dried drug (Figure 3.6b).
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Figure 3.6 DSC curves of a) unprocessed SD, b) SD spray dried from pure acetone, c) SD spray 
dried from acetone:water 9:1 v/v, d) SD spray dried from ethanohwater 7:3 v/v.
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In contrast, the thermograms of SD processed from the acetone:water co-solvent systems 

presented exothermic peaks with onset at ~97°C and AH of -7 0  J/g (Figure 3.6 c-d). Both the 

melting point and enthalpy of crystallisation were lower compared to the corresponding 

systems processed from ethanolic solutions in the OCM and therefore indicative of the 

solidification of SD on spray drying into partially crystalline samples.

The production of partially crystalline SD was confirmed by the PXRD patterns of spray 

dried sulfadimidine from acetone; water co-solvent systems which displayed a small number 

of reduced intensity peaks, characteristic of crystalline sulfadimidine raw material (Figure 

3.7 c-d).
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Figure 3.7 XRD pattern of a) unprocessed SD, b) SD spray dried from acetone; c) SD spray 
dried from acetone:water 9:1 v/v; d) SD spray dried from acetonerwater 7:3 v/v; e) SD spray 
dried from acetone:water 9:1 v/v after 2 hour storage; f) SD spray dried from acetone:water 9:1 
v/v after 3 years storage under desiccated conditions at 5°C.
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The crystallinity of the spray dried samples from acetoneiwater systems was calculated by 

PXRD at 75%, 9% and 6%, when spray dried from cosolvent concentrations of 100%, 90% 

and 70% (v/v) acetone respectively. Although no exotherm could be detected on the 

thermogram of SD spray dried from acetone, an amorphous content of 25% was calculated 

by PXRD. This percentage was above the limit of detection of amorphous content by the 

conventional DSC technique o f -10%  (Saleki-Gerhardt et al., 1994). However, 

overestimation of the amorphous content by PXRD could be attributed to the production of 

nanocrystalline particles the dimension of which escape X-ray detection (Bates et al., 2006). 

Differences in crystallinity could also be attributed to subsampling procedures. Differing 

amounts of sample employed in DSC and PXRD experiments may affect the amorphous 

content estimation in non-homogeneous powders. For all spray drying runs the outlet 

temperature recorded was -25  degrees below the Tg of the drug and, the concentration 

employed was below the maximum solubility of SD in acetone measured at 56.4 ± 0.6 

mg/mL by gravimetric analysis. However Yoshioka and Tashiro (2004), highlighted that 

different solvents can plasticise amorphous systems to different extents and a correlation 

between the degree of plasticisation and solubility was noted (Yoshioka and Tashiro, 2004). 

Therefore it is hypothesised that due to the high solubility o f SD in acetone, residual vapours 

of this solvent in addition to the residual water vapour in the spray dryer could plasticise the 

drug causing it to solidify into a (partially) crystalline substance.

Kinetics of evaporation are dissimilar among different spray dryer configurations due to 

different pressures and relative content of solvent in the drying gas (Dobry et al., 2009). 

Paluch et al., 2012 pointed out that powders produced in the CCM were characterised by a 

higher solvent residual than powders processed in the OCM (Paluch et al., 2012). In theory in
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the closed loop system the gas stream of N2 should be purified by the presence of the solvent 

by condensing the organic vapours at low temperature. The regenerated gas is then returned 

again in the spray drier (Biichi-290 technical specification, 2007). Nevertheless it is 

hypothesised that some impurities of solvent might contaminate the recycled carrier gas. 

Interestingly, the addition of water to acetone in the feed solution resulted in the production 

of partially amorphous powders of SD suggesting that the use of water, a co-solvent in which 

the drug is poorly soluble, might reduce the plasticising effect of the acetone on the drug.

3.4 FTIR analysis

The infrared spectrum of the crystalline starting material (Figure 3.8a) is compared with the 

spectra of the amorphous counterparts obtained by spray drying SD from pure water (Figure 

3.8b) and from ethanolic co-solvent systems (Figure 3.8c).
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Figure 3.8 FTIR spectra of a) sulfadimidine raw material; b) spray dried sulfadimidine from  
water; c) spray dried sulfadimidine from ethanohwater 9:1 v/v inlet 78°C; d) spray dried 
sulfadimidine from acetone:water 9:1 v/v.

Regardless of the ethanol to water proportion employed in the spray drying process the 

amorphous spectra were identical. However a series of differences distinguished the spectra
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of the crystalline and amorphous forms o f SD. In addition to a general broadening and 

smoothening o f the peaks in the amorphous samples, changes in peak shape and position 

were noticeable between the two physical states. The increased bandwidth o f the spectra in 

the amorphous state is a known phenomenon that is generally attributed to the loss o f  crystal 

lattice as a consequence o f the solidification o f the drug into a disorganised state such as the 

amorphous state (Kaushal et al., 2008; Tajber et al., 2005; Tang et al., 2002).The main shifts 

were recorded in the 3390-3245 cm ' region. In this region SD and sulphonamides in general 

have characteristic strong bands attributed to the stretching vibration o f the N-H bonds 

(Socrates, 2001).The spectrum of pure crystalline sulfadimidine presented these 

chai'acteristic peaks at 3442 and 3342 cm * for the asymmetric and symmetric NH (anilino) 

stretching vibration respectively (Yang et al., 2005). These peaks were broader and were 

shifted to higher wavenumbers in the spectra for the spray dried samples, indicating that the 

hydrogen bond strength decreased with loss o f crystallinity (Tang et al., 2002). 

Simultaneously both the asymmetric (1302 cm ') and symmetric (1147 cm'') S = 0  stretching 

vibration peaks shifted to higher wavenumbers, confirming that the SOi group acts as a H- 

bond acceptor in the crystalline state (Caira, 2007; Kaushal et al., 2008). However the 

magnitude o f the shift o f the SOj peaks was lower compared to that o f the NH stretching 

peaks. Variations in the magnitude o f the shifts for the donor and acceptor group o f  H-bonds 

were discussed in the work o f Kaushal et al. (2008). The author related the differences to a 

higher sensitivity o f the frequency o f  the donor X-H stretching vibration to the 

formation/rupture o f hydrogen bonds compared to the acceptor group (Kaushal et al., 2008). 

Furthermore it is also hypothesised that upon amorphisation, the SO2 group, as consequence 

of the breakage o f intermolecular hydrogen bonds with the NH2 group, would be available to
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form intra-molecular H-bonds. This type of intra-molecular interaction would also explain 

the downward shift of the bending NH (anilino) peak from -1641 cm ' in the crystalline state 

to -1628 c m '' in the amorphous state (Figure 3.9).
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Figure 3.9 FTIR spectra of a) sulfadimidine raw material; b) spray dried sulfadimidine from 
water; c) spray dried sulfadimidine from ethanolrwater 9:1 v/v inlet 78°C; d) spray dried 
sulfadimidine from acetone:water 9:1 v/v.

The FTIR spectrum of the partially crystalline SD processed from acetoneiwater (Figure 

3.9d) presented an extra peak at -1700 cm"'. This peak, typical of the C = 0  stretching 

vibration of ketones (Socrates, 2001), was not found in the spectra of either the original 

material or the processed materials from water and ethanol:water solvent systems and 

therefore was attributed to acetone retained in the amorphous compound. The higher 

solubility of the drug in this solvent compared to ethanol might explain the high affinity of
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acetone to the amorphous state of SD and why the drug solidified as a (partially) crystalline 

material when spray dried from this solvent.

3.5 DVS analysis

Investigating and understanding the behaviour of crystalline and amorphous drugs when 

exposed to various conditions of RH is a fundamental aspect of pre-formulation studies. The 

behaviour of both crystalline and amorphous SD at predefined relative humidity values was 

investigated by DVS analysis. Moreover this would allow for comparison studies as it was 

anticipated that similar studies would be performed on the corresponding amorphous salt 

form. Amorphous solids uptake relatively large amounts of water vapour compared to their 

corresponding crystalline phases. Sorbed water can act as a plasticising agent, lowering the 

glass transition temperature below the storage temperature and cause phase transitions. 

Several low molecular weight amorphous materials have been reported to convert to their 

more stable crystalline state if subjected to RH above the glass transition (Burnett, 2009; 

Burnett et al., 2004; Jouppila et al., 1998; Kedward et al., 2000) . When a material converts 

from an amorphous to a crystalline state, the water sorption ability decreases due to the lower 

hygroscopicity of the crystalline state compared to the amorphous state and the excess water 

will be desorbed during the phase transition (Bumett et al., 2006; Grisedale et al., 2011). 

Analysing the mass variation of an amorphous substance exposed to increasing conditions of 

RH can be used to determine the % RH at which water-induced phase transitions are 

favoured and provide guidelines for rational stabilisation strategies of amorphous materials. 

Experiments were performed using a dynamic vapour sorption (DVS) analyser which 

measures the uptake and loss of water vapour gravimetrically using a recording microbalance 

with a mass resolution of ± O.ljjg (DVS-training-guide, 2009). Figure 3.10 and 3.11 display
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the sorption-desorption isotherms (T ' and 2"̂ * cycle) and the corresponding sorption- 

desorption kinetic profiles for amorphous SD (spray dried from ethanohw ater 9:1 v/v), 

respectively. Additionally Figure 3.10 displays the sorption isotherm  for unprocessed 

crystalline SD up to 70% RH. After equilibration at each step o f RH up to 70% the 

crystalline drug presented a m aximum water uptake o f less than 0.1% w/w at 70% RH 

indicating that the original unprocessed drug is a non hygroscopic substance. In contrast the 

isotherms showed that am orphous SD, when exposed to a series o f 10% step changes o f RH 

(0-90-0%), reached a maximum water uptake o f -4 .3%  at 90% RH.

—A— a m orphous  SD Cycle 1 Sorp 
-  •  -  a m orphous  SD Cycle 1 Desorp 
— a mor phous  SD Cycle 2 Sorp 
- ^ - a m o r p h o u s S D C y c l e 2  Desorp 

crystalline SD sorption 1 St deso rp tio n

2nd deso rp tio n

2nd sorp tion 1st sorp tion

50 7010 60 80 900 20 30 40
Target % P/Po

Figure 3.10 DVS sorption desorption isotherm of unprocessed crystalline SD (red line) and 
amorphous SD (spray dried from ethanol:water 9:1 v/v).
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Figure 3.11 DVS sorption desorption kinetic profile of amorphous SD.

Corresponding kinetic profiles (Figure 3.11) presented an increase in m ass and then a plateau

for each percentage o f RH analysed for all cycles. This behaviour suggested that the 

am orphous drug did not crystallise during the duration o f the experim ent. PXRD analysis 

confirm ed DVS results and no Bragg peaks were detected on the pattern produced by the 

powder after being subjected to three (0-90-0) sorption-desorption cycles.

3.6 Physical stability upon storage at different temperature and RH 

conditions

Nolan (2008) investigated the physical stability o f am orphous SD (spray dried from 

ethanol:w ater solutions) under different storage conditions. SD remained XRD am orphous up 

to 8 weeks when stored in desiccated conditions at 4°C. In contrast at 25°C/60%  relative 

hum idity and 40°C/75%  relative humidity, the API converted to a partially crystalline 

material after three days and ~1 day of storage respectively (Nolan, 2008). These results were 

not in com plete agreem ent with the findings from the current study. In accordance with the
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work of Nolan, the amorphous drug crystallised between 2 and 3 days of storage when stored 

at 25°C and 60% RH and 40°C/75% RH. In contrast, several batches of amorphous SD spray 

dried from ethanohwater co-solvent systems at all compositions, and from pure water, stored 

at 4°C in desiccated conditions, were found to be physically stable over a period of 20 weeks. 

This was indicated by the lack of detection of Bragg peaks on the PXRD patterns. The 

physical stability o f the drug was also investigated upon storage at 5°C and 60% RH. SD 

remained amorphous as indicated by PXRD analysis for 4 weeks. This result coupled with 

the high stability of amorphous SD following DVS studies suggesting that the degree of 

hydrophilicity and the solubility of the substance are important factors to be considered when 

taking decisions on the conditions of storage of amorphous substance. The differences in 

crystallisation kinetics (3 days versus 4 weeks) appear mainly to be due to the storage 

temperature. A higher storage temperature, besides facilitating crystallisation because it is 

closer to the Tg of the drug, at the same time increases the solubility of the drug in water.

In contrast, spray dried sulfadimidine from acetone:water 9:1 and 7:3 v/v co-solvent systems 

showed an increase in crystallinity from respectively 9 and 6% to -80%  for both systems 

after two days storage in desiccated conditions at 5°C. As previously reported for the 

ethanolic systems, the same samples (n=2) after 3 years storage in desiccated conditions at 

5°C were taken as the 100% crystalline standards to calculate the amorphous content in the 

spray dried materials. The PXRD pattern of SD spray dried after 3 years storage is shown in 

Figure 3.7f.
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3.7 SEM analysis

The particle morphology of spray dried SD varied in relation to the solvent or co-solvent 

mixture used in the process (Figure 3.12).

Figure 3.12 A) SD spray dried from ethanohwater 9:1 v/v; b) SD spray dried from 
ethanol:water 7:3 v/v; c) SD spray dried from water d) SD spray dried from acetone; e) SD 
spray dried from acetone:water 9:1 v/v; f) SD spray dried from acetone:water 7:3 v/v. (note 
different scale bars)

Porous spherical particles of SD were observed by SEM when spray dried from 

ethanohwater 9:1 v/v (Figure 3.12 A). With the increase of water content to 30% v/v the
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powder obtained was a combination of porous and non-porous particles (Figure 3.12 B). The 

spherical shape of SD particles spray dried from pure acetone (Figure 3.12 D) was not 

consistent and particles became much more irregular with increasing content of water in the 

solvent mix (Figure 3.12 E-F). The surface of the particles appeared to be rough. In contrast, 

when the drug was spray dried from water, the particles resembled deflated balloons with 

smooth surfaces (Figure 3.12 C).
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3.8 Key findings on sulfadimidine

The key results related to the impact of spray drying on SD presented in this section of 

Chapter 3 can be summed up as follows:

•  The physical state of sulfadimidine can be tuned by varying spray drying parameters. 

Spray drying SD from water or ethanol:water solutions in the OCM results in an 

amorphous material provided that the outlet temperature is kept below the glass 

transition temperature of amorphous SD found at approximately 80 °C.

•  The use of acetonic solutions in the CCM configuration produces partially crystalline 

materials. It is hypothesised that this is due to the increased water and acetone 

residual content present in the spray drier used with this type of configuration, 

causing a plasticising effect on the amorphous API.

•  The use of different solvents has an impact on the morphology o f the spray dried 

material. From a pharmaceutical development strategy this appears interesting 

because it is possible to select process parameters to obtain the morphology according 

to the intended use.
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3.9 Sulfadimidine sodium (SDNa)

3.9.1 Introduction

Salt formation is a common strategy applied in the pharmaceutical sector to modify 

im portant physical properties o f ionisable compounds. A drug m olecule characterised by a 

low m elting point for example is often not suitable for m any processes which require high 

tem peratures such as purification or drying. The ionic interactions involved between the 

counterion and the electrolyte drug in the crystal structure of a salt can have the effect of 

raising the m elting point of the salt to a higher tem perature com pared to the unionised form. 

The selection of an appropriate counterion can also enhance the solubility in water o f weakly 

acidic/basic com pounds in the salt form. However, processing salts by different techniques 

such as milling, lyophilisation, precipitation from solution under reduced pressure and spray 

drying may introduce a degree of amorphous material in the com pounds. Studies by Tow ler 

et al. (Towler et al., 2008), Kumar et al. (Tow ler et al., 2008), and Tong and Zografi (Tong 

and Zografi, 1999) analysed different properties o f am orphous salts produced by the 

aforem entioned pharmaceutical techniques. They found that am orphous salts generally have 

a higher Tg com pared to that of the am orphous unionised compound. As the Tg reflects the 

stability o f an am orphous material (Tajber et al., 2005), the use o f a salt form in its 

am orphous state can be an interesting strategy to stabilise these high energy forms. Therefore 

the impact of the spray drying process was investigated on the sodium salt form o f 

sulfadim idine, with the objective o f converting the crystal structure of the salt into an 

am orphous com pound, thereby enabling com parisons to be made to the am orphous unionised 

form.
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3.9.2 Sulfadimidine sodium spray dried from pure water and ethanolrwater 

mixtures

The DSC therm ogram  (Figure 3.13) o f crystalline SDNa starting material showed an 

endothermic event with onset at 309°C attributed to the m elting of the drug. An additional 

endothermic event took place below 100°C due to the removal o f residual solvent o f a 

hydrated structure. This endotherm  will be discussed in the section dedicated to dynamic 

vapour sorption analysis. The corresponding TGA therm ogram  presented mass loss of -1 %  

(w/w) from 25-100°C.

Figure 3.13: a) DSC & b) TGA thermograms of SDNa starting material.

3.9.3 SDNa spray dried from water

No inform ation about spray drying o f SDNa has been reported to date. Initially, for

com parison purposes with the spray dried SD, the sodium salt form was processed from

water starting with an inlet tem perature o f 120°C. No dry powder collection was possible at

this particular inlet tem perature as the material was sticky wet and adhered to the wall o f the

spray dryer. This outcom e was in contrast to that previously observed for SD, which, at this
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inlet temperature, was easily processed and resulted in the production of amorphous powders. 

A ten degree increase from 120 to 130°C for the inlet temperature when spray drying the salt 

form was sufficient to allow the recovery of a powder suitable for analysis. The salt solution 

was then spray dried at 140°C and finally at 160°C. The salt solution spray dried from water 

resulted in highly hygroscopic powders which converted to sticky materials soon after 

collection. Repeated experiments were performed and powders were immediately stored in 

humidity controlled chambers at low RH values (desiccated conditions). Physical 

characterisation was carried out with particular attention focused on minimising exposure of 

processed powders to environmental conditions prior to analysis. A broad endotherm was 

recorded on the DSC thermograms of the spray dried materials (Figure 3.14).

S D N a  (Inlet 1 6 0 “C)
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Figure 3.14 DSC curves of a) unprocessed SD Na; b) SD Na spray dried from water (inlet 
160°C); c) SD Na spray dried from water (inlet 140°C); d) SD Na spray dried from water (inlet 
130°C). Tg region highlighted.
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Corresponding TGA analysis displayed mass loss between 5 and 7% (w/w). Regardless of 

the inlet drying temperature, thermal analysis by DSC of spray dried SDNa revealed a 

baseline deflection ranging between 155°C and 157°C, attributed to the glass transition 

temperature (Tg) of amorphous SDNa. This represents a significant increase in degrees 

centigrade compared to the Tg of SD detected at ~ 80 °C. An increase in the Tg value for a 

salt form compared to its unionised base was previously reported by Tong and Zografi (1999) 

for sodium indomethacin. The Tg for amorphous sodium indomethacin produced either via 

freeze drying, grinding or rota evaporation was 75°C higher than amorphous indomethacin. 

This temperature increase was attributed by the authors to strong ionic interaction between 

the sodium and indomethacin ions (Tong and Zografi, 1999). In contrast to the relatively 

constant Tg values, variability in crystallisation behaviour characterised SDNa spray dried 

from pure water using different inlet temperatures over the range of 130°C to 160°C. The 

highest onset of crystallisation (~210°C) was observed for the sample spray dried at the 

higher inlet temperature. This represented a 20 degree upward shift compared to SDNa spray 

dried at inlets of 130°C and 140°C, which crystallised at ~ 190°C. Finally all systems melted 

in the range of temperature between 305 and 308°C (Figure 3.14).
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Figures 3.15 and 3.16 show SE micrographs for unprocessed and spray dried SDNa from 

water respectively.

M A n q  i n  Irr 10mTI RFM  MAH 1 R (=17 Irr 5  Mm

Figure 3.15 SE micrographs of unprocessed SDNa at different magnifications, (note different 
scale bars)
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Changes in the particle morphology characterised the spray dried particles which were 

spherical, crumpled and with a smooth surface. The particles of the system spray dried at a 

lower inlet of 130°C was characterised by signs of fragmentation and collapse (Figure 

3.16A). This morphology was different from that seen for SD spray dried from water 

described in section 3.7.

Figure 3.16 SE micrographs of SDNa spray dried from water at inlet temperature of: a) 130°C; 
b) 140°C; c) 160°C; d) 160°C and after 4 week storage under desiccated conditions at 5°C.

3.9.4 Sulfadimidine sodium spray dried from ethanol:water co-solvent 

systems.

In order to compare the behaviour of the salt form to sulfadimidine upon spray drying, an

inlet temperature (78°C) and concentration (0.5% w/v) consistent with that employed

previously for the non ionised form was used. The salt was spray dried from ethanohwater
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solutions with ethanol content varying between 60-90% v/v. As indicated by the study of 

Delgado et al. the feed concentration used was below the maximum solubility of the salt in 

all four co-solvent systems (Delgado et al., 2011). Systems spray dried from ethanolic 

solutions, at all compositions, did not show Bragg peaks on the PXRD patterns but diffuse 

halo patterns (Figure 3.17).
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Figure 3.17 PXRD patterns of a) unprocessed SDNa; b) SDNa spray dried from ethanol:water 
9:1 v/v; c) SDNa spray dried from ethanol:water 7:3 v/v; d) SDNa spray dried from 
ethanol:water 6:4 v/v; e) SDNa spray dried from water (Inlet 130°C); f) SDNa spray dried from 
water (Inlet 140°C); g) SDNa spray dried from water (Inlet 160°C).

DSC thermograms for the various systems were characterised by a broad endothermic event

between 25 and 140°C. This event was due to the dehydration of the amorphous powder

upon heating. Powders in fact were not completely dry as mass losses between ~7 and 9%

were detected by TGA analysis when heated from 25 -  100°C. This contrasted to the 1%

mass loss detected for the unprocessed material. A deflection of the baseline at ~154°C,
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attributed to the glass transition of the salt was detected for all systems. At temperatures 

above the Tg of SDNa, all DSC thermograms of the processed powders presented an 

exotherm of crystallisation in the temperature range between 180-220°C (Figure 3.18). The 

onset temperature of the exotherm was comparable to SDNa spray dried from water at inlets 

of 130 and 140°C.
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Figure 3.18 DSC curves of a) unprocessed SDNa; b) SDNa spray dried from ethanolrwater 9:1 
v/v c) SDNa spray dried from ethanohwater 8:2 v/v d) SD spray dried from ethanohwater 7:3 
v/v e) SDNa spray dried from ethanol:water 6:4 v/v.

As previously reported for SDNa processed from water, spray dried samples were highly 

hygroscopic and tended to uptake moisture from the environment converting to sticky 

materials. SEM micrographs showed that minimal exposure of the sample to environmental 

conditions resulted in spherical particle with little degree of aggregation (Figure 3.19 A-B), 

while a more prolonged exposure resulted in agglomerated fused masses (Figure 3.19 C-D). 

The main application of the spray drying process is to achieve a suitable particle size
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(Vehring, 2008) and remove most of the solvent because water or other solvents retained in 

pharmaceutical formulation are known to be the cause of increased physical and chemical 

instability (Hancock and Shamblin, 1998).

WD13.6mm S.O kV  x l . S k  20um

Figure 3.19 SE niicrograpii of SDNa spray dried from ethanohwater 9:1 v/v A-B) after storage 
in dry conditions; C-D) after exposure to environmental conditions of RH for 30 minutes, (note 
different scale bars)

It is well recognised and accepted that amorphous materials have a greater affinity for 

moisture, relative to their crystalline counterparts. Nevertheless, it was also anticipated that 

the nature of the solvent employed in the spray drying process might affect some properties, 

as a change in the morphology may influence the moisture sorption capabilities of the 

processed powders with associated implications for physical stability. SDNa was thus spray 

dried from a different solvent water/acetone combination and the resultant powders were 

investigated under a range of storage conditions.
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3.9.5 SDNa spray dried from acetonic solutions

The use of acetone:water co-solvent systems for spray drying unionised SD resulted in the 

production of partially crystalline materials. This was believed to be due to the high affinity 

of the organic solvent to the API which could plasticise the drug. However it was 

hypothesised that, as a consequence of the lower boiling point (58°C) and higher evaporation 

rate of acetone, compared to ethanol, spray drying the salt from acetonic solutions might 

result in the production of distinct particles in contrast to the fused agglomerates seen for the 

API spray dried from the ethanolic systems. The salt was therefore spray dried from four 

different acetone:water co-solvent systems with the spray dryer operating in the closed cycle 

configuration, as previously carried out to process SD. PXRD analysis indicated that the 

spray dried samples converted to an amorphous phase (Figure 3.20).

> *

>

c

10 15 20 25 30 35 405

2 6 (degrees)

Figure 3.20 PXRD patterns of a) unprocessed SDNa; b) SDNa spray dried from acetone:water 
6:4 v/v; c) SDNa spray dried from acetonerwater 7:3 v/v; d) SDNa spray dried from 
acetone:water 8:2 v/v; e) SDNa spray dried from acetone:water 9:1 v/v; f) SDNa spray dried 
from acetone:water 9:1 v/v after storage at ambient conditions for Ihr.
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The detection of Tgs ranging between 144-149°C and the presence of an exothermic peak of 

crystallisation on each thermogram confirmed that the salt subjected to the spray drying 

process was converted into an amorphous phase (Figure 3.21). However Tg values were 

lower compared to the systems spray dried from the corresponding ethanolic solution 

(detected at ~154°C).

TlW

50 300100 150 200 250 350

Figure 3.21 DSC thermograms of a) unprocessed SD Na; b) SDNa spray dried from 
acetone:water 9:1 v/v, c) SDNa spray dried from acetone:water 8:2 v/v d) SDNa spray dried 
from acetone:water 7:3 v/v e) SDNa spray dried from acetone:water 6:4 v/v

3.9.6 SEM analysis

The samples were analysed by SEM (Figure 3.22). Spherical particles obtained from the 

system acetoneiwater 6:4 v/v were fused together, while discreet particles with smooth 

surface were obtained from solutions with higher acetone content. This type of surface was
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similar to that obtained by spray drying SDNa from ethanol and differed from the drug spray 

dried from water (Figure 3.16). As previously reported for the salt spray dried from water 

and ethanolic solutions, the spray dried drug samples were highly hygroscopic in nature and 

were therefore stored in controlled humidity chambers at -0%  RH.

Figure 3.22 SEM micrographs of SDNa spray dried from a) acetonerwater 6:4 v/v; b) 
acetone:water 7:3 v/v; c) acetone:water 8:2 v/v; d) acetone:water 9:1 v/v.
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3.10 FTIR analysis of amorphous SDNa

Spray dried materials from all solvent systems were analysed by FTIR spectroscopy. Super- 

imposable spectra characterised the amorphous materials except for the presence of an extra 

peak at ~ 1700 cm 'detected for the systems spray dried from acetonic solutions. This peak is 

due to the presence of residual acetone (Figure 3.23), as previously reported for the non 

ionised form and might explain the shift of the Tg to lower temperatures compared to the 

drug processed from water and ethanolic solutions at all compositions. Amorphous spectra 

were different to the spectrum of the crystalline unprocessed material because of the 

broadening of bands which was attributed to the disorder of the molecules in the amorphous 

state.

3.0

2.5

2.0
3

0)o
§
-G

0.5

0.0

3800 3600 3400 3200 3000 2800 1600 1400 1200 1000 800
Wavenumber [cm"']

Figure 3.23 FTIR spectra of a) sulfadimidine sodium unprocessed material; b) spray dried 
SDNa from water; c) spray dried sulfadimidine from ethanol:water 9:1 v/v inlet 78°C; d) spray 
dried sulfadimidine from acetonerwater 9:1 v/v e) spray dried sulfadimidine from 
acetone:water 7:3 v/v.
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3.11 DVS analysis

As previously reported, the exposure of the amorphous spray dried salt to environmental 

humidity conditions caused changes in the visual appearance and to the physical properties of 

the powders. The amorphous drug changed from a powder to a transient viscous mass and 

finally converted into a solid bulky structure. The state of hydration of a material may 

influence several physicochemical properties including physical and chemical stability 

(Airaksinen et al., 2005; Forbes, 1998). For example for many pharmaceutical materials, 

phase transitions can be influenced by the amount of water vapour surrounding the sample. 

Some crystalline sodium salts are known to be hygroscopic materials (Lee, 2002) and the 

possibility to investigate the impact of water vapour on a processed salt which might also be 

characterised by a certain degree of disorder subsequent to the spray drying process could 

provide fundamental guidelines on the storage conditions. Unprocessed and processed SDNa 

from ethanohwater 9:1 v:v were exposed to the following % of relative humidity profile: 0 to 

90% in 10% steps and then the humidity was decreased in a similar fashion for the desorption 

phase. The moisture sorption-desorption isotherm (1'̂ ‘ and 2"'* cycle) for the crystalline raw 

original SDNa sample over the 0 to 90% RH range is displayed in Figure 3.24. The isotherm 

shows a wide hysteresis gap over the full RH range analysed. This is indicative o f hydrate 

formation, where the sample desorbs the water molecules at a lower RH than it uptakes them 

(Hiatt et al., 2011). The continuous lines represent the sorption phases, while the dotted lines 

correspond to the de-sorption cycle. At 60% RH the sample sorbs approximately 6% of its 

dry weight in mass. For SDNa whose MW is 300.31 g/mol this mass increase would 

correspond to a stoichiometry of 1 molecule of water, associated with the formation of a 

monohydrate. This mass gain remained constant up to 80% RH. With a further increase in
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RH to 90% the mass increase doubled to 12% of its dry weight corresponding to the 

formation of a dihydrate form.
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Figure 3.24 DVS sorption desorption-isotherm of SDNa starting material A) 1*‘ and 2"** cycle; B) 
2"** cycle
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During the desorption cycle there is little mass change as the humidity decreases to 10% RH, 

with the sample still retaining approximately 11.5% of its dry mass. During the final 

desorption step (10 to 0% RH), the sample loses all sorbed water and the mass returns to 

approximately the original value.

In contrast, in the 2"̂ * sorption cycle (Figure 3.24 B) the salt converts into a monohydrate 

when the RH is increased to 20%. Differences in the water uptake capabilities between the 

first and second sorption cycle are hypothesised to be due to differences in the surface area of 

the salt before and after undergoing a first full DVS cycle. The amorphous form of SDNa 

(spray dried from ethanoliwater 9:1 v/v) was subjected to the same humidity profile by DVS 

in order to investigate its behaviour and physical stability on exposure to changes in relative 

humidity. The moisture sorption kinetics for amorphous SDNa over the 0-90-0-90-0% RH 

range are displayed in Figure 3.25. The black continuous line traces the percentage change in 

mass (based on the dry value) as a function of time, while the grey dotted line traces the 

relative humidity as a function o f time. The corresponding isotherms (2 sorption-desorption 

cycles) are shown in Figure 3.26, where the continuous lines represent the first and second 

cycle sorption while the dotted lines represent the corresponding first cycle and second cycle 

desorption phases respectively.
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Figure 3.25 DVS sorption-desorption kinetics of amorphous SDNa

As the humidity is increased up to 50% RH, the sample uptakes significant amounts of water 

vapour and the weight approaches equilibrium at each step. In contrast, during the 60% RH 

step, the sample mass initially increases, but then steadily decreases before the mass finally 

reaches equilibrium. This phenomenon where there is a short, initial increase followed by a 

sharp decrease in mass is typical for a water-induced crystallisation event. Similar behaviour 

has been observed for amorphous lactose and salbutamol sulphate (Burnett et al., 2006; 

Grisedale et a l ,  2011). Absorbed water is a plasticising agent that lowers the glass transition 

of the compound thus inducing crystallisation. At higher RH values from 70 to 90 % almost 

no change in mass was recorded by the sample. During the desorption phase, a 1 % decrease 

in mass from 90% to 10% RH was recorded which was probably due to slow surface 

desorption from the new crystalline material. During the 0% desorption step the sample mass 

returned to the initial dry value.

93



Chapter 3 Amorphisation of sulfadimidine and sulfadimidine sodium upon spray drying

14

Cycle 1 Sorp 
Cycle 2 Sorp

— Cycle 1 Desorp 
— Cycle 2 Desorp12

10

8

6

4
Dl

2

0
10 20 30 40

Target % P/Po
50 60 70 80

•2

Figure 3.26 DVS sorption-desorption isotherms of amorphous SDNa

The second sorption-desorption cycle resembled the DVS behaviour of the unprocessed salt 

material except for the mass uptake % which was constantly 3% lower than that recorded by 

the unprocessed material. After DVS treatment, the PXRD patterns of both the processed salt 

samples and of unprocessed SDNa were identical. These patterns resembled the pattern of the 

original material (i.e. not subjected to DVS analysis), indicating that regardless of the initial 

physical state a full DVS cycle converted the drug into the original anhydrous crystal 

structure.

PXRD, DSC and TGA analyses were performed after equilibrating the materials in the DVS 

at different stages of RH. For example the PXRD patterns of unprocessed and spray dried 

SDNa from water (Figure 3.27b) or ethanol:water solutions, equilibrated at 90% RH, were 

identical. These patterns differed from the pattern of the original material (i.e. not subjected 

to DVS analysis), by the presence of extra peaks at the following 2 9 values: 8.3, 12.8, 15.9, 

16.7, 19.1, 23.3, indicating a change in the crystal structure (Figure 3.27b).
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Figure 3.27 PXRD patterns of a) unprocessed SDNa; b) spray dried SDNa from ethanolrwater 
9:lv/v after equilibration at 90% RH in DVS cabinet; c) spray dried SDNa from water after 
equilibration at 50% RH (2"‘‘ sorption cycle) in DVS cabinet. Differences in characteristic peak 
positions liighlighted.

An 11.4 ± 0.0% thermogravimetric mass loss between 25 and 140°C confirmed the 

stoichiometry o f the spray dried material after DVS treatment (equilibration at 90% RH) to 

be a dihydrate (Figure 3.28a). The corresponding DSC thermogram (Figure 3.28b) showed a 

double endothermic peak o f dehydration in the same temperature range o f the mass loss 

recorded on the TGA thermogram, the material consequently reconverted into its anhydrous 

form and finally melted at 308°C consistent with the melting point o f unprocessed SDNa. 

The shortfall in the mass gain percentage in the processed systems o f -3% , compared to the 

final mass gain percentage o f  the original material subjected to DVS can be attributed to 

solvent retained in the amorphous form at the beginning o f the experiment. This solvent does 

not separate from the powder during the pretreatment phase (drying at 0% RH in the DVS  

under N 2 flow). A  single endotherm o f  dehydration (Figure 3.28d) characterised the
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monohydrate obtained by subjecting both processed and unprocessed SDNa to a full DVS 

sorption-desorption cycle and then equilibrating the samples at 60% RH in the DVS cabinet. 

The corresponding TGA analysis recorded mass loss of 6.3 ± 0.0% consistent with a water 

content of 1 mole.

'vxo

step -11.405 % 
-1.4 78 rag

Step -6.384 % 
-0.277 mg

Figure 3.28 (a): TGA and (b): DSC thermograms of spray dried SDNA in OCM from 
ethanol:water 9:1 v/v after DVS analysis (equilibration at 90% RH); (c) TGA and (d) DSC 
thermograms of spray dried SDNA in OCM from ethanohwater 9:1 v/v after DVS analysis 
(equilibration at 60% RH after a full DVS sorption-desorption cycle)

3.12 Stability studies of spray dried SDNa at 4 and 25°C, under desiccated 

conditions / 60% RH / 70% RH

The physical stability o f spray dried SDNa from all solvent composition upon storage at 4°C

under desiccated conditions was monitored over a 3 year period. As indicated by PXRD

analysis (data not shown), the amorphous drug did not crystallise when stored in these

conditions. A similar outcome was found when the amorphous samples of the drug were
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stored at room temperature (~25°C) in humidity chambers at <5% RH. However it should be 

noted that these stability studies were performed over a shorter period of 4 months, hi 

contrast, the exposure of the amorphous salt to higher humidity conditions caused changes in 

the visual appearance and on the physical properties of the powders. Regardless of the 

solvent used to spray dry SDNa, the amorphous drug stored at RH values of 60 and or 75% 

after 2 hrs crystallised into a crystal structure which was different from the original material. 

By comparing PXRD patterns it was found that these were identical to the pattern of the 

dihydrate obtained by subjecting the original and spray dried materials to DVS analysis 

(Figure 3.29).
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Figure 3.29 PXRD patterns of a) unprocessed SDNa; b) spray dried SDNa from ethanol:water 
9:lv/v after equilibration at 90% RH in DVS cabinet; c) spray dried SDNa from ethanolrwater 
9:1 v/v after storage at 60% RH in humidity controlled devices.
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3.13 Key findings on sulfadimidine sodium

The key results related to the impact of spray drying on SDNa presented in this section of 

Chapter 3 can be summed up as follows:

• The sodium salt of SD converted to an amorphous phase upon processing, regardless 

of the solvent employed and spray-dryer set up. It is characterised by an higher Tg 

(~155°C) with respect to the amorphous SD (~80°C).

• The higher Tg (~155°C) leads to an increased physical stability of the amorphous salt 

compared to amorphous SD but only in dry conditions.

• RH has a strong plasticising effect inducing phase transformation of the amorphous 

salt into a dihydrate when stored at RH above 60% in a time span of 2 hrs.
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3.14 SD and SDNa co-spray dried systems

Processes involving solvent evaporation may lead to the transformation of crystalline 

substances into disorganised amorphous materials as described for SD and SDNa in the first 

part of this chapter. For amorphous solids, the temperature range in which properties of the 

material change from solid-like (glass) to liquid-like (super-cooled liquid) or vice versa is 

called the glass transition temperature (Tg) (Baird and Taylor, 2012). It is well recognised 

that below Tg, both chemical and physical stability is more pronounced compared to above 

Tg. Therefore basic strategies to stabilise the amorphous state require storage at temperature 

at least 50°C below the Tg (Hancock et al., 1995; Yu, 2001) and to reduce the exposure to 

water which can accelerate degradation, decrease the Tg and induce crystallisation 

(Airaksinen et al., 2005; Buckton and Darcy, 1995; Hancock and Shamblin, 1998). Another 

method to overcome stability issues is to produce drug-polymer amorphous solid dispersions 

(Caron et al., 2011; Qian et al., 2010; Tajber et al., 2005). These amorphous systems are 

usually characterised by improved physical stability generally related to the increase of the 

Tg which reduces the molecular mobility required for crystallisation at certain storage 

temperatures (Janssens and Van Den Mooter, 2009). However disadvantages such as the 

increase o f hygroscopicity of the resulting systems or the increase in bulk volume of final 

dosage forms due to the poor miscibility of some drugs in the polymer can be limiting factors 

to the development of certain formulations (L5bmann et al., 2012). As an alternative 

approach to stabilise amorphous drugs, SD and SDNa were co spray-dried. The solid-state 

nature of SD-SDNa salt composite co-processed systems in comparison to each compound 

processed alone was then examined, to see if the composites (which are expected to become 

amorphous) might present a system of improved physical stability relative to each amorphous
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API alone. In a study by Tong and Zografi, amorphous molecular dispersions of 

indomethacin and its sodium salt were produced by evaporation under reduced pressure. 

Interesting modified properties of the composites in comparison to each individual 

amorphous component were noted, such as an increased thermal stability (Tong and Zografi, 

2001). The aim of this work was to try to improve the physical stability of the two APIs by 

synergistically exploiting, on one hand, the higher thermal stability o f SDNa compared to 

SD, and on the other, the more hydrophobic character of the non ionised form compared to 

the salt.
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3.15 Co-spray dried SD:SDNa

Four different composites were co-spray dried. The composites, indicated as SD 9:1, SD 3:1, 

SD 1:1 and SD 1:3 were produced by spray drying solutions of sulfadimidine and 

sulfadimidine sodium at weight ratios (w/w) of 9:1, 3:1, 1:1 and 1:3 w/w respectively. As 

expected SD-SDNa spray dried composites at all compositions presented a diffuse halo 

pattern, characteristic of XRD amorphous materials (Figure 3.30).

ZOOOcps

10 15 20 25

2 0 (degrees)
30 35 40

Figure 3.30 PXRD patterns of: (a) unprocessed SD; b) spray dried SD; c) spray dried SD 9:1; d) 
spray dried SD 3:1; e) spray dried SD 1:1; f) spray dried SD 1:3; g) spray dried SDNa; h) 
unprocessed SDNa.

Thermal analysis by DSC indicated that the increase in salt content resulted in a shift of the 

onsets o f crystallisation of the amorphous materials towards higher temperature. The 

exothermic peaks of crystallisation ranged between those of the pure materials. Beyond
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crystallisation a single melting endotherm was recorded for both SD 9:1 and SD 3:1. In 

contrast, the increase in salt content to systems SD 1:1 and SD 1:3 resulted in two 

endothermic events, the first of which (~200°C) is attributed to the melting of SD. These 

peaks were followed by broad endotherms with onset respectively at ~240°C and ~ 260°C for 

the thermograms of SD 1:1 and SD 1:3 (Figure 3.31).

20

100 14040 60 80 120 160 240 26 0 300 320 3 40180 220 280

Figure 3.2 Heat flow thermograms of (a) unprocessed SD; b) spray dried SD; c) spray dried SD 
9:1; d) spray dried SD 3:1; e) spray dried SD 1:1; 0  spray dried SD 1:3; g) spray dried SDNa; 
h) unprocessed SDNa.

The glass transition temperatures (Tg) for pure SD and SDNa were previously detected by 

DSC analysis (10°C/min) at ~78°C and at ~154°C respectively. To determine the Tgs of the 

various composites and differentiate between thermal events which could simultaneously 

happen upon heating, MTDSC was used in this work. All reversing heat flow thermograms 

recorded for the different spray dried systems showed a single Tg consistent with the 

production of homogeneous amorphous phases. The experimental Tgs were plotted together
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with the Tg values calculated using the Gordon Taylor with Simha-Boyer rule (GT-SB) 

against the SDNa weight fraction (Figure 3.32). The GT-SB is an equation used by several 

authors for predicting the Tg of a two component mixed composite (Caron et al., 2011; 

Tajber et al., 2005). The true densities for the single amorphous components of 1.38 g/cm^ 

and 1.45 g/cm^ for SD and SDNa respectively, were used to obtain the K factor to calculate 

the GT-SB Tg theoretical values as described in Chapter 2, section 2.2.14. The co-spray dried 

systems were characterised by intennediate values of Tg which matched the predicted values 

and increased with the SDNa content. Therefore, having employed identical processing 

conditions, thermal analysis revealed that the salt had an antiplasticising effect in the 

mixtures by shifting the Tgs to higher temperatures.
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Figure 3.32 Glass transition temperatures of SDrSDNa systems as a function of SDNa content 
(squared markers). The solid line represents the Tg predictions based on the Gordon-Taylor 
with Simha-Boyer rule equation.

The Tg upward shift suggested the development of hydrogen bonding between the molecules 

although no significant shift in the peaks was detected by FTIR spectroscopy. The physical 

stability of the co-spray dried samples stored in desiccated conditions at 5°C was analysed 

over a period of 12 months. The co-spray dried systems remained amorphous as indicated by
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PXRD analysis during the entire period. Therefore, it would appear that the introduction of 

ions into the systems developed interactions capable of increasing the Tg and protecting the 

amorphous material from crystallisation, as also indicated by the shift of onset of 

crystallisation to higher temperatures.

3.15.1 SEM analysis

No agglomeration was detected by SEM analysis for all composites. Distinct spherical 

particles characterised the samples with salt content at and above 25% w/w. In contrast 

inflated particles characterised the system SD 9:1 (Figure 3.33).

SEM MAG 6.64 kx 10 pm  SEM MAG 6.67 kx 10 pm

Figure 3.33 SEM micrographs of: a) spray dried SD 9:1; b) spray dried SD 3:1; c) spray dried 
SD1:1; d) spray dried SD 1:3.
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3.15.2 DVS analysis

Accelerated stability studies by dynamic vapour sorption (DVS) were performed to 

investigate the crystallisation behaviour of two different composites (SD 3:1 and SD 1:1) 

when exposed to RH steps ranging between 0 and 90%.
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Figure 3.34 DVS kinetics (A) and isotherms (B) of spray dried SD 3:1
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Figure 3.35 DVS kinetics (A) and isotherms (B) of spray dried SD 1:1

DVS kinetics and isotherms (Figure 3.34 and 3.35) showed that SD 3:1 and SD 1:1 collapsed 

to crystalline phases between 70-80% and 50-60% RH respectively. These findings indicated 

that amorphous SDNa was less stable compared to SD 3:1, as the salt was previously seen to 

crystallise at a RH between 50-60% ( 3.25 and 3.26). In contrast a higher stability
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characterised amorphous SDNa compared to SD 1:1 which crystallised in the same RH range 

as seen for the salt alone despite a lower water uptake.

3.16 Conclusion

The work presented in this chapter showed that the physical state of sulfadimidine could be 

tuned by choosing specific spray drying parameters. Spray drying SD from water or 

ethanol:water solutions in the OCM resulted in an amorphous material. In contrast the use of 

acetone in the CCM configuration produced partially crystalline materials. Improving the 

physical stability of amorphous pharmaceutical systems is fundamental to exploit their 

favourable biopharmaceutical properties and developing a more stable amorphous drug by 

spray drying the corresponding sodium salt form of a drug appeared to be potentially 

advantageous. The sodium salt of SD converted to an amoiphous phase upon processing, 

regardless of the solvent employed and spray-dryer set up. It was also characterised by an ~ 

two-fold increase of Tg with respect to the amorphous SD. The higher Tg (~I55°C) led to an 

increased physical stability of the amorphous salt compared to amorphous SD but only in dry 

conditions. Storage at 4°C under desiccated conditions did not induce the crystallisation of 

the amorphous salt for over 3 years in contrast to SD which crystallised after 20 weeks. 

However the RH had a strong plasticising effect inducing phase transformation of the 

amorphous salt into a dihydrate when stored at RH above 60% in a time span of 2 hrs. 

Processing composites leads to materials with different properties compared to materials 

spray dried alone. Augmented amounts o f salt in the mixtures shifted Tg and onsets of 

crystallisation towards higher temperatures indicating that the addition of salt to the non 

ionised drug is a viable strategy to increase the thermal stability. As a consequence the 

physical stability upon storage in desiccated conditions at 5°C for the composites was
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enhanced compared to SD processed alone. The composites remained amorphous for a year 

while SD crystallised after 5 months. The ratio also influenced the physical stability 

following exposure to increasing RH. The amorphous salt crystallised at a lower RH (50%) 

compared to the system SD 3:1 (25% w/w salt content). In contrast, system SD 1:1 (50% 

w/w salt content) crystallised when exposed to the same RH, as for the salt, despite a lower 

water uptake.
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4 Introduction

Depending on the conditions of evaporation, solidification of a drug from solution may result 

in the generation o f polymorphic or amorphous forms (Parmar et al., 2007; Tajber et al., 

2005). These structural modifications are characterised by different energy states and 

therefore may undergo physico-chemical transformations fiarther on in the drug formulation 

manufacture pathway (Huang and Tong, 2004). These changes can also occur during storage, 

as high energy solid states tend, over time, to reach a lower energy level which is 

characterised by an increased physical stability (Hancock and Zografi, 1997). Examples of 

modification of a solid state domain are the conversion o f a compound into a different 

polymorphic or solvated structure, the transfomiation into its corresponding amoiphous state 

(Tajber et al., 2005) or, vice versa, crystallisation from the amorphous state. The solid state 

nature of a compound determines its physico-chemical and biopharmaceutical properties 

such as its solubility, dissolution rate, bioavailability and stability (Huang and Tong, 2004). 

Spray drying is a multi-faceted process that may alter the solid state nature of a dmg (Tajber 

et al., 2005) (Caron et al., 2011) (Master, 2002). Several parameters must be taken into 

consideration in the spray drying process, such as feed concentration, spray dryer 

configuration, settings and solvent selection. The composition of the feed liquid in spray 

drying can have a significant effect on the properties of spray dried products and can result in 

the production of powders with different degrees of crystallinity (Chidavaenzi et al., 1997). 

Chidavaenzi et al. (1997) for example demonstrated that an increase in lactose content in the 

liquid feed resulted in a decrease of amorphous lactose in the spray dried products.

Spray drying from non aqueous systems on an industrial scale most commonly involves the 

closed loop configuration. Nevertheless, there are numerous studies in the literature where
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laboratory-scale spray drying based on similar solvent systems were performed in the open 

loop mode (Caron et al., 2011; Dontireddy and Crean, 2011; Janssens et al., 2009; Tajber et 

al., 2005). From this point of view, a comparison between the outcomes due to changes in the 

configuration is o f interest, particularly in the context o f scalability studies. Recently, Islam 

and Langrish (Islam and Langrish, 2010) studied the effect o f different spray drier 

configurations and drying and atomising gases (N2, CO2 and air) on the physico-chemical 

properties o f spray dried lactose. Under different conditions, lactose in solution solidified 

into powders characterised by different properties. Despite similarities in the thermal 

properties, differences in the sorption behaviour were found and attributed to three reasons: a 

different degree o f crystallinity, different surface morphology and particle size differences. 

Furthermore it has been shown the ability of a solvent to determine the final polymorphic 

form o f a drug after crystallisation from solution, process known as solution-mediated 

polymorphic transformations (Rodrfguez-Homedo and Murphy, 1999) (Croker and Hodnett, 

2010 ).

The aim of the current work is to analyse the impact of spray drying parameters on the 

physical state of the model compound sulfathiazole (ST), a sulphonamide drug known to 

present five different polymorphs (Hu et al., 2010) (Chan et al., 1999) and on its 

corresponding sodium salt form (STNa).

The wide variety of physical states in which sulfathiazole can exist including polymorphic, 

amorphous, salt and hydrate forms make this compound an ideal subject for theoretical pre

formulation studies. The ability to understand, conceptualise, and translate fiindamental 

properties and behaviours from model compounds to current and newer systems has the 

potential to enhance our capabilities with the emergence o f similar problematic API.
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4.1 Sulfathiazole

4.2 Results

4.3 Solubility

The determined solubilities o f unprocessed ST in ethanol, acetone, water, ethanol:water and 

acetone:water mixtures at different ratios (9:1, 8:2, 7:3 v/v) are listed in Table 4.1.

Table 4.1: Solubility data for sulfathiazole

A.P.I. Solvent Volume
proportions

(v/v)

Cone.
(mg/mL)

Sulfathiazole Ethanol 1/0 4.13±0.15
Sulfathiazole Ethanol: water 9/1 9.78 ±0.28
Sulfathiazole Ethanol: water 8/2 14.65±0.50
Sulfathiazole Ethanohwater 7/3 15.90±0.62
Sulfathiazole Water 1/0 0.26 ±0.02
Sulfathiazole Acetone 1/0 12.29±0.88
Sulfathiazole Acetone: water 9/1 60.38±0.74
Sulfathiazole Acetone: water 8/2 71.90±1.32
Sulfathiazole Acetone: water 7/3 64.59±2.16

ST solubility in acetone was approximately three times higher than in ethanol. In contrast the 

solubility in water was close to zero. By adding water to the ethanol and to the acetone the 

properties of the solvents were modified. The solubility of the drug in the co-solvents 

mixtures increased up to three times and six times the solubility in pure ethanol and acetone 

respectively. The addition of an organic cosolvent to water makes the solvating environment 

less polar, resulting in a more favorable solvation of the hydrophobic ST in the liquid phase.
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4.4 PXRD analysis

4.4.1 Open cycle mode (OCM)

The PXRD pattern of unprocessed ST (Figure 4.1k) was characterised by sharp Bragg peaks 

indicative of a crystalHne structure, and it was found to be form III (Caron et al., 2011). ST 

spray dried from pure ethanol was partially crystalline and by comparing peak positions to 

theoretical patterns low intensity Bragg peaks of form I were detectable on the PXRD pattern 

as indicated by the arrows in figure 4. Id.

1000 cps
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Figure 4.1: PXRD patterns of: (a) ST form III (CCDC norm alised theoretical PXRD pattern); 
(b) ST form II (CCDC norm alised theoretical PXRD pattern); (c) ST form I (CCDC norm alised  
theoretical PXRD pattern); (d) spray dried ST in OCM  from ethanol (t=0); (e) spray dried ST 
in OCM  from ethanol:water 9:1 v/v (t=0); (f) spray dried ST in OCM from  ethanol:water 9:1 
v/v (t= l/2  hr); (g) spray dried ST in OCM  from ethanol:water 9:1 v/v (t= lhr); (h) spray dried 
ST in OCM  from ethanohwater 9:1 v/v (t=24hr); (i) spray dried ST in OCM  from  
ethanol:water 9:1 v/v stored at 40°C and < 5“/o RH; (j) spray dried ST in CCM  from  
acetone:water 9:1 v/v. (k) unprocessed ST ( Intensity divided by 3).
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In contrast, ST powders spray dried from ethanol:water solutions at all compositions were 

amorphous with no diffraction peaks but a characteristic halo pattern in the diffractograms of 

the materials (Figure 4. le). PXRD analysis on the processed materials was carried out 

immediately after the end of the spray drying process (t=0). Spray dried powders stored at 

ambient conditions (18-22°C and 45-80% RH) were subsequently analysed at different 

timescales following the end of the process: 30 minutes (t=l/2 hr), 1 hour (t=l hr) and ~24 

hours (t=24 hrs). The detection of Bragg peaks in the patterns o f the materials spray dried 

from ethanolic solutions at all compositions was possible after 30 minutes from the end of 

the process (Figure 4 .If). Samples stored at ambient conditions up to 1 hr after processing 

presented Bragg peaks exclusively of form I (Figure 4.1g), a metastable polyinorph of ST at 

room temperature, whilst the same samples analysed after 24 hrs were found to be a mixture 

o f polymoiphic forms. Extra diffraction peaks characteristic of form II and/or III (15.2, 15.5, 

20.0, 21.6, scattering angle 29 degrees) were visible together with those of form I (Figure 

4.1h). Crystallisation occurred in a time span ranging from 1 to 24 hours. The influence of 

temperature and RH on the crystallisation of amorphous ST was investigated by 

characterising the samples after storage at various controlled temperatures and RH. 

Regardless of the spray drying parameters, the PXRD patterns o f spray dried ST following 

storage at 40°C and 25°C and four different percentages of RH (5, 35, 55 and 60%) showed 

that amorphous ST converted to form I when the storage temperature was either at 25°C or 

40°C and the RH was kept at or below 35% (Figure 4.1i and Figure 4.2 a-b). Peaks belonging 

to form II and/or III were detectable when the RH was increased to or above 55% (Figure 4.2 

c-d). This demonstrated that the type o f recrystallising polymorph was dependent on the

115



Chapter 4 Modification of the solid state nature of sulfathiazole and sulfathiazole sodium via spray drying

temperature and humidity o f  storage rather than on the solvent composition o f the feed 

solution.

1000cps

Form

Form I

40°C 60% Form l+lll

40°C 60% Form l+lll

40°C 35% Form

40°C <5% Form I

5 10 15 20 25 30 35 40
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Figure 4.2 PXRD patterns of: (a) spray dried ST in OCM  from ethanol:water 7:3 v/v stored at 
40°C and <5%  RH; (b) spray dried ST in OCM  from ethanohwater 7:3 v/v stored at 40°C and 
35®/o RH; (c) spray dried ST in OCM  from ethanohwater 7:3 v/v stored at 40°C and 55%  RH;
(d) spray dried ST in OCM  from ethanohwater 7:3 v/v stored at 40°C and 60% RH; (e) ST 
Form I; (f) unprocessed ST Form HI (Intensity divided by 3).
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4.4.2 Closed cycle mode (CCM)

Upon processing ST from both ethanolic and acetonic solutions, including pure ethanol and 

pure acetone, in a CCM configuration, the resulting powders subjected to XRD analysis 

immediately after the process (t=0) presented diffractograms characteristic of a crystalline 

material regardless o f the organic solvent to water proportions or the feed concentration. ST 

powders processed in the CCM configuration from all solvent(s) systems presented PXRD 

patterns characteristic of form I (Figure 4.1j).

4.5 Thermal analysis 

4.5.1 Open cycle mode (OCM)

The DSC thermogram of unprocessed ST was characterised by two endothermic events with

onsets at 167 ±0.5°C and 201 ±0.5°C, respectively (Figure 4.3f). The first endotherm was

attributed to a solid state phase transition o f form III into form I. The event with the higher

temperature onset was consistent with melting of ST form I (Zeitler et al., 2006). Thermal

analysis confirmed PXRD results that ST before being processed was foiTn III. In contrast,

DSC thermograms of spray dried ST at t=0 from ethanolic solutions at all composition

including pure ethanol showed an exotherm with onset at 79 ±Q.5°C attributed to

crystallisation of the amorphous material and a melting event at 200 ±0.5°C characteristic of

melting of form I (Figure 4.3e). The absence of thermal events between the endset

temperature o f the crystallisation peak and melting point indicated that thermal stress leads to

the conversion of the amorphous material into pure form I, the polymorph which is stable at

high temperature. A completely PXRD amorphous sample was characterised by a AH equal

to 38.80 ± 0.75 J/g. The glass transition temperature, Tg, was detected at 59 ±0.8°C by
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MTDSC. DSC analysis was carried out simultaneously to PXRD analysis 30 minutes, 1 hour 

and 24 hours after the end of the spray drying process for samples stored at ambient 

temperature and humidity. Crystallisation upon storage of ST powders, which was shown by 

the increase in intensity and number of Bragg peaks in PXRD patterns, was confirmed by the 

decrease of enthalpy o f crystallisation in the thermograms o f the spray dried powders.

exD"
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flow
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25 40 55 70 85 100 115 220130 145 160 175 190 205
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Figure 4.3 DSC thermograms of: (a) spray dried ST in CCM from acetone:water 9:1 v/v ; (b) 
spray dried ST in OCM from ethanohwater 9:1 v/v stored at 40°C and <5% RH after 72 hr; (c) 
spray dried ST in OCM from ethanohwater 9:1 v/v stored at 40°C and <5®/o RH after 24 hr; 
(d) spray dried ST in OCM from ethanol:water 9:1 v/v (t=24 hr); (e) spray dried ST in OCM 
from ethanol:water 9:1 v/v (t=0); (f) unprocessed ST (form III).

DSC thermograms of all spray dried ST samples stored at ambient temperature and humidity 

for 24 hrs presented two endothermic events (Figure 4.3d). The enthalpy (AH) and onset
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temperature o f the first event, attributed to the phase transition of form II and/or III to form I 

were not constant for different samples ranging from 3 to 12 J/g, indicating a variable amount 

of polymorphs in the completely crystallised products even for samples processed under the 

same spray drying conditions. Therefore, the influence o f temperature and RH on the 

crystallisation o f the samples spray dried from the different ethanol;water ratios was studied 

by subjecting the samples to DSC analysis after storage for 24 hours in different controlled 

conditions. Following storage at 25 and 40°C, DSC analysis carried out on spray dried ST 

confirmed that amoiphous ST converted to pure form I when the RH was kept at or below 

35%. A single endothermic event attributed to melting at ~200°C characterised the 

thermograms o f the samples stored under these environmental conditions (Figure 4.3b). In 

contrast, the phase transition of form II and/or III to foirn I was detectable when the storage 

RH was increased to 55% or 60%. Under storage at <5% RH some residual amoiphous 

material was still present within the material after 24 hours (Figure 4.3c). Full crystallisation 

at <5% RH occurred in a time span ranging from 24 to 72 hours from the end o f the process.

4.5.2 Closed cycle mode (CCM)

DSC thermograms of ST spray dried in the CCM from all solvent systems were distinguished 

by a single endothermic event with onset at 197 ±0.5°C and 199 ±0.5°C for acetonic (Figure 

4.3a) and ethanolic solutions respectively, attributable to the melting o f forni I. The increase 

in feed concentration for the acetonic systems did not affect the solid state nature o f the API.
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4.6 FTIR analysis

4.6.1 Open cycle mode (OCM)

FTIR analysis o f unprocessed and spray dried ST from ethanolic solutions in the OCM are 

presented in Figure 4.4. The spectrum of unprocessed ST (form III) is similar to the spectrum 

of ST spray dried from ethanolic solutions after storage at 40°C and <5% RH (form I). 

However the position of the peaks is marked by a sharp shift. In particular the main 

differences can be observed in the region 3520-3150 cm"' and by the presence o f peaks at 

-1630 cm and -1200 cm'* for form I and 819 cm '' for form III.
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Figure 4.4 FTIR spectra of: (a) unprocessed ST form III; (b); spray dried ST in OCM from 
ethanol:water 7:3 v/v (amorphous); (c) spray dried ST in OCM from ethanol:water 7:3 v/v 
stored at 40°C and <5% RH (form I); (d) spray dried ST in OCM from ethanoI:water 7:3 v/v 
stored at ambient conditions (form I and III); (e) spray dried ST in CCM from acetone:water 
7:3 v/v (form I); (1) molecular structure of sulfathiazole (ref: Blagden et al. 1998).
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Form I NH-stretch peaks at 3466 and 3361 cm"', are at higher wavenumbers compared to 

those of form III, visible at 3319 and 3276 cm"'. The spectra of crystalline forms I and III are 

also compared to that of the amorphous form in Figure 4.4. The similarity between the 

spectra o f the amorphous fonn and form I is evident, with the former characterised by a 

general broadening of the peaks. In the amoiphous state the NH stretch peaks are broader 

than the corresponding peaks in form I and the NH-peak at the higher frequency appears at 

3462 cm '' in the spectrum of the amorphous form. The other NH peak, although broader, is 

found to be at roughly the same wavelength, ~ 3363 cm'*, compared to form I (Figure 4.4c). 

The fingerprint region of form I and of the amoiphous phase did not show detectable 

differences except in the range 1290-1330 cm ''. In this range, sulphonamides usually have a 

strong and broad adsorption band which generally consists of a number of peaks attributable 

to the asymmetric stretching vibration of the SO2 group (Socrates, 2001). The further 

broadening and the disappearance of two of the three peaks that form this band (fusion of the 

3 peaks in a broader single peak) observed upon amoiphisation may indicate a different 

involvement o f this group in hydrogen bonds in the amorphous phase compared to the 

crystalline phase. In contrast the symmetric SO2 peak (1143 cm ') shifted by only 3 cm'' 

towards lower frequencies from the crystalline to the amorphous state.

4.7 SEM analysis

4.7.1 Open cycle mode (OCM)

Figures 4.5a and 4.5c show SE micrographs for spray dried ST samples stored at 40°C and 

<5% RH and at ambient conditions, respectively. As can be observed in figure 4.3a spray 

dried ST samples after crystallisation into form I showed spherical particles with rough
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surfaces. In contrast, smooth platelets together with spherical particles could be observed 

when spray dried ST crystallised into a mixture o f polymorphs I and II/III (Figure 4.5c). 

These platelets are consistent with the morphology o f both form III, characteristic o f the 

starting material (Figure 4.5d) and o f form II (Blagden et al., 1998).

S ix n  tOOMRi

Figure 4.5 SEM micrographs of: (a) spray dried ST in OCM from ethanohwater 9:1 v/v stored 
at 40°C and <5% RH (form I); (b) spray dried ST in CCM from acetone:water 9:1 v/v (form I); 
(c) spray dried ST in OCM from ethanol:water 9:1 v/v stored at ambient conditions (form I 
and III); (d) unprocessed ST (form III). (Note different scale bars)

4.7.2 Closed cycle mode (CCM)

Figure 4.5b shows SE micrographs for ST samples spray dried in the CCM from 

acetone:water. The particles ranged from spherical to irregularly shaped with rough surfaces.
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4.8 DVS analysis

Sorption-desorption isotherms showed that unprocessed crystaUine ST (form III), when 

exposed to a series of 10% step changes o f RH (0-90-0%), reached a maximum water uptake 

of -0.1%  at 90% RH (Figure 4.6a). The powder although subjected to drying pretreatment in 

the DVS apparatus, before the start of the experiment, lost a small amount o f mass (~ 0.03%) 

at the end of the first sorption-desorption cycle indicating that the sample was not completely 

dry at the end of the pretreatment stage.
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Figure 4.6 Sorption-desorption isotherms of: a) unprocessed ST (form III); b) spray dried ST in 
OCM from ethanohwater 9:1 v/v stored at 40°C and 5%RH (form I).

No polymorphic changes could be detected by PXRD after subjecting the powder to thi'ee 

full sorption-desorption cycles. In contrast, ST form I (Figure 4.6b) converted to a mixture of
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form I and II and /or III at the end o f the three sorption-desorption cycle experiment. Form I 

was also found to be more hygroscopic than the unprocessed material, with a maximum mass 

uptake of 0.54% at 90% RH (Figure 4.6b). The water uptake was progressively reduced to 

0.50% and to 0.47% at 90% RH in the second and third cycle, respectively, probably due to 

the lower hygroscopicity of the polymorphic form(s) developing within the material. A series 

of experiments were carried out on ST form I to establish the critical RH at which this phase 

transition was favored. Different powder samples o f ST form I were placed in a DVS cabinet 

at different % o f RH for 1200 minutes. DSC and PXRD analysis showed the presence o f the 

new form together with form I after subjecting ST Form I samples to the critical RH of 65%. 

In contrast, no phase transition was detected when the same experiment was carried out at 

RH values fixed at or below 60%.

4.9 Discussion on Sulfathiazole

As clearly shown from PXRD diffraction and confirmed by thermal analysis data, powders of 

metastable ST polymoiph I were produced by using the CCM configuration of the lab scale 

spray drier using nitrogen as the drying gas while amorphous powders o f ST were obtained 

from ethanolic solutions in the OCM configuration. These results agreed with the findings of 

Islam and Langrish (2010) who demonstrated how the selection of different spray drier 

configurations and drying gas could affect the properties of spray dried lactose. Different 

equipment configurations and use of different solvents will lead to different pressure, 

temperature and humidity environments inside the spray drier causing variations in the heat- 

mass transfer which could affect the properties of the spray dried materials. For example, it 

has been shown that the exposure o f an amorphous system to vapoui's o f a solvent in which 

the system is more soluble has a greater plasticising effect compared to a solvent in which the
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solubility is lower (Yoshioka and Tashiro, 2004). The potential presence of a higher amount 

o f ethanol vapour in the spray drier when operating in CCM compared to OCM is most likely 

the reason for the different outcomes obtained from changing the spray drier configuration. 

In theory, in the closed loop system the solvent contained in the gas stream is cooled and 

consequently condensed. The regenerated flow is then returned to the spray dryer. However, 

it is possible that a certain amount o f the organic vapour contaminates the regenerated carrier 

gas. In contrast, in the open loop system, the ethanol vapour is diluted by the environmental 

air (which contains water vapour) and exhausted into the atmosphere thus affecting the 

crystallisation process to a lesser extent. Interestingly, only ST spray dried from pure ethanol 

in the OCM was partially crystalline. The residual crystallinity in the sulfathiazole spray 

dried from pure ethanol can be related to the use of an oversaturated solution. It is possible 

that the initial evaporation of solvent results in the sulfathiazole precipitating from the 

supersaturated solution, resulting in a suspension and subsequently a crystalline dried solid, 

in contrast to solvent evaporation from an undersaturated solution which results in 

amorphous solids. Unexpectedly solvent selection and feed concentration appeared not to 

affect the solid state nature of ST when the API was spray dried in the CCM. In contrast, 

numerous reports in the literature describe ST as a compound that can be isolated in at least 

five different polymorphic forms and that the solidification from solution into a specific 

polymorph or into mixtures of polymorphs can be determined by the choice of: solvent, type 

of crystallisation process and parameters used in the crystallisation process (Aaltonen et al., 

2003; Anwar et al., 1989; Blagden et al., 1998; Khoshkhoo and Anwar, 1993; Paimar et al., 

2007).
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The differences between the results presented here and the aforementioned results of 

crystallisation studies can be attributed to the nature of the process employed in this study. 

Although based on the same principles of solvent removal and solidification of solute, spray 

drying and crystallisation by solvent evaporation are characterised by different kinetics. In 

the latter process, at supersaturation, form I starts to nucleate regardless of the solvent 

employed in the process, which implies that ST molecules are connected in a dimers, basic 

units of polymorph I (Blagden et al., 1998; Parmar et al., 2007). At a certain stage the 

metastable form I will start to dissolve, and (3 dimers, basic units of polymorphs II-V 

(Blagden et al., 1998; Chan et al., 1999; Parmar et al., 2007), if not thermodynamically 

inhibited, will subsequently develop, leading to a different crystalline polymoiph (next most 

stable). In spray drying both the rupture of the a dimer bonds and the formation of P dimers 

are suppressed/inhibited due to the kinetics of the solvent evaporation process. Atomisation 

of the liquid feed and the drying step are extremely rapid, and the metastable form has to 

remain suspended in the solvent to favor its phase transition to the next more stable form. In 

this study it was found that spray dried powders obtained from ethanolic solutions in the 

OCM under air drying were amorphous and physically unstable. Solvent removal did not 

allow the nucleation of ST form I in the OCM, leading to an amorphous material. In contrast 

to the work of (Caron et al., 2011), who previously obtained ST form I upon spray drying in 

the OCM with an inlet temperature of 85°C, the use of an inlet temperature of 78 °C in the 

current study induced a reduction of the outlet temperature below the Tg of the drug (~59°C) 

resulting in ST being obtained in its amorphous state. In contrast to other studies this work 

investigates the amorphous ST obtained without employing the melt quench technique, a 

technique which is usually successful in the production of amorphous materials but often
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characterised by degradation of the materials and considered not suitable for large scale 

manufacturing.

FTIR analysis of amorphous and crystalline ST forms (Figure 4.4b - 4.4c) suggests that the 

molecular arrangement of the amorphous form is closer to form I than to form III as 

evidenced by the peak position in particular in the NH stretching region. Previously Threlfall 

(Threlfall, 2003) compared the spectra of amorphous ST obtained by melt quench to the 

spectra of the crystalline forms o f ST. Although melt quench ST presented a strong 

absoiption band at 1518 cm'' not visible in other polymoiphs nor in the amorphous ST 

obtained in the current study via spray drying, it can be maintained in agreement with the 

author that the similarity between the spectra of fonn 1 and amorphous ST compared to the 

other polymoiphs is due to the lack of (3 dimers constituting fonns II, III and IV. In the 

current work the only differences noted between the spectra of the amorphous state and foim 

I are a general broadening of the peaks in the former and a slight shift in the peaks, to a value 

not superior to 8 cm '. The close similarity of the FTIR spectra of the amoiphous form to 

form I compared to form III, in particular in theNH stretching peak region, leads us to 

hypothesise that the short range molecular order o f amorphous ST might be represented by a 

dimers. This hypothesis is supported by the recrystallisation of ST from the amorphous state 

upon different storage conditions and upon heating in a DSC oven. Amorphous ST powders 

tend to crystallise rapidly and at even low relative humidity. An analogy between the 

crystallisation of ST from solution and from its amorphous state is evident. In both cases the 

first form to nucleate is form I. The amorphous material was seen to partially crystallise into 

form I up to 1 hour from the end of the spray drying process (Figure 4 .1) regardless o f the 

environmental conditions, consistent with Ostwald’s rule o f stages. Keeping the material in
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dry conditions below 35% of RH led to a full transformation into pure form I while keeping 

it at RH above 35% led to crystallisation towards a mixture o f forms I, III and/or II (the close 

similarity between the PXRD patterns of form II and III (Figure 4.1) does not allow the 

identification o f which ST polymorph or mixtures o f polymorphs are developing together 

with form I upon different storage conditions). The low humidity conditions prevent the 

formation of p dimers, which necessitate ST molecules to be solvated, and it is hypothesised 

that the a dimers already present in the amorphous structure are the reason why form I 

rapidly develops within the material under dry conditions o f storage. In contrast, high RH 

provided the environmental conditions necessary to favour the formation of p dimers and 

consequently the crystallisation o f the amorphous material into a mixture of polymorphs.

Another important observation from the current work is that spray drying allowed spherical 

particles o f ST form I with rough surfaces to be generated, which is in contrast to the typical 

morphology reported in the literature for form I following conventional crystallisation 

processes. According to the literature, the morphological representation o f ST form I and 

typical of several metastable polymorphs is needle-like (Parmar et al., 2007) (Blagden et al., 

1998; McArdle et al., 2010), a morphology which is usually considered adverse for 

pharmaceutical development (Cuppen et al., 2004).
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4.10 Sulfathiazole sodium 

4.10.1 PXRD analysis

4.10.1.1 Open cycle mode (OCM)

Unprocessed STNa presented a PXRD pattern typical of a crystalline substance (Figure 4.7a), 

while diffractograms of all the processed material patterns regardless of the solvent 

composition and ratio employed in the process appeared as amorphous halos (Figure 4.7 b-c). 

For all amorphous sah powders, crystallisation of the materials was not observed over 12 

months when stored in a dessicator at 4°C.
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Figure 4.7 PXRD patterns of: (a) unprocessed STNA; (b) spray dried STNA in OCM from 
ethanol:water 9:1 v/v; (c) spray dried STNA in OCM from water; (d) spray dried STNA in 
CCM from acetone:water 9:1 v/v; (e) unprocessed STNA after DVS.
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4.10,1.2 Closed cycle mode (CCM)

The powders collected after spray drying from acetone:water 9:1 v/v (Figure 4.7d) and from 

ethanolic solutions at all compositions presented an amorphous PXRD pattern and were 

immediately placed in controlled humidity devices at < 5% RH due to their physical 

instability. Under this storage RH the powders did not recrystallise over 12 months. 

Concerning the other acetonic systems spray dried in the CCM (water content in the feed 

above 10% v/v), the spray dried powders converted in a few minutes to a sticky mass during 

sample collection and therefore were not analysed.

4.11 Thermal analysis 

4.11.1 Open cycle mode (OCM)

The DSC scan of unprocessed STNa and the DSC and TGA thermograms of the material

spray dried from different solvents are shown in Figure 4.8A. Unprocessed STNa presented

an endothermic event attributable to the melting point at 268 ±0.2°C. It was preceded by a

small endotherm appearing between 70 and 100°C attributed to solvent removal. TGA

presented a mass loss of -0 .4 %  between 25 and 100°C and indicated that melting was

accompanied by decomposition. DSC thermograms o f the processed powders presented an

exotherm of crystallisation in the temperature range between 150-180°C (Figure 4.8A). The

onset temperature of the exotherm was variable depending on the solvent composition o f the

feed solutions employed in the process. Higher onset temperatures were recorded when the

materials were spray dried from pure water, pure ethanol and ethanolic solutions with a water

content at or below 20% v/v compared to the systems spray dried from ethanol:water 7:3 v/v.

A second exothermic peak, albeit o f lower intensity, was observed above 175°C on the
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thermograms o f  all the materials spray dried in the OCM (Figure 4 .8A). The DSC  

thermograms were also characterised by a broad endotherm between 25 and 100°C, 

attributable to weakly bonded or adsorbed solvent. A deflection o f  the baseline at ~  120°C 

was observed and attributed to the glass transition (Tg).

Figure 4.8 A: (a) DSC analysis of unprocessed STNA; (b) TGA of spray dried STNA in OCM 
from ethanol:water 9:1 v/v; (c) DSC analysis of spray dried STNA in OCM from ethanohwater 
9:1 v/v; (d) TGA of spray dried STNA in OCM from water; (e) DSC analysis of spray dried 
STNA in OCM from water. Figure 4.8B: (a) TGA of spray dried STNA in CCM from 
ethanohwater 9:1 v/v; (b) DSC analysis of spray dried STNA in CCM from ethanohwater 9:1 
v/v; (c) TGA of spray dried STNA in CCM from ethanohwater 7:3 v/v; (d) DSC analysis of 
spray dried STNA in CCM from ethanohwater 7:3 v/v; (e) TGA of spray dried STNA in CCM 
from acetone:water 9:1 v/v; (f) DSC analysis of spray dried STNA in CCM from acetone:water 
9:1 v/v.
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Spray dried STNa from ethanol:water 9:1 v/v was subjected to modulated calorimetry and 

the reversing heat flow thermogram showed a deflection o f the baseline at ~122°C, 

confirming the detection o f Tg. Corresponding TGA thermograms o f the spray dried samples 

showed mass loss ranging from ~  4.2 to 6.5% between 25 and 130°C. The solid state changes 

o f the processed drug during heating were studied combining both DSC and PXRD 

techniques.
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Figure 4.9 XRD patterns of: (a) unprocessed STNA; (b) spray dried STNA in OCM from 
ethanol:water 9:1 v/v; (c) spray dried STNA in OCM from water heated up to 180°C; (d) spray 
dried STNA in OCM from ethanol:water 9:1 v/v heated up to 180°C; (e) spray dried STNA in 
OCM from ethanol:water 9:1 v/v heated up to 210°C; (f) unprocessed STNA; (g) spray dried 
STNA in CCM from acetone:water 9:1 v/v; (h) spray dried STNA in CCM from acetone:water 
9:1 v/v; heated up to 155°C; (i) spray dried STNA in CCM from acetone:water 9:1 v/v heated 
up to 170°C; (j) spray dried STNA in CCM from acetone:water 9:1 v/v heated up to 230°C; (k) 
spray dried STNA in OCM from ethanohwater 9:1 v/v heated up to 180°C.

The PXRD patterns o f  STNa spray dried from water, ethanol and ethanol:water solutions 

(Figure 4.9 c-d) heated up to 180°C, above the endset o f the first exotherm peak, at a heating
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rate of 10°C per minute, were all similai' and differed from the pattern of the crystalline 

unprocessed material (Figure 4.9a) by the presence of extra peaks at the following 2 0 values: 

6.57, 8.13, 10.61, 13.39, 16.36, 17.15. The PXRD pattern of the materials heated at the same 

rate above the endset of the second exothermic peak (~200°C), was the same as the 

diffraction pattern of the unprocessed material (Figure 4.9e).

4.11.2 Closed cycle mode (CCM)

The DSC thermograms o f STNa samples spray dried from acetone:water showed tailing of 

the exothermic peak (two peaks fused together) with onset at ~150°C (Figure 4.8B). The 

material presented two melting peaks. The first peak was reported at 255°C. The second peak 

was recorded in the melting range of the powders obtained from pure water and ethanolic 

systems at ~ 262°C. A ~ 4.7% mass loss was detennined by TGA between 25 and 130°C. An 

additional mass loss of about 1.1% in the acetonic system was detected in the same 

temperature range where the corresponding DSC exotherm was recorded. When subjected to 

modulated calorimetry, the reversing heat flow thermogram for STNa from acetone:water 9:1 

v/v showed a deflection o f the baseline in two steps at ~ 113 °C. The thermal behavior of 

STNa spray dried from ethanolic solution was dependent on the solvent ratio employed to 

produce the feed solution. The systems spray dried from pure ethanol and ethanokwater 9:1 

v/v were characterised by a single exothermic peak (Figure 4.SB). These crystallisation peaks 

were recorded at the lowest temperatures for all spray dried systems either in the OCM or 

CCM. The coiresponding TGA thermograms were characterised by mass loss in two steps, 

between 25 and 90°C and between 95 and 150°C. In contrast, the systems spray dried from
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ethanol:water with ethanol content at or below 80% v/v were characterised by two 

exothermic peaks, as previously seen for the systems spray dried in the OCM and 

coiTcsponding TGA thermograms presented mass loss in a single step (Figure 4.8B). The 

PXRD patterns of the material spray dried from acetone:water 9:1 v/v heated up to different 

temperatures 155, 175 and 230°C at a heating rate of 10°C per minute, differed from the 

pattern of the crystalline unprocessed material (Figure 4.9). New Bragg peaks together with 

those o f the unprocessed material were evident in the pattern of the material heated up to a 

temperature o f 230°C, above which no thermal events were observed apart from melting.

4.12 DVS analysis

In Figure 4.10 A, B and C DVS isotherms of soiption-desoiption (2 fiill cycles) o f the 

original material and o f the spray dried material obtained from ethanol:water 9:1 v/v in the 

OCM and acetone:water 9:1 v/v in the CCM are shown. The isotherms showed that 

unprocessed STNa when exposed to a series of 10% step changes of RH from 0 to 90% and 

back to 0% was characterised by water-uptake. The mass gain percentage was equal to 9.5 

±0.1% (Figure 4.10 A). In contrast, STNa spray dried in the OCM from ethanokwater 9:1 v/v 

at the end of the same experiment was characterised by a mass gain of ~7.7% (Figure 4. lOB). 

A lower mass gain by the end o f the analysis, o f ~5.7 %, characterised the salt spray dried in 

the CCM from acetone:water 9:1 v/v (Figure 4.10 C). In the first sorption cycle no mass loss 

was detected from the ethanolic system at any stage (Figure 4.10 B). In contrast, the acetonic 

system showed a -2.7%  mass loss in the 40-50% RH step as indicated by the arrow in Figure 

4.10 C. All the materials analysed after DVS presented an identical PXRD pattern, which 

differed from the original material pattern (Figure 4.7 e).
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Figure 4.10: DVS Sorption-desorption isotherms of (A) unprocessed STNA; (B) spray dried 

STNA in OCM from ethanolrwater 9:1 v/v; (C) spray dried STNA in CCM from acetone:water 

9:1 v/v

135



Chapter 4 Modification of the solid s ta te  natu re  of sulfathiazole and sulfathiazole sodium  via spray  drying

A 9.8 ±0.4%  thermogravimetric mass loss between 30 and 120°C confirmed the 

stoichiometry o f  the spray dried material after D VS treatment to be a sesquihydrate (STNa* 

1.5 H2O) (Figure 4.11). The corresponding DSC thermogram showed a sharp endotherm in 

the same temperature range, the material consequently reconverted into its anhydrous form 

and finally melted at 268°C consistent with the melting point o f  unprocessed STNa.
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Figure 4.11 (a): DSC and (b): TGA thermograms of spray dried STNA in OCM from 
ethanol:water 9:1 v/v after DVS analysis.
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4.13 Discussion on Sulfathiazole sodium

Ensuring the physical stabiUty o f amoiphous systems is essential to exploit their likely 

favourable properties. As a strategy to succeed in the development of a more stable 

amorphous form the spray drying process was tested on the sodium salt of ST. The 

remarkable rise in melting point (~268°C) with respect to the corresponding non-salt form 

(~201°C) is attributed to an increased stability due to the introduction of ionic interactions 

within the crystalline stracture (Tong and Zografi, 1999). The sodium salt of ST converted to 

an amoiphous phase upon processing, but in this case regardless of the solvent employed and 

spray-drier set up. A significant increase o f Tg in the amoiphous salt with respect to the 

amorphous ST confiiTned the influence of the counterion on the thennal properties of the 

amoiphous material as was previously reported by Tong and Zografi for indomethacin 

sodium (Tong and Zografi, 1999).

However, spray drier set up, solvent selection and ratio affected the thermal features of the 

processed salt. For example, STNa spray dried from pure ethanol and ethanoliwater 9:1 v/v 

in the CCM crystallised at a lower temperature compared to the same systems spray dried in 

the OCM. Corresponding TGA analysis showed that the two samples spray dried in the CCM 

were characterised by mass loss up to 150°C. In contrast, the same samples spray dried in the 

OCM presented mass loss between 25 and 130°C. Thus solvent molecules appear to be more 

strongly retained in the amorphous samples spray dried in CCM, causing a decrease in the 

onset o f crystallisation. Likewise, the deflection of the baseline attributed to the Tg o f the 

material spray dried from acetone:water 9:1 v/v in the CCM was recorded at a lower 

temperature compared to the systems spray dried in the OCM. MTDSC analysis showed that 

the glass transition deflection in the acetonic system was in two steps. A double Tg might
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explain this result from MTDSC analysis, the first Tg would represent the change in heat 

capacity for a certain proportion o f amorphous material exposed to acetone, the second Tg 

represented by the remaining dry material. The FTIR spectra of amorphous STNa processed 

from acetone:water presented a peak at -1700 cm'V This peak is typical of the CO stretching 

vibration of ketones. It was not found in the spectra of neither the original material nor the 

processed materials from water and ethanol:water solvent systems and therefore attributed to 

the acetone retained in the amorphous salt. In addition, TGA analysis recorded a ~1% mass 

loss from the material spray dried from acetone:water 9:1 v/v in the CCM at a temperature 

corresponding to the crystallisation of the material from the amorphous state. This mass loss 

may be attributed to release o f solvent upon crystallisation, confirming the presence of 

solvent retained in the amoiphous material.

Complementary methods (DSC and PXRD) were useful to demonstrate the ability of STNa 

to give rise to polymorphism when subjected to thermal stress. All amorphous samples spray 

dried in the OCM and the samples spray dried from ethanokwater in the CCM, when the 

water content in the solvent was 20% v/v or more, crystallised into a different crystal 

structure compared to the starting material. This new polymorph then reconverted to the 

original material with a further rise in temperature. In contrast, amorphous STNa spray dried 

from acetone:water in the CCM after complete crystallisation was found to be a mixture of 

the two polymorphic forms. Only amoiphous STNa spray dried from ethanol and 

ethanokwater 9:1 v/v in the CCM crystallised directly into the original structure at a 

temperature ~20 degrees lower than the other systems. Solvent retained in the amorphous 

structure seems to play an important role in the crystallisation from the amorphous state upon 

heating.
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Higher Tg (~120°C) and onset of crystallisation led to an increased physical stability o f the 

amorphous salt compared to amorphous ST in dry conditions. The recommended storage 

temperature for amorphous materials has to be at least 50 degrees lower than the Tg in order 

to reduce the molecular mobility close to zero (Hancock et al., 1995). Hence the storage 

temperature of 4°C did not induce the crystallisation of the amorphous salt. Though the Tg of 

amoiphous STNa was higher than that of amorphous ST, RH was found to have a strong 

plasticising effect inducing the phase transformation of the salt into a hydrate foim when 

exposed to a fiill cycle (0-90-0%) of step changes in RH. After DVS treatment, the PXRD 

patterns of both the processed salt samples and o f unprocessed STNa were identical. These 

patterns differed from the pattern of the original material (i.e. not subjected to DVS analysis), 

indicating a change in the crystal structure. The shortfall in the mass gain percentage in the 

amoiphous systems o f -1.7%  and -3.7%  for the ethanolic and acetonic systems respectively, 

compared to the final mass gain percentage of the original material subjected to DVS can be 

attributed to solvent retained in the amorphous form at the beginning o f the experiment. This 

solvent does not separate from the powder during the pretreatment phase (drying at 0% RH 

in the DVS apparatus until constant mass). Several hydrates of STNa are reported in the 

literature (Rubino, 1989). A mass uptake % o f 9.5 ±0.1 at the end o f a ftill DVS cycle 

experiment for unprocessed STNa is consistent with the theoretical stoichiometric water 

content for a sesquihydrate. Interestingly the DVS sorption profiles were different for 

different spray dried samples. No loss of mass was detected in the first sorption isotherm for 

STNa spray dried from either water or ethanol:water 9:1 v/v. Therefore, it would appear that 

the amorphous material converts directly to a hydrated crystal form with the increase o f RH. 

In contrast, the amoiphous salt spray dried from acetone:water 9:1 v/v showed mass loss in

139



Chapter 4 Modification of the solid state nature of sulfathiazole and sulfathiazole sodium via spray drying

the RH step between 40-50%. Mass loss is hypothesised to be due to loss of acetone. The 

acetone retained in the amorphous powder is released from the material during the 

crystallisation stage, indicating a higher affinity of the solvent for the amorphous structure of 

the drug compared to ethanol.

4.14 Conclusion

The solid state characteristics of a drug can be controlled by careful adjustment o f processing 

and/or storage parameters. This study demonstrated that accelerating the kinetics of solvent 

evaporation in a solidification process can induce a drug to solidify in its metastable 

polymorph or its amorphous form. Therefore spray drying can be used as an alternative 

technique for isolating a metastable form. Its advantage lies in producing pure metastable 

polymorphs with no needle-like morphology which traditionally, may be hard to achieve 

with slow evaporation techniques. In the case of form I, production of spherical particles by 

spray drying is a clear advantage compared to the needle-like shape obsei'ved with other 

methods. Control of spray drying adjustable parameters is essential to ensure consistent solid 

state characteristics of the spray dried product. The configuration o f the spray drier employed 

in the spray drying process was seen to have a significant impact on the solid state nature o f a 

drug as was seen for CCS and OCS configurations which led to crystalline and amorphous 

sulfathiazole, respectively. Intermolecular forces and structural similarities between a 

metastable crystalline polymorph and its corresponding amorphous counterpart in highly 

polymorphic systems can explain the recrystallisation of the amorphous state into a specific 

form rather than another polymorph. Nevertheless it was seen that the amorphous system can 

be guided to recrystallise into a specific polymorphic form by providing ideal environmental 

storage condition. The basis behind the recrystallisation of ST from the amorphous state is
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analogous to its solvent mediated recrystallisation from solution and both processes follow 

Ostwald's rule of stages.

Under dry condition full recrystallisation to form I can be achieved while high RH conditions 

favour the development of form III. Spray drying a salt form appears to be promising to 

stabilise amorphous drugs. The transformation of STNa into the corresponding amorphous 

state can be easily achieved, most likely due to a significantly high Tg value compared to the 

non ionised fonn. However its hygroscopicity affects its physical stability. High water 

absorption exerts a plasticing effect inducing recrystallisation to a hydrate form. 

Nevertheless, the spray drying of a salt fonn is potentially a positive approach to stabilise the 

amoiphous form of a drug, if the salt employed is characterised by favourable hygroscopic 

properties.
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5.1 Introduction

The requirement to improve the bioavailability of poorly soluble active pharmaceutical 

ingredients (API) has resulted in a growing use o f processes such as milling and spray 

drying, which reduce particle dimensions and increase specific surface area. It is well 

established that partial or full amorphisation o f an API can occur as a result o f these 

processes and that changes in the solid state nature can alter their physicochemical and 

biopharmaceutical properties (Caron et al., 2011; Tajber et al., 2005; Yu, 2001). 

Amorphous materials are structurally disorganised and have different bulk and surface 

properties compared to the corresponding crystalline materials. They typically display 

higher surface free energy (Newell et al., 2001b), higher hygroscopicity (Newman et al., 

2008), greater solubility and a higher dissolution rate (Tajber et al., 2005). Although these 

properties are relevant from a pharmaceutical development perspective, the full 

exploitation o f amorphous drugs and formulations can not always be achieved mainly due 

to low physical and chemical stability (Caron et al., 2011; Yu, 2001). Therefore a 

thorough understanding o f the properties o f the amorphous state is required to develop 

new strategies to physico-chemically stabilise amorphous compounds.

Previously, as described in Chapter 4, we studied several physicochemical properties o f 

sulfathiazole (ST) and sulfathiazole sodium (STNa) which solidify into unstable 

amorphous materials after spray drying. The acid rapidly crystallised regardless o f the 

relative humidity (RH) conditions. The crystallisation o f amorphous solids can be 

promoted by heat and therefore these materials usually require storage at temperatures 

well below their glass transition temperature (Tg) (Caron et al., 2011; Hancock et al., 

1995; Yu, 2001). Considerable effort has been made to address this problem, either by 

co-processing heat labile amorphous drugs with high Tg excipients (Caron et al., 2011)
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or by using amorphous salt forms o f these compounds (Tong et al., 2002; Tong and 

Zografi, 1999). In many cases a shift o f the Tg to higher temperature has been achieved, 

which is potentially a good strategy to stabilise amorphous formulations. However this is 

not always sufficient and other influential factors affecting stability must also be 

considered. For instance, amorphous STNa was characterised by a 60°C increase in Tg 

compared to ST and was physically stable when stored under desiccated conditions. 

Nevertheless, it deliquesced when exposed to ambient RH conditions.

Deliquescence together with adsorption, capillary condensation, hydrate formation and 

absorption, is one o f the known mechanisms o f solid-water interactions (Airaksinen et al., 

2005; Hiatt et al., 2011). It is a first order phase transition that happens when a water 

soluble solid generates a saturated solution by dissolving into the water sorbed from the 

environment at a specific relative humidity (RHo) characteristic for that solid. Due to high 

void space and enlarged free volume relative to the crystalline state, amorphous 

substances absorb water below RHo and undergo deliquescence at a lower RH compared 

to their crystalline counterparts (Mikhailov et al., 2009). The amount o f water absorbed 

into amorphous materials is proportional to the volume/weight o f the amorphous solid 

and high absorption and retention o f water can enhance chemical reactions which may 

lead to product degradation (Hancock and Shamblin, 1998). Furthermore, sorbed water as 

well as heat can promote the crystallisation of amorphous materials (Baird and Taylor, 

2012; Burnett et al., 2006).

Therefore strategies to stabilise amorphous materials should aim at both increasing the Tg

and protecting the amorphous system from water uptake. Co-formulation o f a

deliquescent salt form (sodium ascorbate) with excipients (maltodextrins) was seen to

reduce the moisture sorption and enhance the physical stability o f this salt (Hiatt et al.,
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2011). It was also observed that the production o f molecular dispersions of indomethacin 

and indomethacin sodium via evaporation under vacuum influenced the physicochemical 

characteristics o f each species (Tong and Zografi, 2001). The aim o f the current research 

was to improve the physical stability o f amorphous ST/STNa mix in terms of 

crystallisation and deliquescence by adjusting the salt/acid ratio in the composite systems.

5.2 Results and discussion

Previous experiments (Chapter 4) showed that ST and STNa solidified into amorphous 

materials on spray drying. However, both spray dried substances were physically 

unstable. Amorphous ST started to crystallise to polymorph 1 ~30 minutes after the end of 

the spray drying process regardless of the temperature and RH o f storage. In contrast 

spray dried STNa remained amorphous when stored for over a year in desiccated 

condition at 5±1°C. Nevertheless, amorphous STNa rapidly deliquesced at ambient 

conditions (I8-25°C and 40-80% RH).
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Figure 5.1: PXRD patterns of: (a) unprocessed ST (form III); b) spray dried ST; c) spray 
dried ST 9:1; d) spray dried ST 3:1; e) spray dried ST 1:1; f) spray dried ST 1:3; g) spray 
dried STNa; h) unprocessed STNa.
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All ST:STNa spray dried composites presented a diffuse halo pattern, characteristic of 

XRD amorphous materials (Figure 5.1). The STiSTNa ratio employed and the storage 

conditions influenced the physical stability o f the processed powders. For example in 

desiccated conditions at 5°C, by adding just 10% w/w o f the salt form, the resulting 

composite remained amorphous for ~2 months as observed by PXRD. Higher amounts o f 

salt in the composites increased the stability by up to 5 months for ST 3:1 and by six 

months for ST 1:1 and ST 1:3. SEM images showed that ST:STNa composite samples 

were homogeneous and consisted o f spherical smooth particles with surface indentations 

for systems comprising up to 50% w/w STNa (Figure 5.2a-b-c).
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Figure 5.2: SEM micrographs of: a) spray dried ST 9:1; b) spray dried ST 3:1; c) spray 
dried ST1:1; d) spray dried ST1:3.
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In contrast, no discrete particles were detected by SEM for a higher STNa content. Both 

ST 1:3 (Figure 5.2d) and STNa deliquesced, indicating a higher affinity o f these two 

samples for water compared to the other systems. Previously reported thermal analysis of 

pure spray dried ST showed an exotherm o f crystallization at 79±0.5°C followed by an 

endotherm of melting at 201 ± 0.5°C while the amorphous salt crystallised above 160°C 

and melted at 268 ± 0.2°C (Chapter 4).
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Figure 5.3 Heat flow thermograms of: (a) unprocessed ST (form III); b) spray dried ST; c) 
spray dried ST 9:1; d) spray dried ST 3:1; e) spray dried ST 1:1; f) spray dried ST 1:3; g) 
spray dried ST 15:85 h) spray dried STNa; i) unprocessed STNa. (Shift of exothermic peak 
indicated by the arrow while inhibition of crystallisation is indicated by the circled region)

Spray dried ST 9:1, ST 8:2, ST 3:1 and ST 15:85 (Figure 5.3) presented one endothermic

event o f melting. These composites also showed one exotherm o f crystallisation

(indicated by the arrow in figure 5.3) with onset ranging between those o f the pure
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materials. In contrast ST 6:4, ST 1:1, ST 4:6 and ST 1:3 did not show either exothermic 

or melting peaks on the thermograms. The inhibition o f crystallisation upon heating (at 1 

or 10°C/min) for these mixtures (within the circle in figure 5.3) could be due to the 

development o f molecular interactions between ST:STNa for these specific ST:STNa 

ratios (Tong and Zografi, 2001).

The glass transition temperature (Tg) for pure ST and STNa were previously found to be 

~59°C and ~120°C respectively. To determine the Tgs o f  the various composites and 

distinguish between thermal events which could happen simultaneously upon heating, 

MTDSC was employed in this work.
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Figure 5.4: Glass transition temperatures of ST:STNa systems as a function of STNa content 
(squared markers). The solid line represents the Tg predictions based on the Gordon-Taylor 
with Simha-Boyer rule equation.

All reversing heat flow thermograms recorded for the different spray dried systems

showed a single Tg, with values between those o f the pure materials and increasing with
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the STNa content. According to several authors (Bosma et al., 1988; Caron et al., 2011; 

Tong and Zografi, 2001) the detection of a single Tg is indicative of homogeneous 

amorphous phases (molecular dispersions). Therefore, thermal analysis revealed that the 

increase o f physical stability was due to the introduction o f STNa in the mixture which 

shifted the Tgs to higher temperatures. Measured Tgs and Tg values calculated using the 

Gordon Taylor with Simha-Boyer rule (GT) (Caron et al., 2011; Tajber et al., 2005) were 

plotted versus STNa weight fraction (Figure 5.4). The true densities for the single 

amorphous components o f 1.52 g/cm^ and 1.57 g/cm^ for ST and STNa respectively, were 

used to obtain the K factor to calculate the GT-SB Tg theoretical values as described in 

Chapter 2, section 2.2.14. The Tgs o f the composites deviated positively from the GT 

predicted values. The Gordon-Taylor equation is widely accepted to predict the Tg o f 

mixtures. The theory affirms that in the ideal mix free volumes are additive and no 

interaction between the components takes place during mixing (Caron et al., 2011). 

However, because o f the presence o f interacting groups in either species, the ST-STNa 

mixture could in theory result in the formation o f intermolecular bonds, such as hydrogen 

or ion-dipole bonding, which should cause an increase in Tgs compared to the predicted 

values. For example Tong and Zografi showed positive deviations o f Tg from GT 

predicted values when indomethacin was co-processed with its corresponding sodium 

salt, suggesting a stronger acid-salt interaction in the amorphous state than that between 

acid-acid and salt-salt (Tong and Zografi, 2001).

5.3 FTIR analysis

FTIR spectroscopy has been used to investigate molecular interaction between species,

included in composites (Caron et al., 2011; Tong and Zografi, 2001). FTIR spectra (1800-

1000 cm ') o f spray dried ST, STNa and ST mixed in different proportions with STNa are
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shown in Figure 5.5A. Peaks shifts of different magnitude were recorded depending on 

the STNa content, indicative of interactions between the two species (Caron et al., 2011; 

Tong and Zografi, 2001).
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Figure 5.5A: FTIR spectrum of a) spray dried ST; b) spray dried ST 9:1; c) spray dried ST 
3:1; d) spray dried ST 1:1; e) spray dried ST 1:3; f) spray dried ST15:85 and g) FTIR 
spectrum of spray dried STNa. 5.5B: Job plot representation

For example, in the 3000-3500 cm'* region, the N-H2 asymmetric stretch peak, which in

the spectrum of pure ST appears at -3462 cm"', shifted to lower wavenumbers. The shift

to lower wavenumbers can be due to weakening of the N-H bond as a result of a stronger

involvement in H-bondings (Kaushal et al., 2008; Tang et al., 2002). The simultaneous

shift to higher wavenumbers of the C-NH2 stretching peak (~ 1417 cm'' on the spectrum

of ST), confirmed the NH2 group being increasingly involved in H-bonds (Figure 5.5A).

In contrast the stretching peaks recorded at 3363 and 3221 cm"' remained relatively at the

same positions in the spectra of all the composites. In the 1000-1600 cm"' region, shifts to

lower wavenumbers were seen for the peaks at 1140 and 1084 cm'' characteristic of the

stretching of both symmetric SO2 and C-S peaks (Hu et al., 2010). These shifts to lower
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wavenumbers suggested the SO2 group as the H-bond acceptor and the development of 

N -H ' ■ O bondings. This type o f interaction was previously described to link the dimers of 

ST in the polymorph I (Parmar et al., 2007).

The stretching peak shifts o f N-H 2 and C-S for the different composites were plotted 

against the mole fraction o f STNa to create a Job plot representation (Fig 5B) in order to 

determine the stoichiometry o f the interaction involving -N H 2 and -S O 2 groups (Likussar 

and Boltz, 1971). The STNa molar fraction associated to the maximum of the Job plots, 

obtained at two wavenumbers, were between 0.6 and 0.7. The ST:STNa molar ratio o f 1:2 

lies between these two molar fractions. Therefore from the plot it appears that one 

molecule o f ST interacted with two molecules of STNa. This interaction between ST and 

STNa could be responsible for the lack o f thermal events observed on the DSC 

thermograms obtained for the ST 4:6 and ST 1:3 as the ST; STNa molar ratio o f 1:2, 

which is estimated to correspond to the system ST 35:65, falls between these two 

composites.

5.4 iGC analysis

iGC was used to more fully investigate the surface o f the systems and to assess the 

possibility of interactions between ST and STNa at the surface o f the particles. Several 

phenomena of pharmaceutical importance start at the surface, and are critically affected 

by the surface properties o f the substances involved (Buckton and Gill, 2007; Puri et al., 

2010). Surface solid-liquid interactions for example, besides affecting processes such as 

dissolution, can have a deep impact on the stability o f the solid, powder flow etc., and are, 

above all, governed by solid surface free energy (7 / )  (Puri et al., 2010). Generally a 

substance in its amorphous form has a higher y /  than the corresponding crystalline form
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because of a more random orientation of molecules exposing higher surface energy 

groups at the particle surface (Brum and Burnett, 2011; Newell et al., 2001a). This 

difference can have a significant impact on the behaviour of the two solid states upon 

processing. Differences in the y /  can also be displayed by amorphous samples of the 

same material obtained with different processing techniques and changes with time due to 

relaxation can affect the of amorphous material upon storage (Buckton and Gill, 

2007).
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Figure 5.6: Total surface free energy for the different w eight ratios (ST:STN a) at different 
% RH. Statistical analysis compares data obtained at the same RH value. System ST 1:3 was 

taken as reference of comparison for statistical post-hoc analysis. *** P<0.001

As a consequence of the development of interaction between the species included in the 

processed mixtures variations of the among the various systems would be expected.
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STNa and four different composites were analysed by iGC. The ys  ̂values measured for 

ST 9:1 and ST 3:1 were not significantly different and found to be the highest among all 

systems at ~53 mJ/m^ (Figure 5.6). The increase in STNa content to ST 1:3 decreased 

significantly the values down to ~41 mJ/m^ (P<0.001). Then ys  ̂rose up again for the 

pure amorphous salt reaching ~48 mJ/m^ (Figure 5.6). The minimum of obtained for 

ST 1:3 could be due to a different organisation and/or to the development of interactions 

between the molecules at the surface of the particles, decreasing the number of chemical 

groups available to interact with external molecules such as the probe molecules. 

Moreover, changes in ST: STNa ratio also influenced the polarity of the powder surfaces

as shown by the variation in the polarity index ( Xs ) in Figure 5.1 A.

Figure 5.7: Polarity index (A) and spreading coefficient (B) changes for different weight 
ratios and % RH. Statistical analysis compares data obtained at the same RH value. System ST 

1:3 was taken as reference of comparison for statistical post-hoc analysis *** P<0.001, 

** P<0.01, * P < 0 .05 .

An increase in salt content from ST 9:1 to ST 3:1 raised the polarity index, reaching a 

value similar to that obtained for pure amorphous STNa. However, a further increase (in 

salt content) to ST 1:1 and ST 1:3 reduced the surface polarity. The ST:STNa molar ratio
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1:2 falls between that o f  these two systems (i.e. ST 1:1 and ST 1:3) which supports the 

concept o f  the developm ent o f  the 1:2 interactions, as previously suggested by FTIR 

spectroscopy. Therefore, ST-STN a interaction should involve polar bonding, decreasing 

the amount o f polar chemical groups available at the surface to interact with the probe 

molecules.

W ater adsorption is strongly influenced by surface polarity (Bradley et a l ,  2010). In 

particular, water vapor m olecules can interact with solids through specific hydrogen- 

bonding with surface polar groups. Furthermore, when the solid is ionic, w ater m olecules 

can interact with the com ponents o f  the solid through ion-dipole interaction. For 

amorphous solids, the wettability and interaction with water are fundamental aspects to be 

studied because they can affect both dissolution properties (Puri et al., 2010) and physical 

stability (Hancock and Zografi, 1994; Puri et al., 2010). Both STNa and ST 1:3 

deliquesced when exposed to ambient hum idity conditions. Hence, the interaction o f  the 

com posites with water was investigated by calculating the powder wettability and 

analysing the water vapor sorption isotherms. The wettability o f  a pow der by water 

depends on both the work o f  adhesion o f  the w ater onto the pow der surface ( fV^) and on 

the water work o f  cohesion (fVc)- Com plete spreading o f  the water over a pow der is 

possible if  the work o f  adhesion onto the surface is equal to or higher than the work o f 

cohesion among the water m olecules (Zdziennicka and Janczuk, 2010). This difference 

equals the spreading coefficient (Ssi).

The SsL o f  water over the composites, for various %RH, is reported in Figure 5.7B. For all

systems the S si was negative, indicating that the spreading o f  water on the pow der surface

is not favoured and requires work. For each system, Ssl was not affected by a change in

the % RH from 0%  to 20% but changed depending on the ST:STNa ratio. Mainly, an
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increase in salt content from ST 3:1 to ST 1:3 decreased the S s l , indicating a decrease in 

water affinity to the powder surfaces.

5.5 DVS analysis

The overlayed DVS 1̂ ' sorption isotherm plots o f the systems indicated that the 

whole/entire water uptake increased with the increase o f salt content over the entire RH 

range (Figure 5.8).

STNa

-X- ST1:3

ST1:1

-A- ST3:1

ST9:1
O)

0 10 20 30 40 50 60 70 80 90
Target % P/Po

Figure 5.8 Water sorption isotherms for different ST:STNa weight ratios.

The mass gain recorded at 90% RH was linearly proportional to the STNa content in the 

composites. For instance, spray dried STNa mass uptake was 36% w/w o f the dry mass 

and decreased to 3.6% w/w for ST 9:1. The coefficient o f determination (r^) o f the linear 

fit was 0.99. As previous studies (Chapter 4 section 4.8) on the hygroscopicity o f ST after
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spray drying indicated that the API had a maximum water uptake o f only 0.5% at 90% 

RH, the water uptake for the blends is primarily due to the salt.

The kinetic profiles obtained for systems ST 9:1 (Figure 5.9A), ST 3:1 and ST 1:1 

showed continuous water uptake versus time before reaching equilibrium for each % RH 

steps up to 40% RH. For these systems during the 50% RH step an initial mass increase 

was followed by a decrease in mass (indicated within the circle in Figure 5.9A). A similar 

behaviour was also seen for ST 1:3 but the decrease in mass was lower, recorded at a 

lower RH and in the two following steps at 30% and 40% RH (Figure 5.9B). A decrease 

in mass versus time with increasing RH for amorphous substances corresponds to the 

crystallisation of the material (Burnett et al., 2006). The mass loss is attributed to water 

loss due to the reduced hygroscopicity o f a new crystalline phase compared to the 

amorphous form. Therefore the content o f salt in the mixtures influenced the RH at which 

crystallisation took place by promoting the water uptake which acts as a plasticiser for the 

mixture. In contrast the kinetics for the pure amorphous STNa did not show any mass loss 

but a continuous increase in mass with increasing RH (Figure 5.9C).
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Figure 5.9 DVS kinetics (A, B, C) and isotherms (A’, B’, C ’) of: A-A’) spray dried ST 9:1; B- 
B’) spray dried ST 1:3; C-C’) spray dried STNa. (Water induced crystallisation is indicated 
within the circled region)

Generally, crystalline solids with high solubility such as salts may deliquesce at a RH

value lower than 100%, defined as RHo, which is characteristic of the material and related

to its solubility (Van Campen et al., 1980). RHo o f a crystalline compound can be

determined from the moisture sorption isotherm as a sharp break due to a sudden change

in water uptake which takes place at deliquescence (Hiatt et al., 2011). In contrast, when

dealing with amorphous solids, deliquescence can be regarded as a non-equilibrium phase
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transition because water uptake by amorphous substances proceeds in a gradual way and 

their transformation from solid to liquid state may involve intermediate semi-solid stages 

(Mikhailov et al., 2009). It was not possible to determine the RH of deliquescence for 

amorphous STNa either from the water sorption isotherm (Figure 5.9C) or the 

corresponding kinetics (Figure 5.9C’). Therefore two experiments were carried out to 

investigate at which RH deliquescence o f amorphous STNa would be favoured. PXRD 

analysis on the amorphous salt after equilibration at 20% RH in the DVS cabinet 

indicated that the powder remained amorphous. However, when the amorphous STNa 

was stored in humidity controlled devices (Amebis), it was seen to transform into a 

viscous liquid solution when exposed to RH conditions at and above 35%, indicating that 

the range o f RH of deliquescence was between 20 and 35%.

Both ST 1:3 and STNa recorded mass uptake o f respectively ~4.3% and 7% at the end of 

the first cycle. The water uptake for amorphous STNa, as previously described in Chapter 

4, was attributed to the crystallisation o f the amorphous salt to a sesquihydrate (Chapter 4 

section 4.12). PXRD analysis performed at the end o f the water sorption isotherm 

confirmed that ST 1:3 converted to the same hydrate. In contrast at the end o f the first 

cycle ST 9:1 ST 3:1 and ST 1:1 lost ~ 0.6, 0.7 and 0.7% o f mass respectively. The mass 

losses for ST 9:1 ST 3:1 and ST 1:1 suggested that the composites did not completely dry 

at the end o f the pre-treatment stage (drying under nitrogen flow). However after a second 

fiill sorption desorption cycle all samples were characterised by mass uptake, except ST 

9:1. As for STNa and ST 1:3, PXRD measurement performed at the end o f the water 

sorption isotherm confirmed that both ST 3:1 and ST 1:1 had converted to the same 

hydrate.

Additional mass losses o f lower magnitude compared to the ones in the first cycle in the

2"‘* sorption cycle (Figure 5.9) were detected in the kinetics for all composites. These
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mass losses indicated a not complete (partial) crystallisation o f the amorphous systems at 

the end o f the first sorption cycle. Full crystallisation following exposure to a first full 0- 

90% RH cycle was not achieved, this may be attributed to water not completely 

penetrating the bulk o f the composites.

If we consider the adsorption process as the only mechanism of interaction between water 

and the powders, the higher the surface energy, surface polarity and spreading coefficient 

the greater the expected water uptake. However the surface properties measured for the 

different composites did not correlate with the whole water uptake isotherms. The of 

ST 9:1 and ST 3;1 were greater than those o f STNa, ST 1:1 and ST 1:3, respectively. 

Nonetheless, ST 9:1 and ST 3:1 were characterised by lower water uptake compared to 

the other systems. Despite the lowest profile (Figure 5.6) among all systems the water 

uptake o f ST 1:3 was the second highest, lower only than STNa. According to the 

spreading profile ST 9:1 and ST 3:1 would be expected to better interact with water 

molecules than ST 1:3 which had the lowest spreading coefficient followed by STNa, in 

contrast to DVS analysis. However amorphous materials can either adsorb water, or 

absorb it in the bulk o f the material (Agrawal et al., 2004; Alvarez-Lorenzo et al., 2000; 

Bravo-Osuna et al., 2005). Hence, the distribution o f water in the different systems was 

determined by establishing quantitative correlations between equilibrium moisture 

content and the %RH using the Young and Nelson equations (Agrawal et al., 2004; 

Alvarez-Lorenzo et al., 2000; Bravo-Osuna et al., 2005; Tewes et al., 2010). Fitting DVS 

data with the Young-Nelson equations indicated that the water distribution within the 

different systems was dependent on the ST:STNa ratio. For ST 9:1, adsorption was the 

main process o f water uptake, as can be confirmed by the high value o f the A parameter, 

compared to the B parameter o f the Young-Nelson equations (Figure 5.10).
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It was found that an increase in STNa content increased the proportion of water absorbed, 

and water sorption for ST 1:1 and ST 1:3 was mainly by absorption. Figure 5.10 shows a 

comparison of the Young and Nelson distribution patterns of water obtained by fitting 

DVS results for two systems (A) ST 1:3 and (B) ST 3:1 which are characterised 

respectively by low and high surface free energy. Most of the water uptake by ST 1:3 was 

absorbed in the bulk while only a minute amount was adsorbed on the surface. In contrast 

the water uptake for the higher system ST 3:1 was due to both adsorption and 

absorption. The higher amount of water adsorbed by ST 3:1 compared to ST 1:3 is 

consistent with the surface profiles for the two different systems. (Differences between 

the amounts of water adsorbed and absorbed also is consistent with the composites having 

additional mass losses in the 2"'̂  DVS cycle). Therefore the ratio ST:STNa influenced not
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only the total hygroscopicity but also the water distribution in the different systems and 

this may have an important impact on the physical stability o f the powders. Several 

authors have attributed the water uptake by amorphous materials mainly to absorption 

processes (Alvarez-Lorenzo et al., 2000; Bravo-Osuna et al., 2005; Hancock and 

Shamblin, 1998). However, according to this study the main water sorption mechanism 

for the system ST 9:1 was by adsorption with a minimal amount o f water absorbed.

Among the various ST:STNa co-spray dried systems produced and analysed, ST 1:1 and 

ST 1:3 resulted the most physically stable when stored in desiccated conditions. However, 

on exposure to environmental humidity ST 1:3 deliquesced while ST 1:1 remained stable 

in its powder state. This indicates ST 1:1 as the most favourable w/w ratio overall.
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5.6 Conclusions

This study showed that an extremely unstable amorphous API like sulfathiazole can be 

protected from crystallisation by co-spray drying it with its corresponding sodium salt 

form. In particular the addition o f just 10% w/w salt was enough to delay the 

crystallisation o f the resulting powder from Ihour to 60 days of storage under desiccated 

conditions. Increasing the proportion o f salt in the composite further improved the storage 

stability; however this was opposed to an increased hygroscopicity. The increased 

physical stability is attributed to interactions between the species which cause the shift of 

Tg to higher temperature. FTIR spectroscopy, iGC and thermal analysis suggested 

interactions between the species with a stoichiometry of 1 molecule o f acid for 2 

molecules o f salt. For the systems investigated, by analysing the hygroscopic properties it 

has also emerged that water uptake by an amorphous material could either be mainly by 

adsorption or by absorption depending on the chemical nature o f the material, with the 

salt facilitating water absorption. Therefore controlling the physico-chemical properties of 

the composites by varying the ratio o f the components can be beneficial to stabilise 

amorphous formulations. For example among the ST:STNa composites an optimum 

mixture which provided the best compromise between hygroscopicity and stability was 

the 1:1 w:w system. In this ratio the amorphous powder was characterised by good 

physical stability, intermediate water uptake and low surface free energy.
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6.1 Introduction

The research presented in this thesis focuses on the impact that the spray drying process has 

on two sulphonamide compounds and their sodium salts. In particular, it examines the 

potential of tuning their physical state to produce (metastable) crystalline and amorphous 

powders. The physico-chemical stability of the resulting powders is also investigated as well 

as eventual strategies to apply in order to improve the perfoiTnance of such metastable 

systems. The model drugs selected were sulfadimidine and sulfathiazole. The selection 

criteria were based on several factors. The initial focus was to investigate the impact of 

processing on compounds which provided an adequate balance o f chemical similarity, in 

terms of an identical core structure, and chemical diversity manifested by substitution o f the 

pyiimidine ring in sulfamethazine with a thiazole ring in sulfathiazole. Moreover both 

weakly acidic drugs are able to be obtained as sodium salt foiTns.

Spray drying, together with milling and micronisation, is a common pharmaceutical 

technique employed to reduce the particle size o f a pharmaceutical substance. It is well 

known that these techniques often induce polymorphism and/or produce materials 

characterised by variable degrees o f disorder, which alters their physicochemical properties 

and may be the cause of problems in manufacturing processes. Therefore, for many years, 

amorphisation and polymorphism were viewed as problematic and were avoided where 

possible. Nowadays the use of metastable forms is becoming part of the product development 

strategies in many pharmaceutical and food industries. Thus, the purpose of the present study 

was to utilise spray drying intentionally as a technique to produce metastable forms, and to 

characterise, understand and finally, attempt to exploit them. Therefore, an in-depth study of 

the physicochemical characteristics of the spray dried materials was undertaken and
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comparisons made with the unprocessed equivalent systems. The study then proceeded to 

analyse the main problematic issues affecting the spray dried materials in terms o f physical 

stability of the solid state obtained, the behaviour on storage at different temperature and RH 

values, and the hygroscopicity o f the materials. Throughout this work, particular focus was 

directed at how to increase product shelf life, a crucial factor in determining the development 

of metastable formulations on the market. Therefore a potential strategy to enhance the 

stability o f metastable forms was explored by co-spray drying the non ionised and salt form 

together at various w/w compositions.
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6.2 Spray drying of sulfadimidine (SD) and sulfathiazole (ST)

An important aspect of amorphous drug development via spray drying is drug solubilisation. 

The first step in producing a dmg in a metastable form via spray drying consists of making a 

solution of the compound of interest. For poorly soluble water compounds, the selection of 

appropriate solvents is fundamental. The solvents chosen in this thesis were based primarily 

on their low toxicity, combined with the suitability of the solvents to dissolve both APIs. 

Two organic solvents were selected: ethanol and acetone. Both solvents are reported as 

belonging to Class 3 (ICH Topic Q3C R4, 2009). Class 3 includes solvents which do not 

present a human health hazard at levels noiTnally accepted in pharmaceuticals and may be 

regarded having low toxicity and being of low risk to human health. Solubility studies on SD 

and ST were previously carried out by Nolan (2008). The author measured the solubility o f 

both SD and ST in water, ethanol and ethanol.water co-solvent combinations (Figure 6.1).
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Figure 6.1 Ethanol:water solubility profile for sulfadimidine (-*-) and sulfathiazole (-■ -)  
compounds at 25°C, the solubility of the solute plotted against the volume fraction of the mixed 
system (ethanol:water). Adapted from Nolan (2008).
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The solubility in water was estimated to be 0.45 and 0.25 mg/ml for sulfadimidine and 

sulfathiazole respectively (Nolan, 2008). Ethanol was found to be a better solvent and the 

solubility for both APIs in ethanol was reported to be approximately 4 mg/ml (Nolan, 2008). 

The use o f co-solvents is an effective means o f solubilising hydrophobic drugs (Miyako et 

al., 2010) and combining ethanol with water proved effective at dissolving both 

sulphonamides at higher concentrations. The ethanohwater solvent fractions selected to 

perform spray drying in this project were those between 0.6 and 0.9 v/v so that the maximum 

solubility for these two systems could be obtained in such solvent systems (Figure 6.1).

Experimental work started with spray drying of SD. The background on spray drying of SD 

was set by the work of Nolan (2008). The author processed the API from several 

combinations of ethanol and water (80:20, 90:10, 95:5 v/v) and successfully produced 

amoiphous systems. In this project following on the work o f Nolan, some parameters were 

varied such as the feed concentration, inlet temperature, solvent and solvent ratio, to see if, 

by modifying the same alterations would result in the solid state nature of the API. ST was 

spray dried in identical conditions to those used for sulfadimidine, so as to allow for 

comparisons. For both APIs, the outlet temperature and the equipment configuration of open 

loop versus the closed loop mode were key factors impacting on the solid state nature o f the 

materials. While the open mode always resulted in the amorphisation of the drug, provided 

that the outlet temperature was kept below the glass transition o f the drug, the closed loop 

favoured the crystallisation o f the APIs. A similar outcome was observed in the work of 

Paluch (2011). On spray drying chlorothiazide, different spray drying configurations resulted 

in differences in the physical state o f the API, with processing in the open mode favouring 

amorphisation of the drug. It should be noted that in most pharmaceutical companies, open
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loop is not recommended when spray drying from organic solvents and only nitrogen via 

closed loop is utilised due to safety concerns (Master, K., 2002; Buchi-B-290, 2007). Despite 

achieving more satisfactory results in obtaining amorphous substances and formulations from 

using the open mode technique in this work, as mentioned above, in the wider context at 

industry scale, there is still much reluctance to exploit this methodology. Health and safety 

criteria are the main reason underlying this bottleneck. The issue at stake however, is that a 

large number o f dmgs under development have poor bioavailability due to low aqueous 

solubility. This percentage is likely to increase in the future with the greater use of 

combinatorial chemistry in dmg discovery targeting lipophilic receptors. Poor bioavailability 

results in increased development times, decreased efficacy, increased inter- and intra-patient 

variability and side-effects, and higher dosages that reduce patient compliance and increase 

cost. Thus the ability to improve dmg solubility and, hence, bioavailability through the use of 

amorphous formulations has enormous implications. Pharmaceutical process technology, 

critical to improving drug product efficacy, and reducing cost is fundamental in terms of this 

new challenge. As concerns spray drying on a small scale, many reports in the literature 

present results based on open-loop systems only, even when spray drying from non-aqueous 

solvents. In the light o f the above however, focus should also be addressed to scaling up open 

mode spray drying techniques to industry level. The impact of different equipment set-ups on 

the processed materials as well as the applicability of both configurations, open loop versus 

closed loop is discussed in more depth in Chapters 3 and 4.
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6.3 Comparing differences in the tendency to crystallisation of SD and ST 

from the amorphous state

Prior to undergoing the spray drying process, both sulfadimidine (SD) and sulfathiazole (ST) 

were dissolved in suitable solvents in order to produce liquid solutions. A solution is defined 

as a mixture of two or more components which form a single phase, homogeneous at the 

molecular level (Aulton, 2002). This implies that the API molecules are randomly dispersed 

among the solvent molecules and therefore in a disordered state. After spray drying both 

drugs solidified as amorphous phases, in other words in a disorganised state. Following the 

spray drying process, the non crystalline nature of the processed materials were assessed by 

subjecting the two APIs to PXRD which provided patterns characterised by the absence of 

Bragg peaks. Although XRD is used to study the molecular arrangement in crystalline solids, 

it can be used to indirectly assess the absence of organisation associated with amorphous 

materials. However, when dealing with amorphous substances, XRD has to be/should be 

supported by complementary analytical techniques, such as theimal analysis, in order to 

assess the physical state o f the substance. For instance, thermal analysis provided useful 

information on the characteristics o f both spray dried APIs. DSC analysis of amorphous SD 

and ST enabled the identification o f their glass transition temperatures, and it was found that 

the Tg of SD (~80°C) was nearly 20°C higher than that of ST (~ 60°C). Moreover the onset 

of crystallisation of SD was recorded at ~100°C, almost 20°C higher than that of ST, which 

took place at 80°C, indicating that the two amorphous phases were distinguished by a 

different degree of thermal stability, with SD the more stable. This characteristic was 

reflected also in the physical stability o f the two amorphous APIs. When stored under 

identical conditions o f RH and temperature, a greater tendency to crystallise was noted for
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ST compared to SD. Spray dried amorphous ST was extremely physically unstable and 

started to recrystallise after less than one hour from the completion o f the spray drying 

process, regardless of the temperature and RH of storage selected. In contrast, the 

recrystallisation tendency o f SD was dependent on the storage conditions employed. 

However, in identical conditions of storage (5°C/ desiccated, 25°C/ desiccated or 25°C/ 

60%RH), the findings regularly showed that SD was more physically stable than ST.

In a study by Caron et al. (2011), the author spray dried both SD and ST, which solidified 

respectively as an amoiphous phase and the metastable polymorph I. Caron determined the 

thermodynamic driving force for crystallisation (i.e. free energy difference o f a system in 

super-cooled liquid and crystalline state) and the relaxation function, a parameter of the 

molecular mobility of amoiphous systems below Tg for both amorphous SD and amoiphous 

ST (produced by melt quench). The authors found that amorphous SD was characterised by a 

greater driving force for crystallisation than amorphous ST but also that at a specific 

temperature below Tg, the molecular mobility of amorphous ST was greater than that of SD. 

They suggested that the solidification of SD as an amorphous phase and ST as polymorph I 

in the spray dryer environment was due to the fact that this process was mainly controlled by 

the kinetics of the amorphous state and less by the thermodynamic driving force of 

crystallisation (Caron et al., 2011).

In the current work, as presented in Chapter 4, ST was obtained in its amorphous state on 

spray drying. By lowering the inlet temperature compared to that used by Caron et al. (85°C 

to 78°C), the corresponding outlet temperature in the spray dryer was consequently reduced 

to a value (outlet temperature = ~50°C) below the Tg o f the amorphous API, enabling the 

recovery of a completely amorphous powder. It is well known that the closer the temperature
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of exposure of an amorphous system to the glass transition temperature the greater the 

possibility o f inducing nucleation in the system because o f increased molecular mobility 

(Hancock and Shamblin, 2001). It is hypothesised that in Caron et al.’s study the outlet 

temperature close to the Tg favoured the generation of some crystalline nuclei and since the 

more stable solid form (polymorph I being more stable than the amorphous form) had already 

nucleated, the tendency to convert the remaining less stable fraction during the 

durationMength of the spray drying process increased. A similar outcome was found in the 

present work for SD spray dried from ethanolic solutions with an inlet temperature of 120°C 

resulting in a corresponding outlet o f 85°C, approximately 7 degrees higher than the Tg of 

amorphous SD. In this case the processed API solidified mainly as a crystalline material.

6.4 Comparison of solvent mediated polymorphic transformation and 

spray drying of ST

Sulphonamides exhibit interesting solid-state properties, including the ability for several of 

these drugs to exist in two or more polymorphic forms. Many drugs belonging to the class of 

sulphonamides were shown to give rise to polymorphism due to the presence o f various 

hydrogen-bond donors and acceptors (Yang and Guillory, 1972). Despite being 

characterised by a similar chemical structure, SD is monomorphic (Maury et al., 1984), while 

ST is a highly polymorphic system, with five different polymorphs discovered and described 

so far (Chan et al., 1999).

The investigation of the behaviour o f a highly polymorphic API upon spray drying and a 

comparison with that o f its solidification from solvent evaporation were of interest as not
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many studies have analysed the differences in the results deriving from the two processing 

techniques. In contrast, extensive research has been carried out on the crystallisation of 

sulfathiazole (ST) from different solvents with solvent evaporation techniques (Aaltonen et 

al., 2003; Anwar et al., 1989; Blagden et a l, 1998; Khoshkhoo and Anwar, 1993; Parmar et 

al., 2007). Nevertheless there is a lack o f consistency in the findings reported. For instance, 

several authors, albeit using the same solvent, produced different polymorphs.

ST can be isolated in five different polymorphic forms and its solidification from solution 

into a specific polymorph or into mixtures of polymoiphs can be determined by the 

appropriate choice of: solvent, type of crystallisation process and specific process 

parameters. ST crystallisation from solution, regardless o f the type of solvent employed, 

follows Ostwald’s rule o f stages, according to which, the first form to nucleate is always the 

highest free energy form. This is form I, which is characterised by the lowest activation 

energy o f all the polymoiphs (Blagden et al., 1998). According to Ostwald theory, this form 

should convert to the next most stable polymorph via its own dissolution and 

recrystallisation. The step by step process will continue, ending when the most stable form is 

present as a precipitate in the liquid medium (Threlfall, 2003).

According to Blagden et al. (1998), the solidification of a particular ST polymorph, other 

than the most stable form, is due to the fact that the molecules of solvent used in the process 

can inhibit nucleation and growth of the more stable subsequent form (Blagden et al., 1998). 

However, independently of the solvent chosen, form I is always the first form to nucleate 

from solution. Form I was seen to be based on structural basic units denominated as “a 

dimers” stabilised by 2 hydrogen bonds between the imine N2 and amino hydrogen H3. 

Conversely, the basic units characteristic of forms II, 111, IV, denominated “p dimers”, are
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characterised by 2 distinct hydrogen bonds between one sulfate oxygen and aniline hydrogen 

(02-H l) and aniline nitrogen to amino hydrogen (N1-H3) (Blagden et al., 1998). More 

recently, Parmar et al. (2007) calculated the theoretical energy released when the bonds in the 

a and (3 dimers are formed, defined as interaction energy. Following these calculations, 

Parmar demonstrated that [3 dimers were more stable than a dimers, confirming fonn I as the 

least stable of all ST polymorphs. ST from solution could solidify into pure forni I when 

crystals were grown from n-propanol or n-butanol (Parmar et al., 2007). By calculating the 

thermodynamics of possible clustering of solvent molecules with sulfathiazole molecules, the 

authors explained that, with n-propanol and n-butanol, (3 dimerisation was inhibited because 

it was energetically disadvantageous compared to a dimerisation, and form 1 was the only 

polymorph that solidified from these solvents (PaiTnar et al., 2007). In contrast, the 

dissolution of ST in other solvents resulted in the solidification of other polymoiphic forms 

or mixtures of ST polymorphs because p dimerisation was favoured. Form II, for example, 

was produced either from methanol (Parmar et al., 2007), boiling water (Khoshkhoo and 

Anwar, 1993), acetone (Aaltonen et al., 2003) and ethanol (Aaltonen et al., 2003); form III 

was obtained from 2-propanol (Parmar et al., 2007) or water (Khoshkhoo and Anwar, 1993) 

while form IV was favoured when ciystals were grown from ethanol (Parmar et al., 2007), 

acetone (Khoshkhoo and Anwar, 1993) or water (Blagden et al., 1998).

Pure ethanol, acetone and mixtures of these organic solvents with water were used to prepare 

solutions of ST for spray drying in the current work, however, none of these solutions 

resulted in the production of the same polymoiphs described above, obtained by using the 

corresponding solvents for crystallisation studies. The present study has however 

demonstrated that by accelerating the kinetics of solvent evaporation in a solidification
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process, a drug can be induced to solidify in its metastable polymorph. Furthermore, it has 

been shown that spray drying may be used as an alternative technique to “classic” 

crystallisation from solvent evaporation, especially when dealing with highly polymorphic 

systems. Spray drying can be used to produce pure metastable polymoiphs which 

traditionally may be hard to do with slow evaporation techniques. The production o f only 

metastable (amorphous or polymorph I) forms of ST, despite the use of solvents which 

usually result in the production of different polymorphs, can be explained by the process of 

droplet evaporation which is faster compared to the characteristic times of crystallisation of 

the different polymorphs, as previously described in Chapter 4.

Another significant finding from this work is that by spray drying it is possible to obtain 

particles with no needle-like morphology. According to the literature, the morphology of 

sulfathiazole polymorph I and o f several other metastable polymorphs is needle-like. This 

particular morphology in the pharma-industry is often considered adverse for secondary 

(drug product) processing as it frequently results in poor flowability. In our study we 

demonstrate the isolation by spray drying o f spherical particles. The control o f particle 

morphology in this manner may be applied to other active pharmaceutical ingredients.

6.5 (Water mediated) Recrystallisation from the amorphous state

Pharmaceutical solids may interact with water at each stage o f pharmaceutical manufacturing 

and often a residual amount of water remains in the final solid dosage formulations. 

Pharmaceuticals may also be exposed to water during storage, if  subjected to high humidity 

conditions or if dosage formulations contain hydrates capable o f transferring moisture to 

other ingredients as a consequence o f storage conditions. The physical and chemical
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properties o f pharmaceutical solids are critically dependent on the presence of moisture and 

specifically when the substance is in an amoiphous phase. Water was a key factor in 

controlling the solid state nature o f both APIs analysed (SD and ST) in the present pre

formulation studies.

Amorphous SD remained in the disordered state for a period o f over 20 weeks when stored in 

desiccated conditions at 5°C. Regulatory guidelines require that physical stability is assessed 

at higher conditions of temperature and relative humidity. By increasing the temperature of 

storage to 25°C and 40°C, and the RH to 60% or 75%, respectively, Bragg peaks indicating 

the crystallisation o f the API were clearly distinguishable on the PXRD pattern after only 1 -3 

days o f storage.

The plasticising effect o f water has been widely assessed by several studies (Levine and 

Slade, 1987; Ahlneck and Zografi, 1990; Burnett et al., 2004; Burnett et al., 2006). For 

example, Burnett et al. (2006) explained that water acts as a plasticiser by increasing 

molecular mobility, thus lowering the Tg and favouring crystallisation. Levine and Slade 

elucidated that the plasticising effect is due to the fact that water incorporated into an 

amorphous solid can greatly increase the free volume of the solid by reducing hydrogen 

bonding between the adjoining molecules of the solid with a corresponding reduction in its 

glass transition temperature (Levine and Slade, 1987).

Given that different solvents may plasticise amorphous systems to different extents, as a 

result of differing solubilities (Yoshioka and Tashiro, 2004), even the variation in storage 

temperature should be taken into account as the solubility and hydrophilicity of a substance 

varies with varying temperature. The physical stability at 60% RH of amorphous SD, for
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example, was reduced from 4 weeks to 3 days when the temperature o f storage was increased 

from 5°C to 25°C. These temperature values are both below the recommended temperature 

of storage for amorphous materials, dictated by the Tg -50°C (Yu, 2001 and Hancock et 

al.,1995), at which molecular mobility should be minimal. However, with an increase in 

temperature, it emerges that the solubility of a drug in water generally increases and, as a 

result, the plasticising effect of water is more apparent.

From the work described in Chapter 4, it was seen that the amorphous ST system can be 

tuned to recrystallise into a specific polymorphic form by controlling environmental storage 

conditions. The basis behind the recrystallisation of ST from the amorphous state is 

analogous to its solvent mediated recrystallisation from solution and both processes follow 

Ostwald’s rule of stages. However this rule is not general (in effect, not all polymoiphic 

systems behave in the same way). For instance, a comparison can be made here with the 

work of Yoshioka et al., (1994) on amorphous indomethacin. The author reported that 

indomethacin is able to crystallise from the amorphous state at temperatures below its Tg and 

that at a temperature below, or close to the Tg, it crystallises as the stable y form. In contrast, 

at higher temperatures it mainly crystallises into the metastable a forni (Yoshioka et al., 

1994).

In another study by Andronis et al., 1997, it was shown that absorbed water vapour lowered 

the Tg, enhancing crystallisation and affecting the final polymorph o f indomethacin 

produced. The authors showed that the crystallisation of the stable y form was favoured at 

low water content while the metastable a form was favoured at higher water content 

(Andronis et al., 1997). In the present study, amorphous ST always crystallised as 

polymorph I, the least stable form among the various polymorphs, regardless of the
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temperature o f storage employed in the study. The behaviour characterising amorphous ST is 

different to that described for indomethacin. Under dry conditions, at or below 35% RH, 

therefore at low water content levels, full recrystallisation to form I, the most metastable 

polymorph, was produced. This was consistent with the crystallisation o f amorphous ST into 

pure form I upon heating when subjected to DSC analysis. Nitrogen provides an inert water- 

free environment in the DSC oven and this kind o f analysis always results in the 

crystallisation of the amorphous drug into foiTn I. In contrast, an increase of the RH of 

storage to or above 55%, resulted in the crystallisation of mixtures of different polymorphs 

including the most stable form III.

6.6 Comparing hydration of crystalline and amorphous salts

Spray drying the salt forms of the two APIs appeared to be a promising strategy for 

stabilising amorphous drugs. Not only the melting point, but also the Tgs were greater than 

those of the corresponding non ionised drugs, which is generally indicative of an enhanced 

stability. However the hygroscopicity o f the salt forms does affect their physical stability. By 

combining dynamic vapour sorption, thermal analysis and PXRD diffraction it was possible 

to monitor the structural changes in the solid state of the salt forms, leading to the formation 

o f hydrates and the reversibility of these phenomena. PXRD patterns collected after 

equilibrating the materials at predetermined RH values enabled hydration and dehydration 

phases to be followed efficiently. DSC and TGA thermograms complemented the diffraction 

patterns as dehydration phenomena are characterised by heat flow variation and mass loss. 

Additionally, the relative hygroscopicities of amorphous STNa and SDNa were analysed by
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the use o f storage in humidity devices containing saturated sah solutions providing a relative 

humidity o f 35, 60 and 75% at 25°C. SDNa converted from an amorphous powder to a 

hydrate crystal through a transient phase, characterised by the conversion into a sticky 

material on exposure to ambient humidity conditions. When stored in the humidity devices at 

35% w/w, the salt appeared stable. On DVS analysis, the water vapour soiption profile for 

amorphous SDNa, showed that the amorphous salt directly converted to the dihydrate foiTn, 

and the profile, as reflected by the weight change as a function o f  relative humidity, was in 

three stages. From 0 to 50% RH, the mass gain o f water increased in a linear manner 

resulting in a water uptake (16%) higher than the stoichiometric amount o f water required for 

the dihydrate form (SDNa»2H20) calculated at 12% (This phase probably represents the 

creation o f the sticky material evident during exposure to ambient conditions). With a further 

increase o f RH to 60%, the loss o f water indicated the crystallisation o f the amoiphous 

material to the hydrated fomi, SDNa«2H20 (2nd stage). The third stage, after the phase 

transition to SDNa»2H2 0 , was characterised by no water uptake, as indicated by a plateau 

until 90% RH. The SDNa»2H20 (dihydrate) was stable during desorption over a wide range 

o f RH values from 90-10%. However it converted back to the anhydrous form when the DVS 

environment was set at 0% RH. In contrast, on exposure o f the amorphous STNa to ambient 

conditions or when stored in the humidity chambers at RH values at or above 35% RH, the 

material undergoes amorphous deliquescence, transforming from a powder to a liquid 

viscous solufion (Mikhailov et al., 2009). The transformation o f the solid powder to the 

liquid solution was seen even when the amorphous salt was stored at RH conditions as low as 

that o f 35%. This indicated that amorphous STNa was more hygroscopic than amorphous 

SDNa, with the latter appearing to be stable when stored at this 35% percentage RH. The
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behaviour shown by the amorphous salt powders is in complete contrast to the water sorption 

behaviour o f both unprocessed anhydrous crystalline substances where SDNa appeared to be 

a more hydrophilic substance than STNa. In fact, at very low RH conditions (20%), SDNa 

started to convert to the monohydrate form. In contrast, the STNa crystal structure remained 

unchanged and did not uptake any water up to 60% RH. Changes in the physical state o f a 

substance can result in completely different hygroscopic behaviours which can affect 

performance or stability o f the solid dosage form. These changes should be known, 

anticipated and ideally controlled.

6.7 Amorphous dispersions

Amorphous mixtures o f both non ionised forms and corresponding sodium salts were 

produced by spray drying solutions of the two forms at different compositions from 

ethanoliwater 9:1 v/v. Modulated scanning calorimetry detected a single Tg for all the spray 

dried composites, indicating that the two species form a molecular dispersion over the entire 

composition range. Stronger interactions between the species in the ST: STNa system 

compared to the SD:SDNa systems were noted. This was indicated by the positive deviation 

of Tg values from those predicted by the Gordon and Taylor equation and supported by the 

peak shifts detected by IR analysis. IR spectroscopy has shown that the two species can 

interact at a molecular level, through a combination of hydrogen bonding forming a one to 

two molar ratio system. In contrast, the system obtained by co-spray drying solutions of 

sulfadimidine and its corresponding salt form presented Tg values matching those predicted 

by the Gordon and Taylor equation. This indicated the lack o f interactions as intense/strong 

as those in the case o f the ST:STNa composites. The ATg ( T g s a i t  - T g a c i d )  is greater for 

sulfadimidine/sulfadimidine sodium compared to sulfathiazole/sulfathiazole sodium (76°C
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versus 60°C). This suggests that the introduction o f Na in composite systems results in a 

relatively greater potential reduction in molecular mobility for the molecules belonging to the 

SD:SDNa system compared to ST:STNa system. A lower molecular mobility may result in a 

reduced ability for the molecules in the system to interact, consequently resulting in Tg 

values that do not deviate significantly from those predicted by the Gordon-Taylor equation. 

IR analysis confirmed this hypothesis, as no significant peak shifts in the spectra of the 

composite were detected for SD:SDNa. A possible explanation is that in the latter system 

bonding between the molecules is of lower intensity compared to that in the ST:STNa 

system.

An increase in the physical stability upon storage in dry conditions relative to amoiphous ST 

characterised ST:STNa samples. It has been shown in Chapter 4 that the crystallisation of 

amoiphous ST takes place after one hour storage, whereas even the least stable among the 

co-spray dried mixtures of STiSTNa, obtained by adding only 10% w/w salt to the feed 

solution, remained amorphous up to 2 months post production when stored at 5 °C in dry 

conditions. Despite the lack of strong interaction between the species, the investigation o f the 

physical stability upon storage in dry conditions demonstrated an increase of the stability also 

for SD:SDNa composites compared to SD spray dried alone. Composites o f SD and SDNa 

were stable for over a year regardless of the composition, while SD processed alone 

crystallised after 5 months. The greater stability of the SD:SDNa system compared to the 

ST:STNa suggests that the physical stability of the composites reflects the dominating effect 

of recrystallisation of the acidic non ionised drug.
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6.8 Main findings

• SD and ST can be transformed into an amorphous form on spray drying when the 

spray drier is operated in the open mode configuration, provided that drugs are in 

solution and the outlet temperature is below the Tg o f the API.

• Amorphous ST can be tuned to crystallise into a specific polymorph by controlling 

the RH of storage.

• The crystallisation of amorphous ST in the solid state follows Ostwald's rule of 

stages.

• SDNa and STNa as model compounds for alkali salts of acidic drug compounds can 

be transformed into amorphous forms via spray drying.

• The amoiphous forms o f SDNa and STNa were characterised by glass transition 

temperatures of 155°C and 120°C, respectively. These values are 75 and 60 degrees 

higher than the Tg characterising the non ionised forms, suggesting that this property 

is strongly affected by the ionic interaction developed on amorphisation between the 

ions and the molecules.

• Due to increased Tg, the physical stability of the amorphous salt forms in dry 

conditions of storage is strongly enhanced compared to that o f the amorphous non 

ionised forms.

• Exposure of the salt forms to water vapour induces crystallisation and the production 

of hydrates through viscous or liquid intermediate forms.
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• Amorphous dispersions of SD:SDNa and ST:STNa could be produced over a wide 

composition range. The effect of inclusion o f the sodium ion was to increase the Tg 

for the composite systems significantly up to 130 and 110 degrees for SD:SDNa and 

STiSTNa respectively

• Stronger molecular interaction seem to develop between the species in the ST:STNa 

system compared to the SD:SDNa system. Nevertheless an enhanced physical 

stability of the composites compared to the individual amorphous APIs was noted for 

both APIs.
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6.9 Suggestions for future work

It would be worthwhile to continue this strand of research, in order to exploit the 

conclusions reached in the present study, in the following manner:

• Spray dry feed solutions prepared from solvents characterised by a lower boiling 

point compared to that of the solvents employed in this thesis. This would 

potentially enable the process temperature to be reduced below the Tg, which 

should result in the amorphous form being more easily obtained.

• Ascertain whether spray drying other APIs, which are known to present a needle- 

shape habit, could result in a morphology more suitable for downstream 

processing - i.e. spherical morphology.

• Analyse further the free acid-salt mixtures by means of solid state NMR to probe 

interactions and molecular mobility.

Co-formulate the amorphous salt forms or API/salt composite systems with excipients 

capable of competing for water retention in order to neutralise the plasticising effect of 

moisture on the ionised APIs.
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APPENDIX I
All experim ents are listed as discussed in each chapter. Key : EtOH = Ethanol, A c=  Acetone, OM = open m ode configuration, CM = closed  mode 
configuration, N2 =  nitrogen gas drying medium, Air =  com pressed air drying medium.

Table 1. Spray drying conditions for sulfadimidine systems

System
(API)

Solvent
(%  v/v)

Spray
Drying
M ode

Solid
Cone

(% w /v)

Drying
Gas

Inlet
Temp
(°C)

O utlet
Tem p
(°C)

Pump
rate
(% )

G as-flow
rate
L/hr

A spirator
%

Sulfadimidine H2 O OM 0.1 Air 120 64-65 30 473 100

Sulfadimidine EtOHiHzO
(90:10)

OM 0.5 Air 120 84-86 30 473 100

Sulfadimidine Et0H :H 20
(90:10)

OM 0.5 Air 78 49-51 30 473 100

Sulfadimidine Et0H :H 20
(80:20)

OM 0.5 Air 78 50-52 30 473 100

Sulfadimidine Et0H :H 20
(70:30)

OM 0.5 Air 78 47-50 30 473 100

Sulfadimidine Et0H :H 20
(60:40)

OM 0.5 Air 78 48-50 30 473 100

Sulfadimidine Ac CM 0.5 N 2 78 51-52 30 473 100

Sulfadimidine A c:H20
(90:10)

CM 0.5 N 2 78 49-51 30 473 100
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%

100

100

100

100

100

100

100

100

100

100

Solvent 
(%  v/v) 
Volume

Spray
Drying
Mode

Solid
Cone

(% w/v)

Drying
Gas

Inlet Outlet 
Temp Temp

Pump Gas-flow 
rate rate
(% ) L/hr

AciHzO
(70:30)

CM 0.5 78 49-51 30 473

H ,0 OM 0.5 A ir 130 66-67 30 473

H ,0 OM 0.5 A ir 140 73-75 30 473

H ,0 OM 0.5 A ir 160 94-96 30 473

EtOHiHjO
(90:10)

OM 0.5 A ir 78 48-52 30 473

Et0H:H20
(80:20)

OM 0.5 A ir 78 50-55 30 473

Et0H:H20
(70:30)

OM 0.5 A ir 78 49-51 30 473

Et0H:H20
(60:40)

OM 0.5 A ir 78 48-50 30 473

A c:H20
(90:10)

CM 0.5 N, 78 54-55 30 473

Ac:H20
(80:20) CM 0.5 N2 78 52-53 30 473



p ira

%

100

100

100

100

100

100

100

100

100

100

Solvent Spray Solid Drying Inlet Outlet Pump Gas-flow
(%  v/v) Drying Cone Gas Temp Temp rate rate
Volume Mode (% w /v) (°C) (°C) (% ) L/hr

AciH .O  OM 0.5 N j 78 50-52 30 473
(70:30)__________________________________________________________________________________________________

AciHzO
(60:40)

OM 0.5 N, 78 50-52 30 473

EtOH OM 0.5 A ir 78 52-56 30 473

E t0 H :H :0  OM 0.5 A ir 78 49-55 30 473
(90:10)________________________________________________________________________________________________

Et0H :H 20 OM 0.5 A ir 78 48-52 30 473
(80:20)________________________________________________________________________________________________

Et0H :H 20 OM 0.5 A ir 78 45-50 30 473
(70:30)________________________________________________________________________________________________

Et0H :H 20 CM 0.5 N j 85 51 30 473
(90:10)________________________________________________________________________________________________

Et0H :H 20 CM 0.5 N j 78 48-49 30 473
(70:30)________________________________________________________________________________________________

Ac CM 0.5 N j 78 58-59 30 473

A c:H20
(90:10)

CM 0.5 78 49-54 30 473



p ira
%

100

100

100

100

100

100

100

100

100

Solvent Spray Solid Drying
(% v/v) Drying Cone Gas
Volume__________Mode (%w/v)____________

inlet Outlet Pump Gas-flow
Temp Temp rate rate
(°C) (°C) (%) L/hr

A c:H 20 c m  0.5 N j 78 48-50 30 473
(80:20)__________________________________________________________________________________________________________

A c;H 20 c m  0.5 N j 78 47-50 30 473
(70:30)__________________________________________________________________________________________________________

Ac CM 1.2 N , 78 57-58 30 473

A c:H 20 c m  3 N 2 78 54-55 30 473
(90:10)__________________________________________________________________________________________________________

A c;H 20 c m  2.45 N 2  78 49-50 30 473
(80:20)__________________________________________________________________________________________________________

A c:H 20 c m  1.95 N 2 78 50-51 30 473
(70:30)__________________________________________________________________________________________________________

H .O  OM  0.5 Air 160 98-99 30 473

EtOH OM  0.5 Air 160 105-106 30 473

E t0 H :H 2 0  OM  0.5 Air 160 102-108 30 473
(90:10)__________________________________________________________________________________________________________



pira
%

100

100

100

100

100

100

100

100

100

Solvent Spray Solid Drying
(%  v/v) Drying Cone Gas

Volum e (mis) IVlode (% w /v )

Inlet Outlet Pump Gas-flow
Tem p Tem p rate rate
(°C ) (°C ) (% )  L /h r

E tO H iH jO  O M  0.5 A ir 160 98-103 30 473
(80:20)______________________________________________________________________________________________________

E t0H :H 20  O M  0.5 Air 160 98-100 30 473
(70:30)______________________________________________________________________________________________________

EtOH C M  0.5 N , 160 107 30 473

E t0 H :H 2 0  C M  0.5 N j  160 103-106 30 473

(90 :1 0 )______________________________________________________________________________________________________________

E t0 H :H 2 0  C M  0.5 N j  160 98-101 30 473

(80 :2 0 )_______________________________________________________________________________________________________________

E t0 H :H 2 0  C M  0.5 N j  160 98-100 30 473

(70 :3 0 )_______________________________________________________________________________________________________________

A c ;H 2 0  c m  0.5 N 2 160 98-100 30 473

(90 :1 0 )______________________________________________________________________________________________________________

Ac:H20 c m  0.5 N 2 160 98 30 473
(80:20)______________________________________________________________________________________________________

A c:H20
(70:30)

C M 0.5 160 97-98 30 473


