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Abstract

The impact o f spray drying on the physico-chemical properties o f spray dried lactose and 

spray dried polyethylene glycol(PEG) 4000/lactose samples was investigated. Isothermal 

microcalorimetry was used to evaluate the amorphous content o f the spray dried material. 

The parameters that influence the area under the micocalorimetric crystallisation curve 

were investigated in order to best understand the application o f isothermal 

microcalorimetry to determine amorphous content of materials. It was shown that in order 

to obtain good quantitative data for crystallinity, it is necessary to use saturated salt 

solutions that give a slow supply o f vapour at 25°C.

Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) provided qualitative 

data for the lactose and PEG 4000 polymorphs in the spray dried samples. Gas 

chromatography was used to measure the a/p anomeric ratio in the lactose 

samples. Variations in feed concentration influenced the degree o f disorder in the spray 

dried products. Surprisingly, the % disorder in materials was substantially greater than the 

amount of lactose dissolved. The results were attributed to a milling effect on the 

suspended lactose particles. The crystalline fraction in the spray dried materials was mainly 

the a-anhydrous form. Furthermore, only the sample with the highest feed concentration 

retained any amount o f the monohydrate form. None o f the lactose feed concentrations 

that were studied, resulted in any detectable amounts o f crystalline P-lactose. Products 

spray dried from solutions prepared at different feed temperatures were found to be 

completely amorphous. Increases in feed temperature are known to decrease the solution 

a/p ratio. However, the a/p ratio in the products increased with feed temperature which 

demonstrated that p-a mutarotation occurred during the spray drying process. The highest 

feed temperature products retained a similar P-content as the feed due to little opportunity 

for p-a transition during the spray drying process. On exposure to relative humidity (RH), 

amorphous-crystalline transition occurred. The crystallisation lag times for the samples 

were longer for products made with a high feed temperature due to the greater amorphous 

p-lactose content. The effect o f spray drying lactose in the presence o f PEG (12% by 

weight o f lactose) produced interesting findings. PEG was expected to inhibit lactose 

crystallisation, but the results confirmed that the spray dried PEG/lactose samples were 

crystalline. During the spray drying process, PEG presumably slowed the evaporation rates 

such that crystallisation occurred. The 10 or 20g/100ml PEG/lactose solutions yielded the



monohydrate, a-anhydrous, p-lactose and the extended chain PEG crystals. Whereas, the 

30 or40g/100ml suspension produced only a-monohydrate, a-anhydrous and the extended 

chain PEG crystals. This implied that complete p-a transition occurred during the spray 

drying process. Further work is still needed to obtain a complete understanding o f how 

PEG enhances the crystallisation o f lactose during the spray drying process. The overall 

studies have improved the understanding of the influence of process variables on the 

properties o f the spray dried products, which can be useful in the design and optimisation 

o f spray granulation processes.
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Chapter 1: 
Introduction

1. Background

Spray drying is a process o f growing importance in the pharmaceutical industry. The nature 

of the spray drying process is such that changes in crystallinity can occur in the product 

There is little work relating to the fundamental understanding o f the changes which occur 

during processing, and what impact these changes are likely to have in the final product. 

As a result o f changes in crystallinity in the spray dried material, properties such as 

dissolution and indeed bioavailability may be affected. Therefore, the physico-chemical 

properties o f spray dried materials need to be investigated fully. Post-processing conditions 

such as temperature and relative humidity affect the rate o f chronotropy (structural change 

with time). It is thus important to investigate fully the conditions which lead to conversion 

of the metastable amorphous state to the thermodynamically stable crystalline form. Before 

these issues are explored it is necessary to over\iew the operational principles and 

pharmaceutical applications o f the spray drying process. Other ways in which solids are 

made amorphous are discussed later along with a review o f the properties o f the disordered 

state.

1.1 Background to the spray drying process

1.1.1 The Process

Spray drying is a unique process that involves both particle formation and drying. The 

process can be defined as the transformation of feed material from a fluid state into a dried 

particulate form by spraying the feed material into a drying medium (Masters, 1990). 

Spray drying converts liquid into powder in a one step process and is capable o f producing 

fine or agglomerated powders to precise specifications.

There are basically four major steps (Figure 1.1) that take place during a tjqjical spray 

drying process. The stages are:

(i) atomisation o f the feed material

(ii) spray-air contact 

(in) moisture evaporation

(iv) product recovery (separation of product from the drying gas)

- 27 -



^  HeaterFeed

Æ r inlet

û > ™ g
cylinder

4—  lYoduct 
GoUediiig 
vessel

Figure 1.1; Schematic diagram of a spray dryer, showing the four basic stages of the process 

(atomisation, spray-air contact, evaporation and product recovery).

1.1.2 Atomisation of feed material

The formation of a spray (atomisation ) and its contact with the drying medium are the 

important characteristic features of spray drying. The operation and the selection of the 

appropriate atomiser is of supreme importance in achieving economic production of top 

quality products (Masters 1990).

The atomisation stage must create a spray of reasonable homogeneity in order to facilitate
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optimum evaporation and the production o f a product with the desired particle size, shape 

and residual moisture content There are different nozzle types used in both industrial and 

small laboratory scale spray dryers. This project is focussed on the operational 

characteristics o f a laboratory scale spray dryer e.g. Buchi 190 mini spray dryer. The Buchi 

190 uses a two fluid pneumatic pressure nozzle, where the feed concentrate is fed to the 

atomiser nozzle under pressure and the pressure energy is converted to kinetic energy. The 

feed material issues from the nozzle orifice as a high speed film that disintegrates into a 

spray.

1.1.3 Mechanism of spray generation

Pneumatic atomisation involves impacting the liquid film with high velocity gas. During 

atomisation the high velocity gas creates frictional forces over the liquid surfaces which 

cause the liquid to disintegrate into spray droplets. Liquid disintegration in the presence 

of gaseous flow involves complex situations o f liquid instability. The overall process can 

be considered to be bi-phasic in nature. The first stage involves tearing the liquid into 

filaments and large droplets. The second phase completes the atomisation process by 

breaking the filament or large droplets into small droplets.

In order for the liquid to be subjected to optimum frictional conditions, the feed and gas 

should be at high velocity. Under these conditions the liquid break up is rapid and efficient, 

which results in sprays o f low mean droplet size. Low or high viscosity liquids can be 

handled under high atomisation conditions. For low feed rates the rotation o f the liquid is 

not essential for complete atomisation, since high velocity air can easily penetrate the 

liquid jet causing the necessary energy transfer. The resulting spray is characterised by 

high homogeneity. However, higher feed rates result in incomplete atomisation since the 

high velocity air cannot penetrate the liquid jet. This leads to a wider droplet size 

distribution. For higher feed rates rotation of the liquid within the nozzle is necessary in 

order to subject the liquid to optimum frictional conditions so that thin liquid sheets are 

formed.

1.1.4 Spray-air contact

The manner in which the spray contacts with the drying air is important in the spray dryer 

design, as this has a great bearing on the dried product characteristics by influencing
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droplet behaviour during drying . A Buchi 190 spray drier operates in a co-current 

manner, i.e. the feed and the drying air flow in the same direction, as opposed to a counter- 

current system, where the feed material and the drying air enter the drying chamber from 

opposite directions.

However, in the co-current system the movement o f air and spray is not entirely co-current, 

e.g. back mixing can occur in the drying chamber. Co-current spray dryers are widely used 

for heat sensitive materials since evaporation is rapid and the duration o f exposure to heat 

is short. Furthermore, the product is not subject to heat degradation, since during the drying 

time the temperature of the feed material approximates to the wet bulb temperature level, 

as the high rates o f moisture evaporation enable the temperature o f the dry product to be 

considerably lower than that o f the air leaving the drying chamber. Generally particles 

reach a maximum temperature which is 15-20 °C below the outlet temperature o f the co

current dryer (Masters, 1990). The extent o f destruction of thermolabile materials is 

dependent on the temperature-time combinations that the materials encounter during the 

process as well as the thermolability o f the material in question. Generally, the duration 

o f exposure to the elevated temperatures is only 5-30 seconds (Masters, 1990).

1.1.5 Drying of feed materials

Basically, drying is the removal o f water, or solvent, from the feed material to leave a dry 

product. This process is essentially the simultaneous mass and heat transfer between the 

spray and the surrounding air. This effect depends on the difference in water vapour 

pressure at the temperature of the surface o f the droplet and the partial vapour pressure of 

the surrounding air. As the droplets come into contact with the drying air, evaporation 

takes place from the saturated vapour film at the droplet surface. The temperature at the 

droplet surface, approaches the wet bulb temperature o f the diydng air. Evaporation during 

spray diying is o f a bi-phasic nature. Initially there is sufficient moisture within the droplet 

and molecular mobility to replace that lost at the surface.

A critical point is reached when the droplet moisture levels are too low to maintain the 

above conditions, this results in the formation o f a dried shell on the droplet surface. 

During this second period, evaporation is dependent on the thickness o f the dried shell.
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This thickness increases with time resulting in the slowing of the evaporation rate. This is 

termed the second rate of evaporation. Most water is removed during the first drying stage. 

Thus, a substantial amount of evaporation takes place when the particle surfaces are wet. 

The diy'ing characteristics of a particle are illustrated in Figure 1.2. Phase A-B represents 

the commencement of drying as soon as the droplets contact the drying air. A slight 

increase in the droplet surface temperature follows and the drying rate increases during the 

time it takes for the moisture to migrate to the surface to establish equilibrium.

Drying

Rate

Moisture content (H)

Figure 1.2 : A drying curve to show the drying characteristics of a particle during the spray 

drying process. (Adapted from Masters, 1990).

Phase B-C represents conditions of dynamic equilibrium. The drying rate proceeds at 

constant levels, which are the highest achieved during the entire droplet evaporation. A 

critical point C is reached when the moisture content of the droplet is insufficient to 

maintain surface saturated conditions. The drying rate begins to fall, which is the beginning 

of the falling rate drying period. This phase can form more than one phase if local areas 

of wetness remain at the droplet surface. Phase C-D continues until no areas of wetness 

remain. During the period D-E resistance to the mass transfer is entirely in the solid layer.
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Figure 1.3; Mechanism of spray droplet drying in a simplified manner. Droplets can dry 

to single misshapen and agglomerated particles ( Adapted from Masters , 1990).

Evaporation continues until the droplets acquire a moisture content that is in equilibrium 

with the surrounding air. The approach to the equilibrium moisture content E is very slow. 

During a typical spray drying operation, the product is usually removed before the 

equilibrium moisture content is reached. During spray diying the atomised droplet size 

distribution changes. Evaporation characteristics vary from product to product. Some tend 

to expand, others may collapse or fracture leading to porous low density products. Others 

may maintain a spherical morphology or may contract so that the particles become denser 

(Figure 1.3). Consequently the change in particle shape and dried powder properties are 

closely related to the nature of the product.

1.1.6 Separation of the dried product from the drying medium

Soon after the drying stage is complete, the product remains suspended in the air and needs
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to be separated from the drying medium. This is usually accomplished by means of a 

cyclone separator through which product and air pass after exiting the drying chamber. 

There are numerous different spray dryer designs. Spray dryers are usually open cycle 

whereby the drying gas is discharged after use. Jn this case , the drying gas is usually air. 

Closed cycle dryers are available which allow organic solvents to be used as the feed 

medium. In this system the drying air is replaced by an inert gas, usually nitrogen, which 

is continuously re-circulated. The organic solvent is also recovered. Alternative open 

systems also operate with a reduced oxygen content, which is desirable for material which 

may be susceptible to oxidation or which are an explosion hazard.

There are two systems which are used to recover the product: The type 1 system collects 

the majority o f the product at the base o f the drying cylinder and a small fraction is 

recovered by a separating equipment which is usually a cyclone. The Buchi 190 spray dryer 

has a type 2 recovery system which has a total product collecting vessel at the base of a 

cyclone system. The recovery of the product o f this system relies greatly on the separating 

efficiency o f cyclone.

1.2 The influence of spray drying parameters on the properties of the product

There are several operational variables which have a combined influence on the physical 

and chemical properties o f the spray dried material. These are, feed rate, airflow rate, inlet 

and outlet temperature and feed properties. The importance o f these variables will be 

mentioned in turn, however, it is important to note that these parameters are linked and 

inter-dependently influence the properties o f the spray dried material.

1.2.1 Atomiser pressure

An increase in atomiser pressure creates smaller droplet sizes at constant feed rate 

(Masters, 1990). Furthermore, an increase in atomiser energy also decreases the mean size 

o f the droplets which often leads to small particle size products.

1.2.2 Feed rate

Increasing the feed rate whilst maintaining the other operating conditions produces coarser 

sprays and thus dried products o f larger particle size. Increasing feed rate can result in a 

wet product, due to the spray having little opportunity for optimum evaporation. 

Conversely, if  the feed rate is reduced at otherwise constant operating conditions, a product
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of low residual moisture content is produced. An increase in feed rate is also thought to 

increase bulk density o f the product due to the coarser size o f the particles (Masters 1990).

1.2.3 Airflow rate

Airflow rate to a certain extent controls the residence time o f the product in the drying 

chamber. The airflow rate and the design o f the drying chamber regulate the droplet 

residence time so that drying is adequate without raising the temperature o f the product. 

Therefore there is minimal chance for heat damage to the product. Increasing residence 

time by reducing the airflow rate leads to a greater degree of moisture removal, as long as 

the drying air does not become too humid and so reduce drying efficiency. Reducing air 

velocity also increases the efficiency o f product recovery in the collecting vessel.

1.2.4 Inlet temperature

Increasing the inlet diying temperature increases the drier evaporative capacity at constant 

airflow rate. Increased inlet drying temperature often causes a reduction in bulk density, 

because at high temperatures, rapid evaporation rates cause scorching and increased 

porosity (Masters 1990). The effect o f diying temperature on the particle size appears to 

depend on the material being spray dried. It was observed that for a suspension of  

materials such as sodium sulphate, temperature had little effect, whereas for coffee extracts 

the mean particle size was reduced by increasing inlet air temperature. In contrast. Duffle 

and Marshall, (1953) showed that the particle size was increased by increases in drying 

temperature. Inlet temperature also affects the rate o f evaporation from solution feed 

materials which in turn may affect the amorphous content o f the product, e.g. low inlet 

temperature can cause crystallisation o f dissolved materials on drying. Conversely, 

predominantly amorphous material may result if  high inlet temperatures are employed 

during the spray drying process.

1.2.5 Outlet temperature

In order to produce a product o f constant moisture content, the outlet temperature must be 

kept within narrow limits. A low outlet temperature is useful when agglomerated powder 

is desired because the moisture is responsible for the cohesive properties o f the particles. 

A decrease in outlet temperature can be achieved by increasing the feed rate which in turn 

increases the product moisture content.
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1.2.6 Feed Concentration

Increase in feed solid content increases feed viscosity, which in turn produces coarser 

sprays on atomisation at constant operating conditions. An increase in feed solids usually 

affects the evaporation characteristics, and generally results in an increase in particle size 

and bulk density. Furthermore an increase feed concentration or viscosity increases the 

particle size o f the spray dried material. Masters reports that surface tension has little 

impact on particle size, although Kata and Wayer (1985) reported increases in particle size 

with increase in feed surface tension as well as concentration and viscosity.

1.2.7 Temperature of feed material

Spray drying feed materials at high temperature is usually carried out to:

(a) reduce solution viscosity which in turn improves atomisation performance causing a 

smaller droplet size.

(b) prevent crystallisation o f materials which would otherwise cause blockage in the 

atomiser nozzle.

Table 1.1. The effect o f feed temperature on the heat required to evaporate 1kg water, 

(evaporation and product heating only). Adapted from Masters 1990.

Feed Temperature °C Heat required (kcal /kg HgO evaporated)

15 645
30 627
50 602
70 578
85 560

Increases in feed temperature can reduce the heat required to evaporate a unit weight of 

the dried product (Table 1.1). Therefore, the initial warm up period is slightly reduced, 

resulting in a small decrease in the moisture content o f the product.
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1.3 Advantages of spray drying.

There are numerous advantages o f using the spray drying process :

(i) the process is applicable for both heat sensitive and heat resistant materials.

(ii) Product specifications are readily met through a selection o f the appropriate spray 

dryer design and operation

(iii) the resultant product is tree flowing, with almost spherical particles, which is 

especially convenient for tablet manufacture.

(iv) spray drying can produce amorphous material which has a higher apparent solubility 

and often better tableting properties than the unprocessed material.

(v) If a suitable atomiser is selected, the product will have uniform particle size, which is 

valuable in the production o f pharmaceutical solid dosage forms.

The spray drying process however, has some disadvantages. The process has very high 

installation costs especially at industrial level. Furthermore, the process has a generally low 

thermal efficiency, since the air must still be hot enough when it leaves the drier to avoid 

condensation o f the moisture. In order to improve thermal efficiency extremely high 

temperatures are necessary. This is impossible for a majority o f pharmaceuticals since heat 

degradation would result. Ultimately, the process is so versatile, the advantages far 

outweigh the drawbacks.

1.4 Pharmaceutical applications of spray drying

Spray drying is not a new technology as far as the pharmaceutical industry is concerned, 

having been used successfully in the early 1940s. By optimising the process parameters, 

powders o f predetermined properties such as particle size and shape can be produced. 

Furthermore, a number o f formulation processes can be accomplished in a single step in 

a spray drier; these include encapsulation and complex formation. Spray drying is also an 

ideal way for processing heat sensitive materials, such as proteinaceous drugs, with 

minimal loss o f activity.

1.4.1 Production of pharmaceutical excipients

The most commonly encountered spray dried pharmaceutical is spray dried lactose. It is 

prepared by spray drying aqueous lactose solutions or suspensions. The main advantage of
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spray dried lactose compared to conventionally prepared lactose is that it has better 

compression properties, making it a preferred excipient for direct compression 

formulations. Fell and Newton, (1971) investigated the particle properties o f spray dried 

lactose that was produced from solutions o f lactose at different conditions (feed 

concentration, feed rate and temperature). Fell and Newton, (1971) observed that the feed 

rate affected the specific surface area o f the spray dried products. The specific surface area, 

was found to increase with increase in feed rate. Fell and Newton, (1971) concluded that 

the short residence time o f the material within the chamber associated with the high air 

velocities appeared to be the factor that controlled the physical properties o f spray dried 

lactose.

When dicalcium sulphate was spray dried from a suspension o f lactose, the spray dried 

product consisted o f dicalcium sulphate crystals which appeared to be coated by 

amorphous lactose particles. The tablets produced from this product had a significantly 

increased crushing strength compared to that o f a product o f physical mixtures o f the two 

excipients. This evidence also appeared to substantiate the notion that amorphous lactose 

can act as a binder for the crystalline material.

Gunsel and Lachman (1963) evaluated and compared the properties o f traditionally 

prepared lactose and spray dried lactose. The spray-dried lactose was found to have 

superior physical properties such as reduced friability. However, spray dried lactose was 

found to be more susceptible to discolouration on aging than ciystalline lactose. The cause 

of this phenomenon was probably due to a chemical reaction which was enhanced due to 

amorphous content.

1.4.2 Production of microcapsules

A microcapsule can be either an individually coated solid particle or a matrix o f wall 

material containing many small fine particles. Matrix microcapsules can be prepared by 

spray drying or spray congealing. Luzzi et al (1970) used spray drying in order to produce 

free flowing powder from a slurry consisting of nylon microcapsules. The purpose o f spray 

drying in this case was to separate the microcapsules from the vehicle. The diameter of the
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particles produced was approximately 10pm. By comparison, vacuum dried microcapsules 

had a larger particle size and the powder was not free flowing.

Microencapsulation by spray drying can be used to stabilise volatile compounds. Many 

binders were studied to evaluate the agglomeration o f volatile pharmaceuticals 

(Kawashima et al, 1972 ). The binders studied were gelatin, gum arabic, polyvinyl 

pyrrolidone (PVP), carboxymethylcellulose (CMC), methycellulose and tragacanth. 

Formulations containing binders, salicylic acid (which sublimes at 75°C) and sodium 

salicylate were spray dried at an inlet temperature o f 150 °C. Salicylic acid was only 

retained in the gum arabic and PVP products. It was concluded that these binders must 

have encapsulated the drug. As the concentration o f gum arabic in the slurry increased, the 

amount o f salicylic acid retained increased.

1.4.3 Spray granulation

Wet granulation formulations which cannot be directly compressed can be spray dried to 

improve their tabletting properties. Spray drying was used to agglomerate aluminium 

silicate and magnesium carbonate with several binders in order to enhance tableting 

properties (Takenaka et al, 1971). The granules produced were much larger than the 

original materials and had much improved flow properties. Tablets were easily made from 

the granules which contained binder whereas the original powders were not readily 

compressible into tablets. The presence o f high concentrations o f binders in the 

formulations enhanced flow properties and the resultant products had the highest apparent 

density and hardness.

Sugimori et al (1990) compared spray granulation to high speed mixing, fluidised bed 

granulation in the production o f acetominophen and ascorbic acid granules. Spray drying 

was found to produce the smallest granules in both cases. The authors demonstrated that 

spray drying could be a useful method for the mass production o f granules, since it makes 

continuous granulation possible.

Rue et al (1980) also studied the structure and properties o f tablets o f acetominophen 

granules produced by spray drying roller compaction and wet massing, in the presence of 

a binder (gelatin). It was observed that the binder formed a shell around the surface o f the 

spray dried spherical particles. The wet massed granules produced by other techniques
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contained the binder distributed through out the agglomerates, whereas in the roller 

compact granules the binder was present as discrete particles embedded in the 

agglomerates.

When the granules that were prepared from different techniques were investigated for 

tablet strength, it was observed that the strongest tablets were from the spray-dried 

granules. This phenomenon can be explained by the concentration o f the binder at the 

granule surface, which is ideal for bonding between neighbouring granules. As the 

concentration o f the binder in the spray dried granules was increased from 1 to 3%, tablet 

strength also increased. However, further increases in binder concentration had little effect 

on tablet strength. This was probably due to the fact that once the binder shell around the 

granule was continuous the inter-granular bonding became constant causing tablet strength 

to reach a plateau. The low tablet strength observed at low binder concentration was 

probably due to presence o f incomplete gelatin shells around the granule.

Finally, Raff et al (1961) demonstrated that spray dried granulation can produce granules 

with superior tableting properties than products o f conventional methods . The granules 

were prepared by spray granulating a slurry consisting o f disintegrant, colouring agent, 

filler and binder. The spray granulated granules were found to have the following 

advantages over traditionally prepared granules; improved particle flowability, improved 

colour uniformity, improved stability, improved hardness and lower lubricant requirement.

1.4.4 Spray drying in the production of inclusion complexes

The spray drying process is ideal for the production o f pharmaceutical complexes, since 

during the continuous process solid particles can be formed from droplets. Kawashima et 

al (1983b) produced aminop>Tine complexes by spray diying feed material consisting of 

various excipients. In this study, complexation and drying was achieved in a single step. 

Small, spherical particles were produced. The drug content in the final product varied with 

the excipient used, the drying temperature as well as speed o f the atomiser. Decreasing the 

diying temperature and increasing the speed o f atomiser led to an increase in drug content. 

High drying temperatures are undesirable because oxidation o f the aminopyrine can occur.
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In other studies inclusion complexes of drugs such as paracetamol with P-cyclodextrin 

were produced by spray drying (Lin and Kao, 1989). The authors observed that the p- 

cyclodextrin existed in the amorphous state. The particle size o f the spray dried material 

was found to be smaller than the starting material and were also found to have spherical 

morphology. The dissolution rates o f tablets formulated from the spray dried complexes 

were found to have greater dissolution rates than that o f physical mixes o f the starting 

materials. The increase in solubility was attributed to the loss o f crystallinity, a decrease 

in particle size which increased the surface area of the particles on dissolution as well as 

complex formation.

Bootsma et al (1989) investigated the production o f P-cyclodextrin complexes by spray 

drying as a potential method for increasing the bioavailability o f the poorly soluble, 

hydrophobic drug, diazepam. Differential scanning calorimetric studies showed that at 

levels o f 5% drug or less, the product consisted of a complex and p-cylodextrin. However 

at higher drug loading, pure diazepam was also present. As a control experiment 

diazepam was also spray dried with lactose, which it cannot complex with. The authors 

found that at low drug loading complex formation played a small role in dissolution rate 

increase since spray drying with lactose was equally effective. However at higher drug 

levels, p-cyclodextrin formulations had a considerably higher intrinsic dissolution rate that 

the lactose formulations. This was attributed to complexation which increased the 

dissolution rate o f diazepam by increasing the solubility o f drug in the boundary layers.

1.4.5 Spray drying in the modification of bio-pharmaceutical properties

Spray drying has been used mainly to improve the dissolution o f poorly soluble drugs. 

This usually occurs as a result o f physical changes from the crystalline form to an 

amorphous form during spray drying. Other factors which contribute to improved 

dissolution rate are reduced particle size due to a milling effect o f the atomiser. Spray 

drying can also lead to physical mixtures such as solid dispersions between an insoluble 

drug and highly soluble excipients. Takeuchi et al (1987b) prepared solid dispersions of 

tolbutamine with enteric coating pol}aners and colloidal silica. In both instances a drug 

with reduced particle size and spherical morphology resulted, with improved dissolution 

compared to the original drug. The presence of polymer in the solid dispersion increased 

solubility probably due to improved wettability of the particles, rather than a change in the
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drug’s ciystallinity. In the case of solid dispersions containing colloidal silica, the increase 

in dissolution rate was attributed to both reduced crystallinity and increased wettability.

The solubility o f non steroidal anti-inflammatory drugs was reported to be significantly 

improved by alterations in the predominant polymorphic form (Corrigan et al, 1985). 

Indomethacin was spray dried as an ethanolic solution in the presence or absence of  

pol}winyl pyrrolidone (PVP). In the absence o f PVP an amorphous phase formed on the 

walls o f the cyclone which crystallised within a week. However, in the presence of PVP 

the amorphous phase was formed and transition to the crystalline state was substantially 

retarded. The physically stable amorphous phase was considered most suitable due to its 

greater solubility.

The temperature at which materials are spray dried can influence the predominant 

crystalline form o f the drug (Kawashima et al, 1983). Pyrabarbital complexes were found 

to have a greater degree o f crystalline disorder when spray dried at high inlet temperature 

(145°C as opposed to 85°C). This was attributed to the rapid drying rates at high inlet 

temperatures which allowed little opportunity for materials to crystallise during the spray 

drying process.

1.4.6 Spray drying in the production of pharmaceutical proteins

Several heat sensitive pharmaceutical proteins are currently spray dried. These include 

antibiotics, vaccines and macro-molecular drugs. Spray drying o f enzymes is interesting 

from a pharmaceutical stand point. Enzymes are frequently used as model protein drugs 

(e.g in lyophilisation studies) due to the ease with which its activity can be determined 

Enzymes such as P-galactosidase, amylase and renin are spray dried in large or small 

quantities for use mainly in the food and chemical industry.

It has been reported (Masters, 1985) that the activity loss in extremely heat sensitive 

enzymes can be prevented by drying a mixture o f enzyme with salts containing water of 

crystallisation such as sodium sulphate. Low outlet temperatures are required which result 

in a high moisture content product. Haemoglobin has been successfully spray dried at 

laboratory scale using 0.5M sucrose as a protector (Labrude et al, 1989). Without the
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protector 50% of the haemoglobin was oxidised even though the inlet and outlet 

temperature were only 60 °C and 30°C. In the presence o f sucrose the inlet and outlet 

temperature could be increased to 100 °C and 70°C respectively , with 97% of the 

haemoglobin remaining in the reduced state. The higher drying temperatures increased the 

product yield and improved its storage stability.

1.4.7 Spray drying to produce particles for dry powder aerosol formulation

The potential for spray drying in the production o f particles for dry powder aerosol 

formulations has not been fully explored. Spray drying seems to be an ideal process for 

producing particles for dry powder aerosol formulations because the nature o f the process 

is such that powders with predetermined properties can be produced.

Vidgren et al (1988b) compared the deposition behaviour o f various spray dried and 

commercially available sodium cromoglycates, from two dry powder devices using a 

cascade impaction model. Significantly more o f the spray-dried lactose was retained in 

both devices than the commercially micronised material. It was proposed that this was due 

to the more cohesive nature o f the spray dried material since the particles were small and 

had more activated surfaces. This showed that spray drying would seem a better method 

for particle size reduction than mechanical micronisation.

However, one problem with the spray-dried material was found to be the high 

hygroscopicity which it exhibits. When stored at 60%RH, the materials were stable but 

crystallised after storage at 80%RH. This had extremely deleterious effects on the in vitro 

inhalation properties o f  the spray-dried drug. Exposure at 80%RH caused aggregation 

which reduced the percentage o f the particles that were within the optimum size range for 

deposition in the bronchioles and alveoli. In contrast the micronised particles were not 

affected by storage at high relative humidity. The above data may place limitations on the 

use o f spray dried sodium cromoglycate in aerosol formulations. Despite a few drawbacks, 

it is clear that spray diying has enormous potential in the production o f particles for 

inhalation formulations as long as strategies to stabilise the amorphous form of the spray- 

dried particles are developed.
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To conclude, the production o f powders with pre-determined properties can be achieved 

by optimising the process and formulation variables.

As mentioned earlier, it has been long acknowledged that spray drying can cause 

alterations in the properties o f powders for better ( improved dissolution) or in some cases 

for worse (aggregation o f spray dried particles for dry powder inhalation formulation). 

Therefore, it is pharmaceutically important to investigate fully the impact o f the process 

on the properties o f powders, particularly with respect to changes in crystallinity, 

polymorphic form and stability on storage.

1.5 Other pharmaceutical processes that cause disorder in materials

There are several ways in which amorphous character is induced in a solid.

♦ milling

♦ supercooling o f melt

♦ Mixing

1.5.1 Milling

Processes such as comminution has been shown to cause disorder in solids (Elamin et al,

1995). Structural changes can occur throughout the bulk or can be localized to the particle 

surface (‘"frictional hot spots”). Due to altered surface properties, the particles may 

crystallise and agglomerate (Elamin et al ,1994). Such surface properties are undesirable 

in dry powder inhalation formulations. Pressure induced disorder in powders occurs 

readily in the presence o f applied shear forces. Comminution often results in the increase 

in surface area o f the particles. Increases in surface area are responsible for increased 

dissolution rate in milled particles. During milling the applied forces causes particle 

deformation due to particle-particle and particle-equipment impacts (Sebhatu, 1997).

Otsuka and Kanewiwa (1990) investigated the effect o f a milling process on the 

crystallinity o f cephalothic sodium. The workers found that the crystallinity o f the milled 

material decreases by 30% after 2 hours o f milling and 50% after longer hours o f milling.
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It was also noted that longer milling times had no further impact on the percentage disorder 

o f the material. Other workers, e.g. Saleki-Gehardt et al (1994) demonstrated that the 

percentage disorder caused by a milling process was a function o f milling time.

Buckton et al (1988) investigated the effect o f different milling processes on the surface 

nature o f aspirin. The powders were exposed to water and were found to interact 

differently depending on the milling process. Furthermore, it was demonstrated that the 

effect o f sequential milling was significant which indicated that the past processing history 

o f the powder can affect surface energy and hence product behaviour. Furthermore, it was 

proposed that the prevalence of variability in the properties o f the powder was probably 

related to the intensity o f the milling processes. For example, materials which had been 

micronised were likely to be more susceptible to variability than those with larger particles 

sizes. The reason for this was thought to be due to the fact that the smaller particles have 

higher surface to bulk ratio than the larger particles and also because the milling process 

can cause greater disruption to that surface.

Related studies investigated ball milled and micronised samples and concluded that the 

higher energy microniser imparted greater amorphism on materials than the lower energy 

ball mill (Ahmed et al, 1996).

1.5.2 Supercooling of melt

Quenching o f a melt has been shown to prevent crystallisation during solidification of  

materials (Yoshioka et al, 1994). The disordered state is formed because the rapid cooling 

by liquid nitrogen is fast enough so that crystallisation has no opportunity to occur. In the 

molten state the molecular mobility is high and the random arrangement o f atoms is 

retained after quenching.

1.5.3 Mixing

Konno (1990) reported a loss of crystallinity by mixing o f a crystalline drug with an 

adsorbent. It was observed that process variables also affected the degree o f crystallinity 

o f the product. For example increases in rotation speed o f the mixer or operating pressure 

were thought to increase the degree o f disorder in the product.
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1.5.4 Crystalline state

The ciystalline state o f a drug is a 3-dimensional arrangement o f molecules in a lattice. 

Crystalline materials can exist as polymorphs or pseudopolymorphs. A polymorph is 

basically, a solid material that has two or more molecular arrangements, which give 

distinct crystal forms. These differences do not exist in the liquid or gaseous state. 

Polymorphic forms o f materials have different thermodynamic properties such as melting 

behaviour and dissolution rate. It is important to be aware that during storage and handling 

of a product, polymorphic conversion can occur which can alter the physico-chemical 

properties o f the product.

Pseudo-polymorphism occurs when crystalline materials retain solvents used in the 

crystallisation process. The hydrate and the solvates can be distinguished from the true 

polymorphs by observing the melting behaviour using hot stage microscopy, as pseudo- 

polymorphs evolve gas, which causes the oil to bubble. The temperature at which solvents 

volatilises is close to boiling point o f the solvent and can be used as a means of 

identification.

1.6 Description of the disordered state

The concept o f amorphism can best be understood by considering the freezing o f a liquid 

structure. Supercooling a molten material creates a system that is metastable and possesses 

higher free energy than the corresponding crystalline solid. The concept o f the amorphous 

state is best represented diagrammatically. Figure 1.4 shows a schematic representation of 

variation o f enthalpy (H) and volume (V) o f a solid as function o f temperature.

It is shown that rapid cooling may result in a disordered state with structural characteristics 

o f a liquid but with much higher viscosity. For a crystalline substance at very low 

temperature there is a small increase in enthalpy and volume with respect to temperature, 

indicative o f a certain heat capacity and thermal expansion. At the melting temperature 

(Tm), there is discontinuity between both H and V, which represents a phase transition to 

the liquid state. When a melt is cooled rapidly, H and V follows the equilibrium line into 

the supercooled liquid region.
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Figure 1.4; A depiction of the variation in enthalpy or volume with temperature (Adapted 

from Hancock and Zografi, 1997).

The “supercooled state” can also be described as the “rubbery state” because of the 

macroscopic properties of the amorphous solids in this region. The supercooled liquid can 

be characterised by considering the rate and extent of molecular motions in this region 

(Hancock and Zografi, 1997). The average time scale for molecular motions within a 

supercooled liquid is usually less than 100 s and the viscosity is typically in the range of 

10'̂  and 10̂  ̂Pa s and both properties are strongly temperature dependent.

On further cooling a characteristic temperature known as the glass transition temperature 

(Tg) is reached. Tg is a non-equilibrium state and has higher values of H (enthalpy) and V 

(volume) than the supercooled liquid. Below Tg, the material is “kinetically frozen” into 

a thermodynamically unstable glassy state. The molecular motions in the glassy region 

occur typically over a period in excess of 100s and the viscosity is greater than 10*̂  Pa s. 

The critical temperature at which the configurational entropy of a system is zero is called 

the Kauzmann temperature (T )̂.
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Angell et al, 1991 classified amorphous materials as “strong glass formers” or “fragile 

glass formers” based on number o f physical properties. Strong glass formers typically 

exhibit relatively small changes in heat capacity at Tg and have melting point to Tg ratios 

of > 1,5 . Conversely, fi'agile glass formers exhibited relatively large heat capacity 

changes at their Tg and showed T /̂Tg ratios of <1.5 .

1.6.1 Estimations of Tg in amorphous materials

Studies of the molecular motions within glasses show that there are many motions within 

most systems (rotational and translational) that change in scale and type with temperature. 

Other factors such as sample mass and sample history are thought to affect the value of 

Tg of amorphous materials. Furthermore, it is also believed that the Tg of the materials is 

affected by the choice o f technique used to measure it. This is due to the fact that different 

techniques have different levels o f sensitivities to the various types and speeds of 

molecular motions. Thus, less sensitive techniques are not able to determine accurately the 

Tg of strong glass formers, since the heat capacity change at Tg is very small.

Models exist that attempt to describe the temperature dependence of Tg. The William- 

Landel-Ferry equation describes the temperature dependence o f viscosity o f polymers 

above Tg (Williams et al, 1955).

Ti= tigexp {C, (T-Tg)/(Q + ( T - Tg))} (1)

Where r\ represents the viscosity o f the polymer and r|g is the mean viscosity o f the 

polymer at Tg and and Cg are constants

The WLF equation is useful in predicting relaxation and mobility in amorphous solids. 

However, it is important to be aware that the predictions o f the WLF equation cannot be 

assumed to be always correct. For example, it is not applicable much below Tg or for very 

mobile states ( t] <10 Pa s) more than about 100°C above Tg, where Arrhenius-type kinetics 

apply (Levine and Slade, 1987).

Hancock et al, 1995 have shown that enthalpic relaxation studies can have practical use 

in the prediction of pharmaceutical product stability. For example, by using enthalpy 

relaxation data and fitting in the Vogel-Tamman-Fulcher (VTF) equation, a value o f T̂
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was obtained which can be used to establish the temperature at which most meaningful 

molecular motions in pharmaceutical systems are insignificant.

T =T o exp (DT/r-TJ (2)

Where x is the mean molecular relaxation time, T is the temperature, and Tq, D, and are

constants. is believed to correspond to the Kauzmann temperature (T^).

It has been demonstrated that the fragility o f a supercooled glass was a function of solute 

concentration (Angell et al, 1994). The authors postulated that some supercooled solutions 

(e.g. sugars) become stronger atlnore diluted concentrations. This type o f behaviour was 

thought to be due to hydrogen bonding in the aqueous systems. The fragility o f such mixed 

systems was probably due to ideal mixing in the systems.

A perfectly miscible system was believed to demonstrate a glass transition event using 

simple mixing rules such as the Gordon-Taylor equation (Gordon and Taylor, 1952).

Tgnux =  ( ^ i T g i  +  K w ^ T g z  )  / ( w , +  KW2) ( 3 )

Tg is the glass transition temperature, Wj and Wjare the weight fractions o f components 1 

and 2. K is a constant and can be obtained by densities and glass transition temperature of 

the components.

K=(Tg,pJ/(T&P2) (4)

Using simple mixing rules it was concluded that small amounts o f additives had a 

plasticising effect on glasses. This was probably due the fact that small amount o f additives 

when added to a marcomolecular amorphous system make a near ideal contribution to the 

free volume o f the o f the mixture, and the effect will be more or less as predicted by the 

mixing equation. However when, large molecules are added to a small molecule 

amorphous system, there is an increase in the overall free volume of the system. Therefore, 

Tg is not reduced as predicted by the equation.
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1.7 Desirable properties of the amorphous state

During the production o f drugs in the solid state, solids are subjected to a variety o f  

processes such as comminution, drying, mixing and compaction. The formation of 

disordered regions in a solid creates areas that are o f higher energy state than that o f a 

crystal. Processing induced disorder and crystal defects appear to have far reaching 

formulation and performance consequences. Mullins and Macek (1960) investigated the 

bioavailability o f amorphous antibiotic drug novobiocin compared to the crystalline drug. 

The amorphous form o f the drug was readily absorbed after oral administration o f an 

aqueous suspension to humans and dogs. However, the crystalline drug did not appear to 

be absorbed to any extent. The above study demonstrated that the amorphous form o f the 

drug has better bio-pharmaceutical properties than the crystalline drug.

Burt and Mitchell (1981) also investigated the relationship between crystal defects and 

dissolution and stated that dislocations were thermodynamically unstable, having localised 

energy, which results in an increase in activation energy for dissolution at the point where 

they emerge on the ciy ŝtal face. Burt and Mitchell (1981) postulated that the crystal with 

a higher dislocation density should have a higher thermodynamic reactivity and may result 

in greater overall, dissolution. A good correlation was demonstrated between dissolution 

rate and the content o f dislocations.

In other studies, increased surface energy and the formation o f amorphous states on milling 

were reported to be the cause for increased dissolution rates ( Mosharraf and Nystrom,

1996). Moreover, Florence and Salole (1976) also demonstrated that milled samples of 

digoxin had dissolution rates that were significantly higher than the unmilled samples. The 

authors concluded that the results were influenced by parameters such as particle size, 

agglomeration and polymorphism.

Mosharraf et al (1996) studied the importance o f the disordered structure in determining 

the solubility and dissolution rate o f a number o f hydrophilic drugs o f low solubility. 

Overcoming intermolecular forces was thought to be the main dissolution barrier. The 

solubility" o f the drugs was reported to increase significantly as a function o f amorphous 

content.
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In addition to the properties described above, ciystalline disorder can enhance tableting 

properties. For example, some spray-dried lactose is deliberately rendered amorphous to 

improve compression properties. This may be due to the fact that amorphous materials 

exhibit visco-elasticity upon mechanical stress. Whereas, crystalline materials exhibit 

typically elasticity and brittleness upon exposure to an external stress. Viscoelastic 

behaviour provides the amorphous materials with the ability to flow under conditions of 

mechanical stress, which has been reported to be important in creating tablet bonds after 

compression (Sebhatu et al, 1994b) and preventing mechanical stress through fracture of 

the polymeric film coats on the tablets.

Another advantageous property of disordered material has been reported for partially 

amorphous systems (Vromans et al, 1986, Sebhatu et al 1994a). The increased tablet 

strength during storage was reported for systems containing partially amorphous lactose 

at low/medium relative humidity. The enhanced strength o f tablets after exposure to 

relative humidity was attributed to crystallisation of the disordered surfaces o f the mainly 

crystalline material, whereby solid bridges were formed. Furthermore, increased tablet 

fracture resistance with increase in moisture content o f the particles was also observed in 

this study.

1.7.1 Undesirable properties of the amorphous state

Undesirable properties of the amorphous state such as greater chemical instability has 

been widely reported ( Pikal et al, 1978). There is a general tendency of amorphous 

materials to revert to the more thermodynamically crystalline on storage at high 

temperatures and relative humidities as discussed in earlier section o f this thesis. Thus, 

several examples o f the consequences o f such amorphous solid-state transitions have been 

already discussed. To reiterate, they include aggregation o f particles in dry powder 

inhalers, post -compression hardening in tablets and lyophilised cake collapse. 

Furthermore, collapsed state related phenomena such as cohesiveness and stickiness are 

also undesirable characteristics o f the amorphous state.
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Walterson and Lundgren, 1985 reported increasing rate in material degradation with 

increasing milling time at moderately elevated temperature and relative humidity.

1.7.2 Crystallisation phenomena in amorphous systems

Amorphous materials are known to crystallise under certain conditions o f RH and 

temperature that allow glass to rubber transition. The two amorphous states (glass and 

rubber) have significant differences in free volume and molecular mobility. Molecular 

motions are much higher in the rubbery state, probably due to the fact that water can break 

the intermolecular hydrogen bonds in the solid to form more labile water-solid hydrogen 

bonds. In the rubbery state disordered surfaces are thought to swell and become sticky 

which cause them to fuse with neighbouring amorphous surfaces. It is the fused surfaces 

that are believed to crystallise and form solid bridges (Elamin et al, 1994). The authors 

demonstrated that low RH caused long ciystallisation lag times. This delay in 

crystallisation rates was presumably related to high viscosity (low molecular mobility) 

caused by sorption o f small amounts o f water.

Crystallisation o f amorphous material on storage can have detrimental consequences to the 

performance o f a solid dosage form that may comprise a material in the amorphous state. 

For, example, crystallisation has been attributed to post-compression hardening o f tablets 

(Elamin et al, 1994). Therefore, it appears important to be able to anticipate the conditions 

that cause crystallisation and to be able to inhibit it if  so desired.

1.7.3 Mechanism of crystallisation

Crystallisation from the amorphous state is governed by the same factors that determine 

crystallisation from the melt. The important factors that affect crystallisation can be 

considered by observing the general equation for homogeneous nucléation from the melt 

(Turnbull and Fischer, 1949) .

The rate o f nucléation 1 is expressed as

I = A ex p -(A G , +A G *)/A :T  (6)
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Where AĜ  = the activation energy for transport across the nucleus-amorphous matrix 

interface, AG* = the free energy change on nucléation.

A is a constant, k is the Boltzmann constant, and T is the temperature, and where it can 

be shown that

AG* = 16itAg"/3AG," (7)

Where AG^= the difference in free energy per unit volume o f between then crystalline state 

and the amorphous forms, Ĝ  - G ,̂ and Ag = the interfacial free energy per unit area at the 

nucleus amorphous matrix interface. Further it can be shown that

AG, = (G, -AGO -  -(AH,)(ATJ (8)

where AHf = heat o f fusion, AT, =(1 - T /f^ ) = degree o f supercooling, T„ = melting 

temperature, and = the crystallisation temperature.

For the above equations it can be observed that for any amorphous system the temperature 

at which optimal nucléation should occur will depend on the degree o f supercooling below 

Tg, and where the temperature lies relative to Tg. The closer to Tg the greater the degree of 

supercooling and the lower the molecular mobility.

Jolley, 1970 proposed a mechanism for crystallisation o f amorphous sugars and partially 

crystalline polymers in terms o f propagation and nucléation (Figure 1.5). The 

crystallisation process was thought to be temperature dependent between Tg and T„,. In 

order for ciystallisation to occur, the amorphous material must be in the rubbery state. The 

rubbery state is known to have low viscosity that enables molecular motions that are 

necessary for the crystallisation process.

The rate o f crystallisation was thought to be essentially minimal below Tg. This is logical 

because the nucléation process requires appreciable molecular mobility and such mobility 

is not prevalent in solid glasses. Conversely, the propagation o f nuclei was thought to be
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zero at T .̂ Above crystals are not expected to nucleate since they melt 

instantaneously.

PropagationN u c l c a t i o n

-  C r y s t a l h r a t m n

1 e m p c r a t u r e

Figure 1.5: A schematic representation of the parameters that control crystallisation from 

the melt.

Figure 1.4 shows that nucléation increases as the temperature decreases between and 

Tg down to T=Tg, whereas propagation increases as the temperature is increased between 

Tg and T up to T=T„. The overall rate of crystallisation was thought to optimal midway 

between Tg and T .̂

1.7.4 Partially amorphous systems

Pharmaceutical solids can exist as partially crystalline or amorphous phases. Therefore it 

is necessary to consider how such systems are likely to behave. The presence of two forms 

with different thermodynamic stabilit}' can cause batch to batch variations in physical 

properties. In a mixed system, the crystalline state can act as “seeds” for nucléation 

(Saleki-Gerhadt et al 1994).

Partially amorphous systems have been described as a one-state model or a two-state 

model. In the two-state model, the materials are completely amorphous or completely 

crystalline. The one-state model consists of partially crystalline materials and the 

molecules are in a partially ordered structure as a result o f restricted motion during
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crystallisation or disruption o f the crystalline lattice during processing (Hancock and 

Zografi et al, 1997). The one state model appears to be more likely than the two state 

model but raises many queries that can not be resolved by studying mixtures o f 100% 

crystalline and 100% amorphous material.

The study o f partially crystalline systems is fraught with difficulties. Firstly, the preparation 

of 100% amorphous material as a reference standard is time consuming and “challenging” 

(Hancock, 1998). Secondly, there can be differences in particle size and morphology 

between the crystalline and the amorphous material, which makes blending difficult.

Furthermore, it is quite difficult to confirm the homogeneity o f resultant amorphous system 

blend ( Phillips, 1997). Finally, it is questionable whether the physical blends o f these 

standards are truly representative o f the material under study.

1.8 Interactions of water with pharmaceutical solids

The association o f residual moisture with drugs in the solid state can have significant 

effects on a variety o f physical and chemical properties such as dissolution rate, chemical 

degradation and compactibility. Such residual moisture exists because o f prolonged 

exposure to an environment containing water vapour, or as a result o f processing that 

involves the use o f water e.g. spray drying or wet granulation. In order to develop strategies 

that can be used to deal with moisture induced chemical changes or more importantly to 

anticipate them, requires a clear understanding o f the molecular events underlying such 

solid state phenomena. The following discussions will address the consequences o f water 

interacting with crystalline solids, partially amorphous solids or predominantly amorphous 

solids.

1.8.1 Interactions of water with crystalline solids

For convenience, it is thought that water interacts with crystalline solids in three important 

ways: adsorption to the solid-air interface; crystal hydrate formation and deliquescence. 

Cartensen, et al (1980) demonstrated that at high relative humidity capillary condensation 

could occur in microvoid containing crystalline solids leading to occluded water.
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Deliquescent is the process whereby a crystalline solid adsorbs a lot o f moisture and the 

solid begins to dissolve (Zografi, 1988). This process is common in highly water-soluble 

materials. Water can also interact with crystalline solids by physically adsorbing to the 

solid surface. The first layer is hydrogen bonded to the solid and at most 2-3 additional 

layers can be formed at higher relative humidity. Such adsorption is generally reversible 

by lowering the relative humidity or by a small increase in temperature (Thiel and Madey, 

1987).

Hydrates are formed by molecular interaction between water and the crystalline solids. The 

water molecules often penetrate into the crystal lattice in a well defined molecular 

position with the unit cell and are hydrogen bonded to certain molecules o f the solid with 

a specific stoichiometry (Bym, 1982). The factors that affect the mobility o f water 

molecules within the crystal unit are: the position o f the water molecules; the nature of the 

stoichiometry and the strength o f the intermolecular bonds.

1.8.2 Interactions of water with amorphous solids

Amorphous solids interact v^th moisture by absorption, whereas absorption does not occur 

in crystalline material. The amount o f water that is taken up depends on the amorphous 

mass o f the solid that is exposed to relative humidity. Whereas, adsorption o f water by a 

crystalline material depends on the available surface area (Alhneck and Zografi, 1990).

Water induced glass to rubber transition has been reported extensively (Slade and Levine, 

1987). The mechanism o f this transition was reported as a two component phenomena. 

The first was based on the premise that when water interacts with amorphous material, 

where there was an increase in the free volume o f the rubbery amorphous material. The 

important effect o f increased free volume was the enhancement o f segmental mobility of 

the amorphous solid backbone, which resulted in decreased Tg. Furthermore; it was 

believed that the free volume contribution to the plasticisation phenomena could be 

augmented by intermolecular interactions between water and the amorphous solids. The 

strength of the amorphous solids-water hydrogen bonds increased with hydrophilicity o f 

the material. It was further suggested that water could break the hydrogen bonds in
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amorphous solid and replace them with labile water-solid hydrogen bonds, which led to 

increase in molecular mobility and depression of T

T e m p

Ru b b e r

G l a s s

0% wa t e r100

T m

Figure 1.6: Solute-water diagram which demonstrates the effect of water plasticisation and 

its effect on Tg.(Adapted from Ahlneck and Zografi, 1990).

Alhneck and Zografi, 1990 described schematically glass to rubber transition of amorphous 

solids in the presence of moisture (Figure 1.6). Water is known to have a Tg of -134"C and 

was shown to reduce the glass transition of solid system as its concentration increases. The 

plasticisation effect of water and other low Tg additives has been described using simple 

mixing rules (Hancock and Zografi, 1997). The authors concluded that changes in free 

volume as the Tg is lowered below the experimental temperature had profound effects on 

some properties related to it.

In a related study a sample of polyvinyl pyrrolidone (PVP) was exposed to 80 %RH at 

25®C. This caused the Tg of PVP to fall to 10®C, thus causing a glass to rubber transition. 

At 40°C such a conversion would only require storage at about 65%RH (Oksanen and 

Zografi, 1990). The increased molecular mobility which occurs as the Tg is reduced to 

values near or below operating temperature has been shown to be sufficient to allow solids 

to undergo solid state transitions such as crystallisation of materials that have been 

rendered amorphous through various types of processing.
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1.8.3 Collapsed state phenomena

The collapsed state was described as a loss o f porosity in the pre-collapsed state and the 

subsequent low viscous rubbery material being unable to support its weight under gravity. 

The notion o f decreased porosity in the collapsed state is substantiated by studies which 

demonstrated the shrinkage o f amorphous freeze dried maltose particles due to temperature 

induced plasticisation (To and Flink, 1978).

Generally, collapse phenomena involve translational diffusion controlled processes which 

involves viscous flow in the rubbery state. To and Flink (1978) acknowledged that 

conceptually, the collapse temperature and glass transition temperature were the same. 

The difference between the two phenomena was believed to be that the collapsed state was 

irreversible whereas glass transition was reversible.

Examples o f collapse-related phenomena, which are governed by Tg and involve 

plasticisation by water, are listed below ;

• Cohesiveness, sticking, agglomeration of amorphous powders

• Structural collapse in freeze-dried products (after sublimation stage).

• Loss o f encapsulated volatiles in freeze dried products

• Enzymatic activity in amorphous solids

• Structural collapse, shrinkage, or puffing o f amorphous matrix during freeze-

drying.

1.8.4 Strategies of dealing with collapse related phenomena

As mentioned previously collapse phenomena is common place in pharmaceutical products 

that contain amorphous materials. There is overwhelming evidence to demonstrate that this 

phenomenon has a detrimental effects on the performance o f products. For example, the 

retention o f aroma during drying and storage of dried foods was thought to be related to 

collapse and crystallisation (Roos and Karel, 1991).

Collapse related phenomena could be prevented by storage at temperatures less than Tg. 

Secondly introduction o f high Tg additives such as PVP could stabilize the amorphous 

phase during storage. Thirdly, by increasing the molecular weight o f the solid in the 

product mixture. Furthermore, water induced collapse could be minimised by keeping
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residual moisture content at minimal levels and storage at low relative humidity. The 

critical point to be drawn from the above discussion is that amorphous glass to rubbery 

state transition is the central premise upon which collapse phenomena is based.

1.8.5 Effects of water on partially amorphous material

It is widely accepted that processes such as milling and lyophilisation introduce changes 

in crystallinity in a powder. Such structural changes can be manifested throughout the 

crystal or be localised to the particle surface or “energetic hot spots”. This could lead to 

a scenario where the amorphous material may preferentially absorb moisture during 

storage which could lead to physical transformation i.e. crystallisation. Energetic “hot 

spots” have been shown to act as sites for chemical degradation o f solids (Hasegawa et al, 

1975). This was presumably related to absorption o f moisture in the amorphous phase, 

which increased reactivity, possibly due to increased molecular mobility in the amorphous 

phase.

It has also been shown that solids with small degrees o f disorder resulting from grinding 

and compaction followed by exposure to relative humidity below the deliquescent point 

showed significant changes in specific surface area, due to what appears to be surface 

sintering and recrystallisation (Ahlneck and Alderbom, 1989a). Such sintering effects have 

been shown to cause decreased dissolution rates after storage at elevated temperatures and 

relative humidities (Danjo and Otsuka, 1988).

Konty et al, 1989, investigated water uptake by activated solids and revealed that they sorb 

more water per unit area than the untreated material but less so than predominantly 

amorphous solids. The data obtained from this study substantiate that the amount o f water 

absorbed by partially amorphous or predominantly amorphous solids is a function of  

amorphous content.

Ahlneck and Zografi, 1990 quantified the amount o f water that could be absorbed into the 

amorphous regions o f 0.5 and 5% moisture content and assuming that the moisture is 

concentrated preferentially in the amorphous phase (Table 1.2).The results from the 

quantitative studies showed that 0.1% moisture could lower Tg o f material to a value close
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to room temperature if  concentrated in the amorphous region, while 0.5% total moisture 

can lower the Tg o f sucrose to values much lower than room temperature. That molecular 

mobility is increased below Tg has been discussed in detail previously.

Table 1.2 : Water content and glass transition temperature (Tg) o f the amorphous fraction 

of a partially crystalline sucrose sample containing different amounts o f water

Total

Amount of 

water (%)

Amorphous content 

(%)

Water content o f amorphous 

fraction (g o f HjO/lOOg of solid)

T g(T )

0.0 100 0 74
0.1 5.0 2 47

2.5 4 26
1.0 10 -17

0.5 5.0 10 -17
2.5 20 -52
1.0 50 -91

From the above studies, it can be concluded that moisture can be preferentially absorbed 

in the amorphous part o f a solid and that seemingly low moisture content values can be 

amplified when related to the amorphous content. Thus, the amorphous region can sorb 

water and become plasticised if  the moisture content is sufficient to lower the glass 

transition temperature to or below the storage temperature. If sufficient moisture is present 

to effect the above transition then this can lead to undesirable consequences such as 

crystallisation and collapse phenomena during storage o f the product.

1.8.6 Determination of crystallinity in pharmaceutical powders

It is now widely accepted that the presence o f amorphous material in a formulation may 

significantly influence the way the powder behaves during storage. Several techniques 

exist that can quantify amorphous content in materials. The methods that have been used 

previously have different sensitivities. For example. X-ray diffraction and density 

techniques measure the average degree o f disorder throughout the bulk. Thus, these
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methods have limited capability in detecting small degrees of disorder in materials (Saleki- 

Gehardt et al, 1994; Sebhatu et al, 1994). Therefore, techniques that utilise the higher 

energy associated with the disordered state are preferred.

1.8.7 Bulk techniques

As mentioned earlier bulk methods have a major problem of inability to measure small 

degrees o f disorder. This can lead to situations were materials can be classified as identical 

but behave differently on storage. For, example it is well documented that X-ray 

crystallography can not detect amorphous material in powders if  it is less than 10% of the 

material (Saleki-Gerhardt and Zografi, 1994). Spectroscopic techniques have also been 

used to study amorphous powders. Methods such as NMR, Raman, IR and ESR have been 

use quantify the percentage disorder in materials as well as to determine mean relaxation 

times as a function of time (Oksanen and Zografi, 1993). Although being non-evasive in 

nature, spectroscopic methods yield data which are quite complex.

Recently, solution calorimetry was used to determine the crystallinity o f drugs and 

excipients. The method is believed to have a potential precision o f (± 1%) with fewer 

artifacts than other techniques (Gao and Rytting, 1997). The technique though suffers 

numerous disadvantages; for example enthalpy of solution includes small processes such 

as bond breaking, melting and solvation. These individual processes are difficult to isolate. 

Furthermore, the methods depend on the energy difference between 100% crystalline and 

100% amorphous standards. Batch to batch variations in heats o f solution o f crystalline 

materials from different sources are common. Therefore the process has limited 

applications. Finally, the method is limited by the choice o f solvent. The material being 

measured should have sufficient solubility to ensure rapid dissolution.

Thermo-analytical methods such as DSC were used to determine crystallinity o f 

amorphous lactose (Roos and Karel 1992). The crystallinity (a) was determined using the 

equation below

a = l - m j / A U J ^  (6)
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Where AH /̂ is heat of crystallistion of measured samples and is heat of

crystallisation of a totally amorphous sample. Recently, Philips, 1997 used a pragmatic 

approach to estimate the amorphous content in pharmaceuticals without the use of 

calibration standards. Data obtained from DSC measurements such as ciy^stallisation 

enthalpy were related to melt temperature. Then the percentage amorphous content was 

determined by the ratio of the enthalpy of fusion to the enthalpy of crystallisation of the 

material.

This approach was also fraught with problems. Firstly, pure (100%) crystalline sample 

were required in order to determine enthalpy of fusion. The problems associated with 

obtaining a 100% amorphous standards have been well documented (Hancock, 1998). 

Secondly, DSC measurements have several others processes (e.g. dehydration) prior to or 

in conjunction with the melting enthalpy. This renders the accuracy of heat of fusion 

questionable. Moreover, there are several variables which affect the quality of data 

obtained by DSC measurements, such as heating rate, cooling rate and sample size. A 

further problem of thermal techniques such as DSC is that they are invasive. Given the 

above difficulties it is reasonable to conclude that crystallinity determinations by DSC are 

at best approximations. The detection limit of DSC is similar to that of X-ray diffraction.

1.8.8 Techniques that measure small degrees of disorder in materials

1.8.8.1 Gravimetric studies

The minimum requirement for an analytical approach to quantification of the amorphous 

content is that it is able to differentiate between batches of materials that behave differently 

in products. The vapour sorption technique appears to meet this criteria. The technique 

involves the exposure of samples to moisture, such that the absorbed moisture causes 

transformation to the crystalline state. Thus, water expulsion occurs which gives rise to 

a weight loss isotherm.

Typically the amount of moisture absorbed is proportional to the degree of disorder of the 

material. The amorphous content of sucrose was determined gravimetrically with a 

resolution better than 1% (Saleki-Gerhadt et al, 1994) while that of lactose was determined
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with a resolution o f less than 0.5% (Buckton and Darcy, 1995a). The above studies 

demonstrate that the vapour sorption technique can be used to investigate crystallinity in 

materials with low levels o f disorder.

1.8.8.2 Isothermal microcalorimetry

Calorimetric techniques have been used to study amorphous powders for many years. The 

most sensitive and versatile calorimetric method is isothermal microcalorimetry. The 

technique has been used extensively to investigate crystallinity in amorphous lactose 

(Briggner et al, 1994; Sebhatu et al, 1994a; Sebhatu et al, 1994b,) hydrophobic drug 

(Ahmed et al, 1996) salbutamol sulphate (Buckton et al 1994). The technique has a 

potential for numerous applications (Buckton and Beezer, 1988) . The instrument can 

measure heat loss or gain in a reaction with a resolution of lO'̂ C. This method measures 

heat that is liberated when materials crystallise after exposure to moisture ( or organic 

vapour in the case o f hydrophobic powders). The amount o f heat that accompanies 

crytallisation can be related to the degree o f disorder o f the material. Although the 

technique is chemically non-specific, we are not aware o f any technique that matches its 

sensitivity.

1.9 Background to model excipients used to investigate the properties of spray- 

dried materials:

1.9.1 Lactose

Although the main focus o f our studies remain that o f the amorphous form it is important 

to appraise briefly the properties o f the crystalline forms o f lactose in order to appreciate 

the behaviour o f the subsequent amorphous form.

1.9.2 Appearance

White to off-white or creamy white crystalline particles. Odourless ; sweet tasting. Lactose 

exists in three forms: a-monohydrate, a-anhydrous and p-lactose. Commercial lactose is 

mainly in the a-monohydrate form. Spray dried lactose contains a proportion of 

amorphous material.
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1.9.3 Preparation

Lactose is a disaccharide that exists as either a-lactose or p-lactose, although the a-form 

is the most often used in pharmaceutical applications. Lactose is present in 5% 

concentration in mammalian milk (with the exception o f the California sea lion) (Brittain 

et al, 1991). a-monohydrate can be obtained by crystallisation o f a supersaturated solution 

below 93.5°C where it is the less soluble anomer. Crystallisation o f supersaturated solution 

above 93.5 °C yields anhydrous p-lactose. p-lactose exists only in the anhydrous form due 

to the fact that it is not possible to accommodate water molecules in its compact structure 

(Berlin et al, 1971).

Thermal dehydration o f the a-monohydrate above 130°C mostly in vacuo leads to a 

hygroscopic product called unstable anhydrous a-lactose, whereas a stable anhydrous a- 

lactose is produced by thermal treatment o f hydrate crystals over 110°C or dessication 

using organic liquids such as methanol. Partially amorphous lactose is available 

commercially as spray dried lactose.

1.9.4 Pharmaceutical applications

Spray dried lactose is the most commonly used filler in tablets and capsules and the main 

carrier for dry powder inhalation formulatios. Different lactose forms have been shown to 

possess different tabletting properties. A mixture o f a and p - anhydrous lactose is 

generally used in direct compression formulations (Bolhuis et al, 1985). On the other hand, 

a-monohydrate is used in granulation formulations (Lerk, 1983). Furthermore, the 

amorphous form, which is available commercially as spray dried lactose, is generally used 

in direct compression formulations. The spray-dried material consists o f ciystalline and 

amorphous lactose. The presence o f amorphous lactose is thought to enhance tablet 

strength due to improved binding properties.

1.9.5 Solution and solid state properties of lactose

In aqueous solution lactose molecules mutarotate until equilibrium is reached which 

consists of 40% a- lactose and 60% P-lactose. The anomeric ratio o f lactose in solution is 

believed to be temperature dependent (Dwivedi and Mitchell, 1989). Thus, i f  a lactose 

solution is spray dried, then the final product will consists o f some a-lactose and p-lactose
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in the product. The proportions of a or p-lactose in the spray-dried product is probably 

related to the drying rates. In the presence of moisture p- lactose can mutarotate to the a- 

lactose form, which can subsequently incorporate a water molecule to form a-lactose 

monohydrate (Angberg 1991 and 1995). Thermal properties of lactose have been widely 

investigated (Lerk et al, 1984, Olano et al, 1983, Angberg, 1991a, 1991b, 1995). The 

critical conclusions that were drawn from these investigation were that heating was 

invasive and caused polymorphic conversions during measurements. For example, a- 

lactose was shown to mutarotate to P-lactose on heating. This implied that DSC could not 

be used for quantitative determination of polymorphic content in lactose samples. 

Furthermore, there are quite a range of different melting points for the different lactose 

forms, which perhaps reinforces the view that DSC analysis on lactose can yield complex 

data.

1.9.6 Typical properties of lactose (Handbook of Pharmaceutical Excipients, 1986). 

Density; 1.52g/cm^ (a-monohydrate)

Particle: 1.77g/cm^ (anhydrous)

1.42g/'cm- (spray dried)

Tapped: 1.36g/cm^ (anhydrous)

1.12 g/cm  ̂(spray dried)

1.9.7 Hygroscopicity and moisture content

Lactose monohydrate is only sightly influenced by atmospheric humidity at room 

temperature. Anhydrous lactose becomes a monohydrate at 70%RH. p-lactose is essentially 

non hygroscopic but is hygroscopic at veiy high relative humidities Anhydrous lactose 

normally contains <1% water, of which approximately 0.1 to 0.2% is adsorbed moisture. 

Lactose monohydrate contains approximately 0.1 of adsorbed water and 5% hydrate 

water, a-monohydrate loses 75% of its hydrate water at 103-105°C and 100% at 120°C. 

Dr>4ng at 80®C removes adsorbed water only.
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Table 2.1: Melting point o f lactose (Handbook o f Pharmaceutical Excipients, 1986).

Type o f lactose melting point °C

a-monohydrate 204

a-anhydrous 223

p-anhydrous 252

Table 2.2: Solubility of lactose in water ( Handbook o f Pharmaceutical Excipients, 1986).

Water Cold

a-monohydrate 20g/100ml

p-lactose 45g/100ml

1.10 Polyethylene glycol 4000

Polyethylene glycols are water-soluble synthetic polymers based on oxyethelyne which has 

the general structure H-[-0-CH2-CH2-] n .Where n is the number o f repeat units. PEG 4000 

is a semi-crystalline solid that has three polymorphic forms. The most stable crystal o f PEG 

4000 is the extended chain form. Once folded or twice folded are the metastable forms 

(Kovacs et al 1975).

1.10.1 Structure

Chains o f PEG 4000 are arranged in helices consisting o f 7 monomers o f repeat units. This 

structure was confirmed by using scanning tunnelling microscopy (Yang et al., 1990). The 

helical confirmation was believed to be destroyed on melting resulting in a liquid 

containing radium coils. PEG may also exist as high or low density aggregates in aqueous 

solution. Crystalline regions consist o f helices that are arranged in parallel as lamellae 

from which the hydroxyl groups are rejected from the surface. The lamellae are arranged 

in turn as spherulites (spherical structures). PEG 4000 may be extended or folded within 

the lamellae. The folded polymorphs are metastable with respect the straight chain form. 

The metastable forms have been shown to unfold to form the extended chain form over a 

period o f time (Chatham, 1985). Thus such polymorphic transitions can have serious
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implications on the performance o f products unless the properties o f the polymorphic 

forms are fully understood.

1.10.2 Properties of PEG 4000

PEG 4000 is a semi-solid that may contain a significant amount o f amorphous material, 

depending on the method o f preparation (Craig and Newton, 1991). The use o f drug 

dispersions in PEG as a means o f enhancing dissolution rates o f poorly soluble drugs has 

been well documented (Chiou and Riegelman, 1971). Inspite o f the numbers of studies on 

solid dispersions o f drugs and PEGs, few commercial products are on the market that use 

this method. The main reason appears to be the fact that solid dispersions o f drugs and 

PEGs have been shown to change dissolution behaviour on storage (Chatham, 1985). 

Furthermore, there are as yet few effective procedures for stabilising PEG-drug solid 

dispersion systems. Several workers have discussed the mechanism by which the 

dissolution rate o f drugs is increased by the presence o f PEG. Several proposed 

mechanisms have been suggested which include decreased particle size, increased 

solubility via complex formation or by enhanced wetting (Chiou and Riedelman, 1971).

Numerous studies have shown that the dissolution rate o f PEG and the drug that was 

dispersed in it was affected by the thermal history o f the materials (McGinity et al, 1984). 

In another related study the mechanical properties o f moulded PEG were studied. The data 

from the investigation demonstrated that the tablets had different tensile strength which 

varied with the thermal conditioning used in their preparation (Beyene, 1981). The above 

studies demonstrated why the relationship between thermal history and the resulting solid 

dispersion needs to be clearly understood in order to predict the properties o f the product.

Thermal properties o f different folded forms o f PEG were investigated by Differential 

Scanning Calorimetry (Buckley and Kovacs, 1976). The author studied the impact o f DSC 

parameters on the stability o f the folded crystals o f PEG 4000. The folded crystals were 

found to chain unfold during heating where the scanning rate was believed to be critical 

to the chain unfolding process (melt crystallisation). Faster scanning rates were found to 

cause little chain unfolding, presumably due to insufficient time for melt crystallisation to 

occur. The melting points o f the polymers were shown to increase with the heating rates.
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which was not surprising given that at rapid scanning rates, the rate o f heat penetration is 

slower than the scanning rate. The twice-folded crystal o f PEG 4000 were too unstable to 

be detected at scanning rates s  ̂ 32°C min^ (Buckley and Kovacs, 1976). Melt 

ciy^stallisation in the once folded chain was confirmed in a study in which an exotherm was 

observed between two melt endotherms o f PEG 4000 (Kambe, 1980).

The fact that the once folded form of PEG is more stable than the twice-folded crystal was 

explained in terms o f the kinetics of nucléation and chain length. The mechanisms of chain 

folding was believed to be dependent on the kinetics o f the nucléation process, where 

shorter chains were thought to require a greater degree o f undercooling than the longer 

chain molecules. For example PEG 4000 has 2 folded crystalline form whereas PEG 10000 

has 4 folded crystalline forms in addition to the extended chain. The PEG 4000 chain is 

presumably too short to form a stable twice folded crystal.

The polymorphic conversions o f the folded crystals o f PEG 4000 can alter the dissolution 

performance o f solid dispersions. For example Chatham, 1985, demonstrated changes in 

the dissolution rates o f solid dispersion o f a model drug (trimethoprim) with storage time. 

The observed increase in the heat o f fusion on the samples indicated an increase in the 

degree o f crystallinity. Furthermore, there was a greater percentage of the extended chain 

crystals on storage compared to the folded form. This was not surprising given the 

metastable nature o f the folded forms.

Sears and Craig, 1992 investigated PEG drug solid dispersions and concluded that PEG 

formed eutectic mixtures with the drug that was investigated. The eutectic mixtures were 

thought to be prevalent at low drug concentrations. The authors demonstrated improved 

release rates due to the presence o f PEG. The interactions o f PEG with water were studied 

previously and can give insight in to possible solids-solvent interactions within feed 

material prior to spray granulation. Graham et al 1989, suggested that each ethylene oxide 

unit in the PEG chain requires three water molecules to form a hydrated complex. They 

postulated that the PEG molecule forms hydrogen bonds in which water molecules are 

involved with each repeat unit.
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The existences o f tri, tetra, and hexahydrates have also been suggested by Graham et al, 

1989. The above studies illustrated that PEG is capable o f forming complexes in aqueous 

solutions. Given that PEG, is used in many spray granulation formulations, the above 

interactions have to be considered when characterising feed material prior to processing. 

These interactions may affect evaporation rates during processing which in turn may 

influence the degree o f crystallinity o f the processed materials.

Furthermore, PEG is likely to melt during spray granulation resulting in the formation of  

solid dispersion-like systems. The possibility o f polymorphic transitions o f PEG and other 

co-processed material on cooling and during storage need to be thoroughly investigated. 

Although numerous thermal studies have been reported on PEGs. We are not aware of 

detailed investigations on the impact o f spray granulations on the physico-chemical 

properties of PEG -lactose- water systems or PEG - lactose -drug -water systems. It is for 

this reason that these investigations were undertaken.
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CHAPTER 2 

Aims of the project

2. Background to the project

The ultimate objective o f the project was to investigate the impact o f spray granulation on 

the physicochemical properties o f lactose and lactose/PEG 4000 systems. As materials 

go into solution or melt, changes in crystallinity or the production o f the amorphous can 

occur. Changes in crystallinity can lead to changes in product performance as well as 

changes in stability, as the material will convert to the thermodynamically stable form. 

PEG is known to have three common polymorphic forms (each with different dissolution 

rates), which can be formed by different rates o f crystallisation during the spray drying 

process. Furthermore lactose can exist as amorphous, a-monohydrate and a or p anhydrous 

crystalline forms, which have different tabletting properties. Changes in the drying rate 

during processing may affect the form o f lactose in the spray-dried products. As the 

industrial objective is to produce high qualit>̂  products, it is necessary to know how and 

why materials change during processing, and under what conditions they will recover to 

the thermodynamically stable form. Furthermore, PEG4000 has a low melting point (60°C) 

and is likely to be in the molten state, which may lead to solid dispersion formation. In 

order to understand the impact o f processing on a three component system, it was 

necessary to initially process single component systems, followed by two component 

systems (lactose-PEG, lactose-drug, PEG-drug). The products were gradually assembled 

which enabled primary and interacting variables to be probed.

2.1 The overall objectives were to investigate

♦ how and why do materials change during processing

♦ the conditions that lead to chronotropy in processed materials.

♦ the impact o f processing one component in the presence other component(s).

The approach:

The effect o f variables on the physicochemical properties o f spray dried materials using 

lactose as the model excipient was investigated. The variables that were considered were; 

feed concentration, feed temperature and drying temperature. In these investigations only
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the parameter under study was varied whilst the other variables were kept unchanged. The 

properties that were investigated were amorphous content, stability on storage, thermal 

stability, moisture content, particle size or shape and polymorphic content. The effect o f 

spray diyâng lactose in the presence o f PEG 4000 or drug was investigated. The products 

were investigated for amorphous content, crystal form, stability on storage at various RH 

conditions, particle size and morphology using a range of techniques described in the 

method section o f this thesis.

The causes o f chronotropy in spray dried materials were probed using lactose as the model 

excipient. In order to understand the recrystallisation of amorphous products, the effect of  

amorphous powder load and storage RH on the area under the recrystallisation curve were 

studied.
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CHAPTERS

Materials and Methods

3. Reference materials

a-Lactose monohydate. Fine Grade ( Lactochem, Chester, UK) was used as the raw 

material for preparing spray dried lactose or spray dried PEG-lactose samples and as 

reference material for TGA, GC, Microcalorimetiy^ XRPD, NIRS and DSC experiments. 

p-Lactose (Sigma, USA) was used as a reference material in DSC, XRPD, NIRS and GC 

experiments. PEG 4000 (Honeywell and Stein, Surrey, UK ) was used to prepare spray 

dried PEG-lactose samples and as the reference for, DSC and XRD experiments.

3.1 Sample preparations

A Buchi, 190 (Buchi, Zurich, Switzerland) mini spray-dryer was used to prepare spray 

dried samples. The operating principles o f the spray drier have already been discussed in 

detail in the introduction. Hence, only the parameters that were employed during the spray 

drying experiments are discussed below.

3.2 Standard operating procedure for spray drying with a Buchi 190 

Compressed air tab OPEN

Main switch ON

Spray airflow OPEN

The valve was opened until the desired throughput was indicated ( 400Nl/h was used 

unless otherwise indicated).

Aspirator ON

The desired aspirator rate was set by turning the knob clockwise.

Heater ON

After setting the desired inlet temperature, time was allowed until the inlet temperature 

stabilised (max 220°C).
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Outlet temperature

As soon as the inlet temperature had stabilised, the outlet temperature was adjusted by 

adjusting the feed rate o f distilled water. The outlet temperature was controlled by 

increasing or decreasing the pump rate. The outlet temperature corresponded to the 

maximum possible product temperature. A beaker o f distilled water was placed on the 

supporting table and the feed hose was immersed.

Feed Pump ON

The pump rate was gradually increased by turning the knob on the dial clockwise. The 

desired outlet temperature values were reached by altering the pump rate. Then, spray 

drying was started by removing the feed hose from the beaker o f distilled water and 

immediately immersed it into the feed. The outlet temperature was then readjusted 

depending on the feed concentration

Ending the spraying drying experiment

As soon as there was sufficient product in the collecting vessel, the feed hose was re

immersed in distilled water in order to rinse the hose and the nozzle. As soon as this was 

finished the unit was switched off in the following sequence.

Heater OFF

Pump OFF

This was done as soon as the inlet temperature fell below 70°C.

Aspirator OFF

The collecting vessel was removed and the products were collected and immediately 

desiccated over silica gel.

3.3 Operating parameters

Unless otherwise stated the spray drying experiments in this project were operated at the 

following conditions (Table 3.1).

- 72 -



Table 3.1: Parameters used to spray dry different lactose samples (unless stated otherwise).

Parameters Controls

Outlet Temperature (°C) 85-90

Inlet temperature (°C) 185-190

Heating rate (dial setting) 11.5

Airflow rate (dial setting) 12

Atomiser airflow rate (Normliter) 400

3.4 Introduction to Methods

3.5 Isothermal microcalorimetry

Microcalorimetry was used to quantify the degree o f disorder in samples by measuring the 

energ): that is associated with the conversion o f the amorphous fraction to the crystalline 

state. The percentage amorphous content o f the materials was calculated by relating the 

area under the crystallisation curve o f the sample to that o f a reference “totally amorphous” 

sample.

Several workers have used this technique to probe disorder in processed materials 

(Briggner et al, 1994, Buckton, 1995, Giron et al, 1997). Microcalorimetric, experiments 

can be run using the flow o f humidified air or by storing the test material in a sealed glass 

ampoule under conditions that cause transition to the thermodynamic crystalline state. 

Most experiments are carried out at 25°C using water vapour as the stimulus for 

crystallisation.

Microcalorimetry can rapidly detect micro-molar quantities o f heat changes as small as 1 x 

10" °̂C at ambient temperatures without the need to raise the temperature to increase the 

reaction rate. The output signal o f the instrument (power/time curve) is directly 

proportional to the analytical concentration, the enthalpy change and the reaction rate 

constant. Hence, carefully designed experiments allow the investigator to obtain an 

enormous quantity o f information about the reaction under investigation.

Since all chemical reactions result in an enthalpy change ( gain or loss), potentially all 

processes that are encountered in pharmaceutical field can be investigated using this
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technique. Another advantage o f the isothermal microcalorimeter other than high 

sensitivity, is the fact that it is non- invasive. Furthermore, samples can be measured with 

equal accuracy in any physical state. A detailed review on the pharmaceutical applications 

of the technique is available elsewhere (Buckton and Beezer, 1991).

3.5.1 Instrumentation

The microcalorimeter that was used in our studies was a 2277 Thermal Activity Monitor 

(TAM), Thermometric AB, Sweden. This highly sensitive instrument can hold up to four 

measuring channels, allowing up to four independent experiments to be undertaken 

simultaneously. The instrument (as used in our studies) consists o f a 25 litre water bath 

that serves as a heat sink and can be maintained at ± 2><10'̂  °C within the temperature 

range 5-80 °C. The instrument was housed in a temperature controlled room which was 

maintained at 20 ±1 ®C.

Each calorimetric channel consists o f both a reference and a sample ampoule (Figure 3.1). 

The comparison o f reference and sample cells maximises the sensitivity o f the instrument 

by reducing the baseline drift associated with environmental heat changes. The TAM 

works according to the heat conduction principle. If heat is developed on the sample side, 

a temperature gradient is established over the thermopile. The magnitude o f the gradient 

is proportional to the rate by which heat flows out to the surrounding heat sink. The 

temperature difference between the sample and the heat sink generates heat flow that is 

converted into voltage. The voltage signal is converted into power by reference to an 

electrical calibrator.

3.5.2 Experimental

A 3ml-glass ampoule was loaded with 20mg (unless otherwise stated) o f the sample 

powder. A saturated salt solution was placed in the glass ampoule, which was then sealed. 

The sample ampoule and the reference ampoule (empty sealed glass ampoule) were placed 

at the equilibration position for 30 minutes. The sample ampoule and the reference 

ampoule were gently lowered simultaneously to the measuring position o f the calorimeter 

and the heat flow was monitored as a function o f time. The microcalorimeter was driven 

by an external computer with a “Digitam 3” software version. This software enables
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manipulation of the microcalorimetric data into ASCII format that could be readily 

processed by graphical programs such as Microsoft EXCEL.

L i f t i n g  
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Figures. 1 : A schematic diagram of a single channel of the 2277 Thermal Activity 

Monitor.

3.5.3 Calibration

The instrument was calibrated regularly as a standard practice and also when the 

experimental conditions were changed e.g. temperature or amplifier settings. A static and 

dynamic calibration can be conducted. Calibration was performed using two sealed empty 

glass ampoules. There are calibration resistors in both the test and the reference channels.

To undertake a calibration, two empty ampoules were lowered in to the equilibrium 

position, where they were held by magnets situated on the lifting hooks. After 30 minutes, 

the ampoules were lowered in to the measuring positions and the baseline was adjusted to 

zero. Prior to calibration the appropriate sensitivit}  ̂was selected from a range of amplifier 

settings (3,10, 30, 100, 300, 1000 and 3000pW). The calibration resistors generate heat 

flow that corresponds to the selected range, which passes via the sample vessels through
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to the thermopiles to the heat sink. When the heat signal reached steady state, the 

amplifiers were adjusted accordingly using the fine tuning control

3.6 X-Ray Powder Diffraction (XRPD)

3.6.1 Introduction

Many drugs or excipients can exist in more that one crystalline form. Therefore, it is 

necessary to verify the structure o f solid materials as influenced by processing. The 

presence o f different crystalline forms o f drugs or excipients can be measured by XRPD.

Furthermore, since long-range three-dimensional molecular order is absent in the 

disordered state, the diffraction o f x-ray radiation by a partially amorphous powder is 

irregular compared to crystalline powders. This difference can be exploited to yield data 

on the degree o f disorder in partially cr> ŝtalline materials. The percentage disorder in 

powders is determined by integrating the peak intensities o f physical mixtures of 

crystalline and amorphous samples to provide a calibration plot. Once a calibration plot 

with pure crystalline and amorphous samples and their known mixtures is established, 

similar measurements are then made on the samples under study to assign the 

corresponding percentage disorder.

X-ray diffraction can also be used to quantify polymorphic content in crystalline samples. 

The difficulties associated with this type of quantitative study are discussed elsewhere 

(Suryanarayanan, 1989). Conventional x- ray diffractometers can be complimented with 

a variable temperature XRD, which allows more information to be obtained regarding 

thermally induced phenomena.

3.6.2 Theory

X-ray diffraction operates on the premise that no two compounds can form crystals in 

which the three-dimensional spacing is identical in all directions. As a powder sample has 

all crystal faces present at a given interface, the diffraction o f the powdered surface can 

reveal information about the crystal lattice. A typical powder pattern consists of a series 

o f peaks detected at various scattering angles. These angles and their relative intensities 

are correlated with computed d-spacings, to provide a full crystallographic characterisation 

o f a powder sample (Brittain et al, 1991).
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The technique is based on Bragg’s law, which discusses the diffraction o f monochromatic 

x-ray beam impinging on a plane o f atoms. Parallel incidental rays strike the planes at an 

angle 0 and the diffracted at the same angle 0. The angles can be corrected by the spacing 

between the planes o f the atoms using Bragg’s law:

nÀ= 2d  sin0

n = order o f diffraction pattern 

Wavelength o f the incident beam 

d = distance between the planes in a crystal 

0 = angle o f beam diffraction

To measure a powder pattern, a powdered sample is prepared so as to expose all the planes 

o f the sample. The angle o f beam diffraction can be measured by slowly rotating the 

sample and measuring the angle o f the diffracted X-rays with respect to the angle o f the 

incident beam. Alternatively, the angle between the sample and the source is kept fixed, 

while moving the detector to determine the angles o f the scattered radiation. If the 

wavelength of the incident beam is known, the d-spacing can be calculated using Bragg’s 

law.

3.6.3 Instrumentation

The PW 1710/30 X-Ray Diffractometer (Phillips, Cambridge, UK) that was used in our 

studies was fitted with a Scintillation counter as a detector. Radiation was provided by a 

conventional tube (CuKa radiation) which was fitted with a monochromator. Figure 3.2, 

shows a schematic representation o f the instrument.

A powder sample was compressed on a metal sample holder (R), which could be rotated 

about an axis normal to its plane during exposure so as to increase the randomness of the 

orientation o f the sample molecules. X-ray powder diffraction uses a parafocussing effect 

in which the line o f focus (F) o f the x-ray tube (R) and the exit slit D are constrained to lie 

in a circle so as to be equidistant from the sample holder (P). A bent crystal
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monochromator (M) was employed to focus the x-ray on to the entrance (F). The 

geometric set up of the XRD ensures that diffracted x-rays are focussed on to the detector 

slit (D). The diffraction was registered by rotating the detector to a constant speed about 

the centre of the specimen, with the sample holder rotating at half the speed to maintain 

the geometric angle of the focussing circle.

X-ray diffraction yields data in the form of either lattice plane spacing or intensities, 

which are characteristic of substances or the crystallites.

n

Figure 3.2: A schematic representation of a conventional powder diffractometer.

3.6.4 Experimental conditions

In this study a PW1710/30 X-Ray Diffractometer (Phillips, Cambridge, UK) using a 

Scintillating detector, CuKa radiation, 40Kv, 30mA in an environment of less than 

20%RH at room temperature was used. Approximately 100 mg of each sample ŵ ere 

compacted and loaded into metal sample holders and scanning was done in steps of 0.02° 

from 5 to 35° (2 0).

3.7 Thermogravimetric analysis ( TGA)

3.7.1 Introduction
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Thermogravimetric analysis measures the thermally induced weight loss of a material as 

a function of temperature. This form of thermal analysis is suitable for investigations 

which involve a mass change. A major use of TGA is the quantitative determination of 

moisture content in materials. For, example it was used to quantify the moisture content 

in partially amorphous lactose samples (Otsuka et al, 1991). The TGA weight loss for the 

monohydrate was found to be around 150 °C, whereas the loss o f adsorbed water occurred 

at temperatures <80 °C.

3.7.2 Instrumentation

A 2950 Thermogravimetric Analyser (TA Instruments, New Castle, DE 109720, USA) 

which was fitted with a null position balance (Figure 3.3) was used to detect weight 

changes in materials as a function of temperature. The instrument comprises of a 

thermobalance, a furnace and a system control unit. The 2950 Thermoanalyser is built 

around a furnace where the sample is mechanically connected to the thermobalance via 

kapton loop and a hang down wire (Figure 3.4). A sensor at the balance detects any 

deviations from the null position and operates a servomechanism to restore the deviation 

to the null position.

Restoring force

Null detector

W eight
change

Figure 3.3; A schematic diagram of a null point balance.
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When a weight change occurs in a sample the balance beam and the flag are displaced 

from equilibrium. This causes an unequal amount of light to reach the two photodiodes. 

This unbalanced signal is then nulled by control circuitory, which causes the meter 

movement to bring the balance arm to the null position. The restoration force is 

proportional to the change in weight and is measured as the amount of current used by the 

motor.

The current that was used by the motor is recorded by the TGA software as a weight loss 

signal. The null position principle ensures that the sample remains in the same heating 

zone of the TGA furnace. It is known that the temperature of the furnace varies with 

geometr>', hence by measuring the sample from the same position, the temperature can be 

accurately controlled. The 2950 TGA has an accuracy of < ± 1 % and a resolution of 0.1 pg.

TGA 2950 Schem atic

Meter Movement

Balance Arm

Thermocouple

Sample Pan

Furnace Assembh

Purge Gas Outlet

Heater

Elevator Base

Photodiodes 

Infrared LED 

■Tare Pan 

Sample Platform 

Sample Pan Holder 

Purge Gas Inlet

Figure 3.4: A schematic representation of the TGA 2950.
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3.7.3 Furnace

The furnace can withstand temperatures o f upto 1000°C. The instrument is supplied with 

a Nitrogen gas line that is split before it enters the module into two flow meters which 

were set at flow rates o f 60cc/min for the purge inlet and 40cc/min for the balance inlet.

The larger gas flow was used to sweep the evolved gases or decomposition products of the 

furnace through the outlet tube. The smaller flow o f gas was used to prevent any 

decomposition material getting into the balance chamber contaminating the balance 

apparatus. Before experiments were run it was important to check that the purge gases 

were set up correctly. A water supply was connected to the TGA in order to provide 

continuous supply o f water around the furnace during measurements or during the cooling 

down period. In addition to the water supply compressed air was also connected to the 

TGA instrument. The use o f compressed air to cool down the furnace between runs 

improved the turn around time between experiments. The compressed air was set to come 

on after each run for a specified time using the module parameters program.

Table 3.2: Factors affecting the recorded mass and temperature in thermogravimetry.

Temperature Mass

Buoyancy y

Electrostatic effects y

Condensation and reaction y

Heating rate y

Gas flow y

Sample holder geometry y

Sample size and packing V

A thermocouple positioned above the sample pan was used to measure the environmental 

temperature. The thermocouple was positioned such that it did not contact the sample or 

it can become contaminated as materials expand or bubble during heating experiments.
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Several factors are known to affect the accuracy o f the measured mass or temperature 

during a thermogravimetric experiment (Table 3.2). These factors may be due to the 

instrument or the conditions that were employed during the experiments. In order to obtain 

accurate and reproducible TGA data, a slow heating rate and small sample load is 

recommended

3.7.4 System Control

The 2950 Thermo-analyser was connected to a PC which was used to control the heating 

and cooling cycles as well as for data storage and analysis. The data analysis program was 

used to calculate the 1̂  derivative o f Am vs T curve. The derivative thermogravimetric 

curve was useful in data interpretation by resolving overlapping thermal reactions.

3.7.5 Calibration

There were two calibration procedures (temperature and weight) that were done before 

thermogravimetric experiments. Weight calibrations were performed using lOOmg and Ig 

standards. The weight calibrations were performed on a monthly basis, whereas 

temperature calibrations were carried out when the gas flow rate or the thermocouple 

position was changed. Temperature calibrations were run using a Ni-metal standard.

3.7.6 Experimental

In our studies, open Perkin Elmer aluminium sample pans were used. The pans were tared 

before each measurement and before the samples were loaded directly into the pans on the 

TGA platform. The sample load was 2-5mg and scanning was done from 25°C -250 °C at 

10°C /min unless other wise stated.

3.8 Differential Scanning Calorimetry (DSC)

3.8.1 Introduction

Power Compensation DSC measures the amount o f energy that is required to keep the 

sample at the same temperature as the reference. When there is no physical or chemical 

change occurring in the sample, there is no temperature difference between the sample and 

the reference material. However, when a phase transition takes place, a power 

compensation unit suppresses the temperature increase or fall. The amount o f heat that is
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added or removed from the system to maintain a thermal null is directly proportional to the 

energy change o f the system.

3.8.2 Instrumentation

The differential scanning calorimeter that was used in our studies was the DSC 7, Perkin 

Elmer power compensating design with a UNDC operating system. The power 

compensating design has separate sample and reference micro-fumaces. Since, the micro- 

fumaces can be heated or cooled rapidly, the intervals between experiments are short. The 

power compensating DSC has platinum resistance thermometers that can detect 

temperature and energy changes. The micro-fumace is made from platinum -iridium alloy 

that makes it resistant to chemical attack. At the base o f the furnace are two platinum 

resistance elements that provide power to the furnace and the other detects temperature 

changes in the furnace.

As shown in Figure 2.4, the sample and the reference furnaces are mounted in cavities of 

an aluminium block. The aluminium block forms a heat sink that is kept isothermal well 

below the temperature range o f the experiment so that heat is dissipated from the furnace 

to the heat sink quickly. The DSC7 power compensating system operates a thermal null 

system i.e., the systems keeps the temperature o f the sample furnace and the reference 

furnace constant by use o f two separate control loops. The Storage Temperature Control 

loop provides power to the reference and sample furnace. The heat that is provided to the 

furnace can be selected form the temperature program and supplied at the selected rate 

over the temperature range that is under investigation.

The loop that actually measures the enthalpy o f transition is the Differential Temperature 

Control. This loop measures temperature difference that occur between the sample and the 

reference furnaces. If the material in the sample furnace losses or gains heat, the 

temperature o f the sample will deviate slightly from that of the reference furnace. This 

change in temperature is detected by the platinum resistance thermometer at the base o f  

the furnace where the DCT loop adjusts the power accordingly so that the two furnaces are 

kept at the same temperature. Therefore the systems is always kept at a thermal null.Thus 

as stated earlier, the amount o f energ>' that is required to maintain a thermal null by the 

DCT loop is proportional to the energy change o f the sample.
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3.8.3 Calibration

The DSC 7 thermal analyser was calibrated prior to each measurement in order to be

confident that all the transitions that were recorded were accurate. High purity standards

with known temperature and energy transitions were measured using a scanning rate that 

was similar to that used in the experiments. In our studies we used Indium and Zinc as our 

standards. Indium has an expected onset temperature of 156.6°C and the expected peak 

area o f 28.45 J/g, whereas Zinc has an expected onset temperature o f 419.47°C. The 

instrument was adjusted accordingly if  the measured temperature values o f the standards 

did not correspond to these literature values.

Generally, the calibrations were carried out on a weekly basis or daily if  instrument 

parameters were changed e.g. scanning rate or cooling rate.

3.8.4 Interpreting DSC curves

There are several types o f transitions that can be measured by a power compensating DSC. 

They include fusion (endothermic),crystallisation (exothermic) and glass transitions 

(baseline shift). Perkin Elmer DSC endotherms are plotted in an upward direction and the 

exotherms in the down wards direction. This is in keeping with the lUPAC requirements 

for the presentation of thermodynamic parameters (Figure 3.5).

DSC curves can also give quantitative information about the sample under study. This can 

be done by measuring the peak area o f an endotherm or exotherm. This peak area is 

proportional to enthalpy and hence can be used to estimate the amounts o f the materials 

involved. In quantitative DSC experiments reproducibility o f the integrated peak area can 

be challenging, since it depends on the baseline definition. The DSC 7 has a program that 

allows the user to make an appropriate choice from a several possibilities for baseline 

extrapolation. Therefore, it is important that the investigator is consistent with their 

baseline definition in subsequent runs in order to minimise variation in the recorded peak 

areas.

In addition to transitions such as polymorphic and melting changes, DSC can also measure 

transitions where the enthalpy change is zero but there is a change in heat capacity (Cp) e.g. 

glass transition. The glass transition temperature is the midpoint between the onset 

temperature and the end point temperature. DSC is capable o f measuring the glass
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transition temperature of most fragile amorphous systems but not that of strong glass 

formers such as proteins. This is due to the fact that the heat capacity change at Tg in the 

former is large whereas that in the latter are small and beyond the detection limit of DSC. 

A “strong glass former” shows Arrhenius -like t>'pe of changes in its molecular mobilit}' 

with temperature and a relatively small change in heat capacity at Tg. Whereas a fragile 

glass former has a much stronger temperature dependence of molecular mobility near Tg 

and a relatively large change in heat capacity at Tg. A fragile glass former typically 

consists of non-covalently bonded molecules e.g ethanol.
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Figure 3.5: A schematic representation of a DSC thermograph

There are several operational parameters that influence the accuracy of the measured 

thermal transitions. For a proper interpretation of thermal effects, the critical factors to be 

considered are resolution and sensitivity (Table 3.3).

Generally, slow heating rate improves resolution whereas faster heating rates improve 

sensitivity. An increase in heat rate also increases the measured transition temperature. 

Furthermore the instrument design can also influence the DSC curves. For example, 

maximum resolution can be achieved when the sample and the reference holders are linked 

together while isolated holders are believed to lead to high sensitivity.

- 85-



Table 3.3: The effect of sample and operational parameters on resolution and sensitivity 

in DSC experiments.

Parameter Maximum resolution Maximum sensitivity

Sample size Small Large

Particle size Small Large

Heating rate Slow Fast

Sample packing Dense Loose

Atmosphere High conductivity Low conductivity

3.8.5 Experimental

Non-hermetically sealed Perkin Elmer aluminium pans were used in the DSC 

investigations. An empty sealed pan was used as reference in our studies. The sample mass 

was about 5mg. The samples were accurately weighed using an AD-Perkin Elmer 

autobalance. Nitrogen gas was used as the purge gas at a flow rate o f 20-30psi. The 

samples were heated over the temperature range of30-250®C at a scanning rate of generally 

10°C/min unless otherwise stated in the protocol o f the particular study.

3.9 Particle size analysis

3.9.1 Introduction

The particle size o f drugs or excipients can have a significant influence on the mixing and 

possible segregation in materials. It is acknowledged that individual particles with 

equivalent particle size are better at producing homogeneously mixed powders compared 

to particles with a wide particle size distribution. Furthermore, the distribution o f particles 

in a powder can affect the bioavailability or flow behaviour o f certain powders, for 

instance granular crystals flow better than needles or plates. Because crystal habit can 

influence the above properties, the study o f particles, especially following processing is 

likely to be important at the formulation stage. It is for this reason that the morphology and 

shape o f processed materials was investigated.
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Several methods are available that can measure particle size and morphology. These 

methods have been extensively reviewed elsewhere (Brittain et al 1991). The following 

discussions will focus on the operational principles of Laser diffraction particle size 

analysis and Scanning Electron Microscopy (SEM) as used in our studies.

3.9.2 Laser Diffraction Particle Analysis

3.9.3 Operating Principles

A Malvern 2600 Series Particle Sizer, was used to measure the particle size distribution 

in processed or unprocessed samples. The laser diffraction technique is based on the 

interaction of laser light with particles that are suspended in a solvent (Figure 3.6). For 

particles that are much longer than the wavelength of light any interaction with particles 

causes the laser light to be scattered in forward direction with only a small change in angle. 

This phenomenon known as Fraunhofer diffraction produces light intensit>' patterns that 

are proportional to the particle size diameter producing the scatter. The light from a low 

power Helium-Neon laser forms a collimated and monochromatic beam of light. This beam 

o f light is also known as the analyser light.
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M  i c r o p r o c e s s o r

Figure 3.6: A schematic diagram of laser diffraction pattern particle sizer.

Particles are introduced to the suspension medium by direct spraying in the measurement 

area. The light scattered by the particles and the unscattered remainder is incident on to the 

receiver lens. This acts as a Fourier Transfer lens forming a far field diffraction pattern of 

the scattered light at its focal plane. Here, the detector, which is in the form of 31 annular 

concentric rings, gathers the scattered light over a range of solid angles of scatter.
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The imscattered light is brought into focus on to the detector and passes through a small 

aperture in the detector and out o f the optical system. The laser that passes out o f the 

system in this manner is monitored allowing sample volume concentration to be measured. 

The configuration o f the receiver lens is such that wherever the particle is in the analyser 

beam, its diffraction pattern is stationary and centred on the receiver lens optical axis. 

Thus the diffraction pattern o f the Analyser Beam is not affected by particle motion within 

the sample suspension. Furthermore, it does not matter where in the Analyser Beam the 

particle passes. Its diffraction pattern is always constant at any lens distance. The lens 

transformation is optical and thus extremely fast. Hence, no practically encountered sample 

velocities are high enough to cause significant errors in this property. In reality there are 

many particles that are simultaneously present in a suspension at a given time. Thus, the 

scattered light measured on the detector is the sum o f individual patterns overlaid on the 

central axis. In a typical experiment, the number o f particles that are needed in the beam 

simultaneously to obtain a sufficient measurement o f the scattering would be 1 0 0 - 1 0  0 0 0 . 

An instantaneous measurement o f the scattering would give a distribution that is based 

upon only this section of the material.

This would give problems such as inadequate statistical significance and potentially 

unrepresentative sampling o f the bulk o f the sample. These problems are overcome by time 

averaged observation o f the scattering as the materials is passing through the analyser 

beam. By making many measurements o f the detector reading (sweeps) and averaging over 

many such sweeps o f the detector, it is possible to build up an average laser light scattering 

characteristic based on millions o f individual particles. The detector thus provides an 

electronic output signal proportional to the light energy measured over 31 separate solid 

angles o f collection. The computer reads this signal and performs the time averaging by 

successively reading the detector over the period set by the operator and the summing the 

data.

Thus, when a particle scatters the laser light it produces unique characteristic angle o f 

obser\'ation, which is related to its diameter. Large particles scatter light into small angles 

of scatter and vice versa.
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3.9.4 Experimental

The particle sizes of our samples were investigated using a Laser diffraction particles size 

analyser (Malvern 2600, Malvern Instruments). Cyclohexane was used as a suspension 

medium for lactose particles. A background reading was taken using a 63mm lens, before 

drops of the sample suspension were introduced for analysis.

3.10 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to study the morphology and size of 

powder samples. As discussed earlier, the tableting performance of a drug or powder is 

related to changes in degree of crystallinit>  ̂or particle morpholog>'. It is thus, important 

to investigate crystal habit in reference and consequent processed material.
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Figure 3.7: A schematic diagram of an SEM Sputtering device.

Brittain et al (1991), used scanning electron microscopy to study lactose samples. The 

micrographs of anhydrous lactose showed aggregates o f small needle like crystals. On the 

other hand the micrographs of the hydrous lactose revealed particles that appeared as 

discrete ciystals often of branded layers. Fast-Flo lactose particles appeared as aggregates 

of cementing and layering of smaller particles. The particles were found to be generally 

spherical and had homogeneous particle size distribution. These qualities were believed
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to give Fast-Flo its good flow properties. The above study demonstrated that SEM could 

be a useful method of studying the particulate properties o f a material.

3.10.1 Principle of measurement

SEM measurements involve scanning the surface o f particles by an electron beam and 

monitoring the intensity o f secondary electrons. The output from the secondary electrons 

modulates the raster o f a cathode-ray tube, which is scanned simultaneously with the 

electron beam. Each point on the cathode ray tube corresponds to a point on the surface o f 

the sample and strength o f the image at each point varies with the production o f the 

secondary electrons on the surface.

Coating is necessary in SEM analysis in order to prevent charge-up on the specimen under 

observation by covering the non-conductive specimen surface with a conductive material. 

Secondly, coating increases secondary electron emission by covering the specimen surface 

with a metal coating. The coating of the specimen must be selected on the purpose o f the 

observation and magnification. When the coating on the specimen is too 

thick, its particles may become visible while the structures o f interest are sometimes 

buried. It is necessary to select a coating suitable for the observation magnification.

With the resolution improvement of the SEM, coating techniques for high magnification 

observation are under study. For coating, the sputtering technique or vacuum evaporators 

are used generally. A Magnetron sputtering device (Figure 3.7) was used to observe particle 

surface morphology. Various substances are used for coating such as AU, AU-Pd and Ft. 

Samples used in this work were coated with gold because it generates secondary electrons 

well. SEM images contain a wide range o f contrast and depth o f focus, which gives the 

investigator surface details o f the sample.

3.10.2 Experimental

A Phillips XL20 Scanning Electron microscope was used to obtain electron micrographs 

for each sample. Before each measurement, the powders were adhered to a SEM stub using 

double-sided carbon discs. The samples were then transferred to an Emitech K550 sputter 

coater where they were coated with gold prior to being photographed.
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3.11 Gas chromatography

3.11.1 Introduction

Processing techniques such as spray drying and roller drying can produce samples with 

varying anomeric composition. Lactose mutarotates in solution leading to an equilibrium 

anomehc ratio which is temperature dependent. Batch to batch differences in equilibrium 

ratio can produce variations in the form of lactose produced from such solutions during 

spray drying. This can affect flow and compaction behaviour o f the products. Thus a fast 

and routine method for quantitative analysis o f lactose pol>miorphs in solids or solutions 

would be useful. Previous methods included solubility, polarimetiy, differential scanning 

calorimetry (DSC) and chromatography. The methods based on solubility or polarimetry 

were found to be lengthy, hence inefficient. DSC studies on lactose samples were found 

to be unreliable because solid state mutarotaion o f a to p-lactose occurred during the 

heating measurements. On the other hand HPLC methods were inconvenient because they 

required coupling two octadecyl columns and cooling them to 3 .8 °C in order to avoid 

mutarotation in the mobile phase.

Gas chromatography has been used to measure lactose as solid samples and solutions. The 

earlier methods suffered from a few disadvantages such as mutarotation which was caused 

by pyridine and that it does not dissolve all the lactose samples equally well. Furthermore, 

the precipitate formed during derivatisation require separation by centrifuging or by 

extraction using for example, hexane. These steps appeared to prolong sample processing, 

and the derivatisation process was too slow to be used in aqueous solutions. Brittain, 

(1971) developed a derivatisation mixture that caused faster derivatisation o f the lactose 

samples. The method was modified by Gianetto et al, 1986. The data obtained by this 

method consisted o f several peaks which were attributed to anomeric separation. This 

occurrence o f multiple peaks was regarded as a complication. Dwivedi and Mitchell, 1989 

employed a method that was superior to the techniques described above. In this method the 

derivatisation process was rapid and mutarotation was negligible. The derivatisation 

mixture for analysis o f solid samples consisted of Pyridine (PYR), trimethylsylimidazole 

(TSIM) and dimethylsulphoxide (DMSO). For the derivatisation o f aqueous lactose 

solutions the derivatisation mixture consisted o f TSIM in PYR. The above method was 

used to investigate anomeric ratio in solid lactose samples following various treatments.
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The protocol as used in our studies is described in more detail in the experimental section 

of this discussion.

3.11.2 Operating principles of gas chromatography

Gas chromatography is a physical method for separating components in a mixture. The 

basis of the method lies in the separating column, which can either be a small diameter 

tubing that is packed with a stationary/ bed of large surface area or a capillary/ \\/ith liquid 

coated on the inside. The mobile phase percolates through the stationary phase, where 

adsorption or partition separates materials.

Carrier gas C oiled  capillary colum n

T
Gas
cylinder

Inlet

Inlet block Heating
compartment

Chart
Recorder

\
Detector

Figure 3.8; A schematic depiction of a gas chromatograph similar to the one used in these 

studies.

A stream of carrier gas flow through the column sample is injected in to the carrier gas as 

vapour, in which it is swept into the head of the capillary column (Figure 3.8). The 

separation of the components that comprise the sample results from differences in the 

multiple forces by which the column materials tend to retain each of the components. 

Whether the nature of retention is by adsorption, solubility, chemical bonding or polarity, 

the column retains some components longer than others.
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When in the gaseous phase, the components are moved towards the column outlet, where 

they are preferentially retarded by the stationary phase. Consequently, all components pass 

through the column at varying speeds and emerge in the inverse order o f their retention 

time. After emerging from the column, the gaseous phase enters the detector attached to 

the column. At the detector, the individual components register a series o f signals that 

appears as a succession o f peaks above a baseline on the chromatogram. The area under 

the peak is a quantitative indication o f component and the time lapse between injection and 

emergence o f the peaks (retention time) serves to identify it.

3.11.3 Instrumentation

Basically, a gas chromatograph consists o f the following parts;

• pressure regulator and flow meter for the carrier gas supply

• sample injection system

• separation column

• thermal compartment

• detection system

• chart recorder

The following section will discuss each o f these parts in some detail.

3.11.4 Pressure Regulator and Flow Meter

The operating efficiency o f a chromatograph is directly dependent on the maintenance of 

a highly constant carrier gas flow rate. The carrier gas from the tank passes through a 

toggle valve, a flow meter, metal capillary resistors and a pressure gauge. The flow metre 

indicates the flow rate in the reference side o f the thermal conductivity cell. The flow rate 

is adjustable at this point by means o f a needle valve mounted on the base o f the flow 

meter and is controlled by capillar}  ̂ restrictors. On the down stream o f the pressure 

regulator, a tee may split the flow direct in to the sample and the reference sides o f the 

detector. The column performance and ionisation detector response can be affected by the 

presence contaminants in the carrier gas. Inclusion o f a molecular sieve is usually 

sufficient for the removal o f the hydrocarbon gases and water vapour. Contamination can 

be minimised by desorption o f gases from the surfaces o f the apparatus or by diffusion 

through the walls o f the connecting tubing.
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3.11.5 Sample Injection System

The sample injection system is known to be the source o f many problems associated with 

gas chromatography. This small device must introduce the sample in a reproducible 

manner as well as vaporise the liquid instantaneously. A tremendous amount o f heat is thus 

required at the injection point, yet the sample must not decompose or create pressure 

surges. A precise amount o f sample has to be metered and transferred to the column 

without fractionation, condensation or adsorption o f the components.

Liquid samples are injected by a hypodermic needle through a self-sealing silicon rubber 

septum into the heated metal-flash evaporator. A metal block, which encloses the capillary, 

is heated by a controlled resistance heater. It is here that the sample is vaporized as “plug” 

and carried into the column by the carrier gas. In order to obtain reliable results, maximum 

effort should be made to ensure that the needle is inserted well down into the heated block. 

Furthermore, insertion, injection and removal of the needle should be performed quickly. 

For maximum efficiency the use o f smallest possible injection volume consistent with the 

detector sensitivity is recommended. The manipulation o f the syringe is virtually an art that 

develops with practice.

3.11.6 Chromatographic Column

The heart o f the chromatograph is the column, packed or capillary in which separation of 

the components occurs. The packed column is commonly 4mm internal diameter (i d) and 

the lengths run form 120cm to 150 m. Prior to use it is necessary to condition the column 

to remove any materials that may tend to come o f when the packing is first heated at the 

maximum temperature of subsequent use. The colunm that was used in our studies was 

the capillary column. Capillary columns are typically open and tubular with inside 

diameter o f 0.25-50mm. The lengths vaiŷ  from 30-300m and the columns are coated on 

the inside with a retentive liquid phase. Columns o f this type possess high separating 

efficiency in contrast to the packing columns. Consequently, better separations are 

obtainable and can be achieved at lower temperatures in a short time. This is an advantage 

in the analysis invohdng components o f varying volatilities.

Carrier gases can be nitrogen, helium, argon or hydrogen. Factors such as availability, 

purity and the type o f detector used determine the choice. Helium is the preferred carrier
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gas for thermal conductivity detectors because o f its high thermal conductivity relative to 

that o f most organic vapours but is relatively more expensive. Argon is used in one type 

of cross- ionisation detector whereas; hydrogen is a suitable carrier gas for flame ionisation 

detector.

3.11.7 Thermal Compartment

This compartment offers precise control of the column temperature. The temperature 

control system is sensitive to changes o f 0.01 °C and maintains control to O.PC. Usually 

an air bath chamber surrounds the column and the air is circulated by a blower through the 

thermal compartment. Separate temperature controls are desirable for vaporiser block and 

the detector oven. Programs are available which feature linear or nonlinear temperature 

programming o f sample and reference materials. A matched set o f sample and reference 

columns is installed in the thermal compartment. The control system operates by 

continuously varying the wattage supplied to the proportional heater. The compartment 

temperature can be raised to various rates up to a maximum of about 60°C/min in the lower 

temperature ranges and about 35°C in the higher temperature ranges. Column temperatures 

at the end o f run must be dropped from about 300°C to less than 100®C in a few minutes 

in order to be ready for the next run.

3.11.8 Detectors

The type o f column to some extent determines the choice o f the detector. For packed 

columns the detector will be a thermal conductivity cell, gas density-cell or a cross-section 

detector. The capillaiy column as used in our study hsis a flame ionisation detector. Thus, 

only the flame ionisation detector will be discussed henceforth. The fundamental process 

underlying all ionisation detectors is the conduction o f electricity by gases. At normal 

temperatures and pressure a gas behaves as a perfect insulator. However, if  electrically 

charged atoms, molecules or free electrons are present, their motion in the direction o f an 

electrical field renders the gas conducting. In the absence o f gas molecules, the increased 

conductivity due to the presence o f few charged molecules can be observed, which 

explains the great sensitivity o f ionisation methods for gas analysis.

Flame ionisation consists o f a stainless steel burner assembly that is installed in the 

detector compartment and an electrometer system in a separate unit adjacent to the gas 

chromatograph. The column effluent enters the burner base through the millipore filters,
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which remove the contaminating particles. Hydrogen is, mixed with the gas stream at the 

bottom o f the jet and air. The hydrogen flame bums at the tip. The collector electrode 

consists o f a loop o f platinum and is located about 6 mm above the burner tip. Basically, 

the flame ionisation detector is carbon counting device which produces a current 

proportional to the number o f ions or electrons formed in the flame gases between the 

burner gases and collector. The flame ionisation detector is insensitive to moisture, the 

permanent gases and most inorganic compounds. This is an advantage because it simplifies 

the resolution o f the components in analysis o f the aqueous extracts and in air pollution 

studies.

3.11.9 Experimental

The Gas Chromatograph that was used in our study was the Carlo, Erba, HRGC 5300, 

Milan, Italy. A CP -sil 43CB column (0.32mm(I.D) x 25m length) was fitted with a flame 

ionisation detector (FID). The chromatographic measurements were operated under the 

conditions tabulated below (Table 3.4).

Table 3.4; Conditions used during gas chromatographic analysis o f the lactose samples.

Parameters Temperatures °C

Column 2 0 0

Injection Port 250

Detector 250

The column was conditioned prior to measurements. This was necessary in order to 

remove any material which may come off when the column is first heated for several hours 

at the temperature o f subsequent use. The GC experiment was validated as follows; firstly, 

a blank solvent was run prior to anomeric measurements. Reference (as received) a- 

monohydrate and p-lactose were then run separately and their retention times and anomeric 

composition was compared (should be identical) to that o f the manufacturers. A known 

mixture o f a  and p lactose was run and the flow rate was optimised until the baseline 

resolution was obtained. In order to determine anomeric content in lactose products, Img 

o f the dry samples were dissolved in 2.25ml of a derivatisation mixture consisting o f
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trimethylsilylimidazole (22%), dimethyl sulphoxide (19.5%) and pyridine (58.5%) by 

volume. The samples were vortexed for ~ 2 minutes and were stored at room temperature 

until the derivatisation was complete. 2pL aliquots o f these solutions were injected directly 

on to the GC column. The total analysis time for each sample was -30  minutes including 

sample processing and GC run (n = 4).

3.12 Karl Fischer Titrimetry

The total moisture content in processed samples was determined by a Karl Fischer 

Coulometric technique as a support technique for TGA experiments. Karl Fischer 

titrimetiy/ is dependent on the reaction o f water with iodine and sulphur dioxide in the 

presence o f base, whereas coulometric titrators generate iodine by an electrolytic process.

I2  + SO2  + 3 CH5N.HI + H2 O -  2 C5H5N.HI + C 5H5NSO3  Equation 1

C 5 H 5 N S O 3  +  C H 3 O H  -  C 5 H 5 N .H S O 4 C H 3  Equation 2

As mentioned above, coulometric titrators generate iodine by an electrolytic process.

2T -2®’  ̂ I2  Equation 3

This generated iodine is proportional to the electricity used in the electrolytic process 

according to Faraday’s Law. One mole o f iodine reacts with one mole o f water 

stoichiometrically as Img o f water is equivalent to 10.71 coulombs o f electricity. Using 

this principle it is possible to determine the amount o f water directly from the number of 

coulombs required for electrolysis.

3.12.1 Coulometric determination

The current cell is gradually increased until there is excess iodine sensed in the solution. 

The solution current is then decreased gradually. The kinetics o f chemistry and the mass 

transfer action o f the cell ensure that the current drops to about 100mA, thus allowing 

completion of titration at minimum current. The titration occurs at optimum speed for the 

amount o f water present in the cell. With small amounts o f water, the current never reaches 

a high value, but with larger quantities, rates o f titration equivalent to volumetric 

instruments can be achieved. The end point conditions within the cell are measured using
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a floating AC current detector, which monitors voltage across a twin electrode assembly. 

Depolarisation takes place as soon as there is excess iodine in the solution. The rate at 

which water is titrated in micrograms per second determines the end point o f the titration. 

A default value is displayed during settled conditions before titration is started and the user 

can choose to set the end of the titration to this figure. This value is usually set as default 

value at 15 micrograms per minute.

3.12.2 Experimental

a-Lactose monohydrate was used to calibrate the instrument. The moisture content values 

for lactose monohydrate should lie between 4.5 and 5.5%. If the moisture content values 

for lactose monohydrate were outside this range, the instrument was re-calibrated after 

replacing the reagents. Four measurements were undertaken for each sample and the data 

was presented as mean values.
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CHAPTER 4

The impact of feed concentration of the amorphous content and 

polymorphic forms present in spray dried lactose

4. Introduction

Spray drying is a processing technique that is used to prepare a powder from a solution or 

suspension. The feed material is atomised into droplets that can dry rapidly because o f their 

high surface area and intimate contact with drying air. During the spray dr>dng process the 

temperature o f materials remains significantly less than the drying air due to evaporative 

cooling. The dried powder is protected from overheating by rapid removal from the (hying 

zone.

To obtain a high quality product, the process variables must be carefully selected. The 

operational parameters include; inlet temperature, feed rate, outlet temperature, air flow 

rate; feed concentration and atomisation pressure. A detailed description o f the spray drier 

is available in the main introduction. Increasing the atomiser pressure creates smaller 

droplets at constant feed rate, resulting in fine particles. An increase in feed rate at constant 

operating conditions produces coarse spray particles and a wet product, due to inefficient 

drying. The nature o f the spray dried product also depends on the properties o f feed 

material where an increase in feed solids increases feed viscosit>% which in turn produces 

coarse sprays on atomisation. An increase in feed solids causes an increase in particle size 

and bulk density. On the other hand, an increase in feed temperature may reduce feed 

viscosity causing a drop in droplet size produced in the atomiser (Masters 1990). The 

impact o f feed concentration on the amorphous content and the different forms o f the spray 

dried product, has seldom been studied in great detail. It is for this reason that this 

investigation was undertaken

4.1 Characteristics of amorphous lactose

It is now well acknowledged that the presence of amorphous material in a pharmaceutical 

product can have important consequences. Amorphous forms o f drugs and excipients can 

be produced during processing and can revert to the thermodynamic stable form on storage
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(Briggner et al, 1994, Sebhatu et al., 1994, Buckton et al., 1995). These transformations can 

result in loss o f quality and potency in the product (Van Scoik and Cartensen, 1990). The 

amorphous form will have different physical properties, and their interaction with other 

phases is different to that o f the ciystalline state. This can be important in many products, 

for instance in dry power inhalations were the micronised drugs must reversibly adsorb 

to a lactose carrier. Amorphous lactose is physically stable well below its glass transition 

temperature (Tg) which is above most pharmaceutical storage conditions. The glass 

transition temperature of lactose is susceptible to changes in relative humidit)\ 

Formulations that contain amorphous materials face an additional problem, in that the 

amorphous structure can change in different conditions (for example it may collapse under 

humid conditions). Buckton and Darcy 1997, showed that amorphous lactose exhibited 

varying degrees o f collapse depending on the time that it was held at 50%RH. It is 

reasonable to assume that collapsed and pre-collapsed structures will behave differently 

in pharmaceutical products and that the large quantities o f water which may be trapped 

in the collapsed lactose can have a detrimental effect on the products in which the material 

is included.

Numerous publications have demonstrated the instability o f amorphous lactose at various 

relative humidities as a consequence o f absorbed water in the amorphous matrix. The 

absorbed moisture plasticises the lactose such that its glass transition temperature is 

depressed to or below room temperature (Buckton and Darcy 1995a, b; 1996; Sebhatu et 

al. 1994). It was previously believed that glassy materials were stable below their Tg. 

However evidence has surfaced which demonstrated molecular mobility down to 50°C 

below the Tg o f indomethacin, sucrose and polyvinyl pyrrolidone (Hancock et al., 1995). 

Such mobility may well take place in amorphous lactose which can have undesirable 

effects on the stability o f the products.

The recovery o f amorphous lactose after exposure to relative humidity has been 

investigated extensively (Sebhatu et al., 1994; Briggner et al 1994; Buckton and Darcy 

1995a,b). The energies associated with crystallisation are sufficiently large and can be 

detected with ease using isothermal microcalorimetiy^ or dynamic water sorption. There are 

several other techniques that can be used to detect amorphous content in materials. These 

include x-ray diffraction, DSC, solution calorimetry and spectroscopic techniques. There
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have been a few cases where more than one technique has been used with the same 

processed material and very different percentage amorphous content values were obtained. 

This was probably due to differences in the properties which the techniques actually 

measure. X-ray diffraction and DSC, for example measure average degree o f disorder 

detected by measurement throughout the bulk. However, the techniques are limited to 

material with 10% or more disorder. Isothermal microcalorimetry measures the higher state 

of energy that is associated with the disordered state and is known to detect the presence 

of less than 0.5% w/w amorphous material. We are not aware o f any anal>tical technique 

that can better this level of detection. Thus, isothermal microcalorimetry was used in our 

study to investigate crystallinity in the spray-dried products.

Despite being unsuitable for quantifying amorphous content in materials with small 

degrees o f disorder, DSC has been used successfully to investigate ciystallographic 

changes in lactose samples as a function o f humidity and storage time (Angberg, 199 la,b, 

1995). DSC was also used in conjunction with TGA and GC to characterise untreated and 

crystallised lactose products following exposure to relative humidity. The particulate 

properties o f the spray-dried materials were investigated using laser diffraction analysis 

and scanning electron microscopy (SEM). The moisture content in the spray-dried product 

was investigated using TGA, Karl Fischer titrimetry and loss on drying. Particular attention 

was given to the extent of agreement or disagreement o f the moisture content data that 

were obtained from different techniques.

4.1.1 Materials

a-Lactose monohydrate (Lactochem) was used to prepare the spray dried samples and as 

reference material for TGA, DSC, microcalorimetry, and GC experiments, p -Lactose 

(Sigma, USA) was used as reference material for DSC and GC experiments.

4.2 Sample preparation

Feed samples o f a-lactose monohydrate were prepared with concentrations o f 10,20,30  

and 40g/100ml water. The 10 and 20g/100ml samples were solutions, whereas, the 30 and 

40g/100ml samples were saturated solutions. The samples were spray dried using aBuchi 

190 spray drier at constant operating conditions described in Chapter 2, All the other
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variables were kept constant except for the feed rate which was changed in order to control 

the outlet temperature. After processing, the samples were collected from the vessel at the 

base o f the cyclone and immediately desiccated over silica gel. The percentage yield from 

the different feed materials ranged from 35-40%. The product that solidified on the walls 

of the glass ware or gathered at the base o f the drying cylinder was not collected.

4.2.1 Microcalorimetric Studies

The microcalorimeter used in this investigation was the ( 2277 Thermal Activity Monitor, 

TAM ), Thermometric AB, Sweden. The experiments were carried out at 25°C. Each 

sample was accurately weighed (approximately 20mg) in a 3ml glass ampoule, after which 

a tube with saturated sodium chloride solution, was added to give 75% RH at 25°C. The 

positioning o f the vapour generating site and the powder both within the measuring 

ampoule ensures that the enthalpy changes for evaporation o f the vapour and for sorption 

into the powder which are approximately equal and opposite result in a detected signal due 

to vapour phase wetting o f the powder is minimal. This set up is an example o f good 

experimental design, for if the vapour were generated remote from the cell and passed over 

the powder, a large wetting signal would be detected which may mask small thermal events 

due to changes in crystallinity within the samples.

The reference and test ampoules were crimp-sealed with a rubber stopper and aluminium 

cover seal in order to make the ampoule air-tight. After temperature equilibration for 

30min at the equilibration position, the test and reference vials were simultaneously 

lowered into the measuring position and the experiment was started. A blank experiment 

was undertaken by sealing an identical ampoule and salt solution without powder present. 

This procedure minimises the heat effects due to the relaxation of the rubber stopper of 

the ampoule, evaporation from the salt solution and baseline drift associated with 

environmental heat changes (Briggner et al., 1994).

Experiments were carried out to investigate amorphous content as a function o f feed 

concentration and to study the polymorphic content in crystallised lactose. The percentage 

amorphous content in spray dried samples were determined by integrating the 

crystallisation peaks and taking the mean of at least four experimental runs.
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In order to investigate a or p- lactose content in crystallised lactose, spray dried lactose 

samples (20mg) were stored in a microcalorimeter and exposed to 54, 75 or 100%RH at 

25°C. The specific relative humidities were regulated by saturated salt solutions MgN0 2  

(54%) NaCl (75%) and distilled water (100%). Crystallisation events were monitored to 

completion in real time followed by rapid removal o f the saturated solution tubes. The 

treated samples were immediately desiccated over silica gel in order to prevent post

crystallisation changes in a/ p lactose ratios. The crystallised products were then analysed 

by DSC and GC in order to determine a/ p anomeric content.

4.2.2 Differential Scanning Calorimeter (DSC)

Differential Scanning Calorimeter (Perkin Elmer, DSC7) was used to characterise the 

unprocessed (as received) and the spray dried samples. Crystallised samples from the 

microcalorimeter were assessed in order to determine the physical form of the cr> ŝtallised 

product. The emphasis of this investigation was on the dehydration peak o f the lactose 

monohydrate, and the melting peak o f the lactose. The DSC sample weights were between 

3.5mg and 5.0 mg. The samples were sealed in non-hermetic aluminium pans. 

Measurements were undertaken in an atmosphere o f nitrogen with a heating rate o f  

20°C/min over a temperature range o f 30-250°C.

4.2.3 Thermogravimetric Analysis (TGA)

The use o f TGA (2950 Thermogravimetric Analysis, TA instruments) allowed the 

quantification o f lactose monohydrate content in the samples. This was achieved by 

analysing the derivative curve o f the samples and relating it to that o f the reference lactose 

sample. It was also possible to determine absorbed water by analysing weight loss at < 

100°C. The samples were placed in open aluminium pans and were heated over a 

temperature range o f 30-250”C at a heating rate o f 20°C/min. Four measurements were 

taken for each sample and the results were represented as mean values and standard 

deviations.

4.2.4 Gas chromatography (GC)

This technique was used to quantify the amorphous a or p content in the spray dried 

products and the polymorphic content in the consequent crystallised materials. 

Crystallisation was induced by exposure to a specified relative humidity in a
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microcalorimeter at 25°C. Since the lactose samples are solutions, GC studies give 

information on anomeric (a/p) ratios but not polymorphic content. Therefore, we used 

GC data with results from other techniques such as DSC, microcalorimetry and GC was 

used to determine the a or p proportions in spray dried lactose and consequent crystallised 

products. A detailed protocol for GC studies has been discussed in Chapter 3.

4.2.5 Scanning Electron Microscopy (SEM)

Electron micrographs were made using a Phillips XL20 Scanning Electron Microscope. 

Prior to the measurements, the samples were adhered to an SEM stub using double sided 

carbon discs. The samples were then transferred to an Emitech K550 sputter coater, where 

the materials were coated with gold for three minutes before being photographed.

4.2.6 Karl Fischer Titrimetric moisture analysis

a-Lactose monohydrate was used to calibrate the Karl Fisher titrimetry instrument. The 

moisture content o f a-lactose monohydrate is 5.0 ±0.5% hydrate water. At room 

temperature below 75%RH the amount of adsorbed moisture is negligible. Karl Fischer 

was used to determine total moisture content in the samples. Four measurements were 

taken for each spray-dried sample and the unprocessed sample. The data were presented 

as mean values with standard deviations.

4.2.7 Malvern Particle Sieve Analysis

The Particle size o f the samples were analysed using a Laser diffraction particle analyser 

( Malvern 2600C, Malvern Instruments). Cyclohexane was used as the suspension medium. 

A background reading was taken using a 63mm lens, before drops o f the sample 

suspensions were introduced for analysis. Each sample was analysed at least six times and 

the mean o f four results were used to calculate the D,0.5) (D 0.1) and (D.09), the median 

mean diameter(50%), 10% and 90% undersize respectively.

4.3 Results and discussion

Spray dried samples were analysed by isothermal microcalorimetry. The reference sample 

a-monohydrate was tested under the same experimental conditions and gave no 

recrystallisation response (not shown). This confirmed that the sample was 100%
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crystalline (best approximation). A typical response of the spray dried material following 

exposure to 75%RH in the microcalorimeter is given in Figure 4.1. It was previously 

believed (Sebhatu et al., 1993;Briggner etal,1994) that the first peak represented the 

absorption of water vapour in the amorphous structure. However, this hypothesis raised 

further questions about the nature of this first peak, for the net wetting response would be 

minimal as the evaporation of the moisture in the saturated salt solutions is approximately 

matched by the condensation into the solid (an equal exotherm and endotherm 

respectively). Consequently, further developments in this area of study led to the belief that 

the response was more likely a heat change due to the collapse of amorphous lactose ( 

Buckton and Darcy 1996).This notion is consistent with the opinion that vaporisation and 

absorption have an equal and opposite response, which cancel each other.

Q)

o
CL

9 8 0

7 8 0

5 8 0

3 8 0

0
-2 0

1

Time (H o u rs )

Figure 4.1; A microcalorimetric trace showing an initial peak (I) due to moisture 

absorption or more likely amorphous structural collapse and a crystallisation peak(II) for 

spray dried lactose(20g/'100ml) 20mg at 75%RH, 25"’C.

In order to investigate this hypothesis, an amorphous lactose sample was exposed to 

75%RH and the experiment was immediately terminated as soon as the amorphous 

collapse signal returned to baseline. The experiment was stopped immediately and the 

saturated solution tube removed. This was followed by drying the samples with nitrogen 

gas. The samples were then photographed using scanning electron microscopy (Figure 4.2).
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The electron micrograph shows individual particles that appear to fuse together to from a 

continuous viscous mixture of amorphous lactose and absorbed water. This phase appears 

to be the rubbery state, which has been previously described as “stickiness related to 

viscous flow” (To and Flink, 1978) or structural collapse in spray dried powders (Van 

Scoick and Carstensen, 1990). Based on the available evidence, it can therefore be 

concluded that the initial peak observed in Figure 1, indeed appears to be due to heat 

changes associated with structural collapse of amorphous particles.

%

Figure 4.2 ; Scanning electron micrograph of collapsed lactose after exposure to 75%RH, 

in a microcalorimeter. The collapsed state is due to the plasticising effect of absorbed 

moisture.

The second peak (II) represents the crystallisation peak of the amorphous lactose. The 

shape of the microcalorimetric peak indicates that it is rapid and co-operative. This co

operative process occurred when a critical moisture concentration was reached which was 

sufficient to depress the glass transition temperature (Tg) of the amorphous lactose to 

below the experimental temperature (T). When the Tg of the samples is depressed below
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T, the amorphous powder changes in physical form, from an immobilised glassy form to 

a rubbery state, which allows sufficient molecular mobility and re-orientation to allow 

crystallisation.

There appears to be a critical RH which is sufficient to cause spontaneous crystallisation 

in amorphous lactose. This value is quoted in most publications at about 45%RH at 25°C. 

It must be assumed that below this critical RH the water content does not cause materials 

to crystallise instantaneously, whereas above this critical RH, spontaneous glass to 

crystalline transition occurs. The time taken to reach the critical moisture content is a 

function o f amorphous content and relative humidity. The critical moisture content that 

is sufficient to cause spontaneous crystallisation has been approximated as 7.25% of the 

mass o f lactose (Buckton and Darcy, 1996).

There are several, parameters that affect the rate o f crystallisation of amorphous materials. 

Firstly, a sample with the highest amorphous content takes longer to crystallise than a 

comparable low amorphous content sample at constant experimental conditions. The fact 

that crystallisation lag times are known to increase with amorphous content substantiates 

the view that the moisture content in the amorphous powder must reach a critical 

concentration before the instantaneous co-operative crystallisation occurs (which will take 

longer for increased content o f amorphous powder). Secondly, a higher relative humidity 

reduces crystallisation lag times at constant experimental conditions. Powder bed 

saturation is achieved faster at a higher RH than at a lower RH at constant experimental 

conditions. Other factors which are rate-limiting to the crystallisation process include 

powder load and the water surface area

4.4 Quantification of amorphous content in spray dried samples

The crystallisation peaks were integrated to give the heats o f crystallisation for the 

amorphous samples. The % amorphous lactose content in the samples was calculated from 

the following equation (Briggner et al, 1994);

% Amorphous content = 100 * (Q - blank) / (Q̂  ) where,

Q = heat output of the test sample
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Qa= out put from a totally amorphous sample (assuming the same RH is used and the 

loading is standardised). The blank response relates to the output obtained by loading the 

cell into the microcalorimeter. A blank response of zero was used in our calculations.
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Figure 4.3. Typical microcalorimetric data to show the crystallisation lag times for the 

40g/100ml(a), 30g/100ml(b) feed suspensions and the lOg/100ml (c) feed solution 

products. The 20g/100ml suspension product not shown for clarity of the figure. The 

products with the highest amorphous content have the longest lag time prior to the 

crystallisation response.

Table 4.1 shows the impact of feed concentration on the percentage amorphous content in 

spray dried lactose. The amorphous content in spray dried samples appears to decrease 

with increase in lactose concentration above equilibrium solubility. It is also shown that 

the samples produced from a solution of concentration lOg,/1 0 0 ml water gave the highest 

percentage amorphous lactose content. The results are supported by the crystallisation lag 

times for the samples which demonstrated that 2 0 mg of the lOg/1 0 0 ml sample had the 

largest crystallisation lag time (Figure 4.3).The above results were as expected in terms 

of the order of ranking of the % amorphous content of the samples, however the % 

amorphous figures for the 30g/100ml sample and the 40g/100ml samples were much higher 

than expected. We would expect almost all the lactose in the lOg/lOOml sample to be
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amorphous, since rapid evaporation during spray drying caused the dissolved lactose to 

come out of solution rapidly to form amorphous lactose.

The evaporation rates were so rapid that the lactose in solution had little opportunity to 

cry stallise. Therefore we expected this sample to be approximately 100% amorphous. This 

was indeed the case when we integrated the area under the crystallisation peaks for this 

sample. This was found be (expressed as mJ/mg ) 50mJ/mg (Figure 4.4). This result is 

consistent with the work of Briggner et al 1994, where a similar value was obtained for a 

1 0 0 % amorphous lactose sample.

5 0  -

4 0  -

F e e d  c o n e e  n t r a t i o n  ( g / 1 0 0 m ( )

Figure 4.4: The mean area under the crystallisation curve (75%RH, at 25®C) as a function 

of feed concentration (n = 4, error bars represent standard deviations).

The 20g/100ml lactose samples as shown in Table 4.1 consisted of some lactose in 

suspension since this feed material was at the equilibrium solubility of lactose at 25°C. 

The amount of lactose in solution was obviously greater than that in suspension. We would 

expect a fairly high percentage amorphous content. The percentage amorphous content 

value obtained was 91%, which was within the expected range given the possibility that 

nucléation sites may remain, as the solution was approximately at equilibrium solubility. 

The results for the 30g/'100ml and 40g/'100ml lactose samples were surprising. A 

30g/100ml samples contains about 33% of lactose in suspension (Table 4.1) and the rest 

in solution. The lactose in suspension was expected to emerge from the spray drying
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system as either the monohydrate or anhydrous lactose crystalline form. The rapid 

evaporation that took place in the spray drier was expected to have little effect on the 

lactose in suspension other than the possible loss o f hydrate water from the monohydrate 

lactose, due to high temperatures. The same argument could be applied for the 40g/100ml 

sample which has approximately half o f the lactose in suspension. We therefore, expected 

the amorphous content values to be in the 50% region. The amorphous content for the 

30g/100ml and 40g/100ml samples were 89% and 82% respectively. These values were 

much higher than that which was dissolved in the feed material. Based on the available 

evidence it can be concluded that the concentration o f lactose in solution was not the only 

factor that determined the amorphous content in spray dried products.

Table 4.1 : The impact o f feed concentration on the percentage amorphous content in 

spray dried lactose. Standard Deviations are in parenthesis, n = 4.

Feed Concentration 
g/lOOml

% in solution % amorphous content

1 0 1 0 0 100(1.3)

2 0 calOO 91(1.3)

30 67 89(1.0)

40 50 82 (3.3)

The particle size analysis data showed a significant reduction in average particle size o f the 

spray dried samples compared to the unprocessed material. This gives us reason to believe 

that there was a possibility that the atomiser may have had a milling on the suspended 

lactose particles due to atomiser centrifugal pressure. The atomiser centrifugal pressure 

may cause milling as the particles leave the atomiser nozzle under pressure. This may 

result in the disruption in the crystal lattice giving a solid state transition to the amorphous 

state. Therefore, the effect o f the atomiser could cause crystalline disorder in materials by 

solid state or liquid state transition or more likely a combination o f both.

Furthermore, milling o f particles may have increased the apparent solubility o f lactose 

under these conditions. Rapid evaporation (on spray drying) caused the resultant 

amorphous material to have elevated degrees o f disorder. Furthermore, high temperatures
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in the atomizer nozzle probably increased the solubility of lactose. Similarly, this may have 

elevated the amount of lactose in solution leading to increased amorphous content.

The effect of temperature in the nozzle affecting solubility is unlikely to be the only factor. 

If this explanation was totally responsible for the changes in amorphous content, then the 

20g/'l 00ml sample would be totally amorphous (as it was at equilibrium solubility at 25”C), 

whereas it remained at 91% amorphous. It is however conceivable that changes in 

temperature in the atomiser nozzle became more significant when the suspended material 

load increased, probably due to particle-particle attrition or particle attrition and abrasion 

under the influence of centrifugal pressure.

4.5 Determination of lactose a or p anomeric forms present in spray dried 

products.

The charactensation of anomeric forms in spray dned lactose samples was undertaken 

using DSC, TGA and microcalorimetiy results. A DSC trace o f the untreated sample 

shows a dehydration peak at 150”C and a melting peak at 216 X  (Figure 4.5).

150°C100 T

90 - •

$  80"" 

I 70".

I
50

40 80 120 160 200 240

Temperature (®C)

Figure 4.5; DSC data for reference material showing a dehydration peak at caI50‘’C and 

an a -lactose melt at 216"C.

From the microcalorimeter data, it was established that the I Og/100ml spray dried sample 

contained 1 0 0 % amorphous content, which implied that there was no crystalline a-
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anhydrous, a-monohydrate or (3 -lactose present (best approximation). This observation 

was substantiated by evidence from the DSC traces which showed neither an a- 

monohydrate dehydration peak in the 140-150®C ( Figure.4.5 for DSC thermogram for 

reference material) temperature range or a p-lactose melting peak at about 235”C. The 

TGA traces showed no evidence of weight loss associated with hydrate water. Therefore 

it was concluded that the lOg/1 0 0 ml samples were totally amorphous.
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Figure; 4.6.: A typical DSC trace for spray dried lactose ( 20g/100ml) showing the absence 

of a p-lactose melting endotherm and no lactose monohydrate dehydration peak ( however 

a crystallisation exotherm is observed at 115°C and a melt at 216”C is observed).

The 20g/l 00ml sample was found to contain 91 % amorphous lactose by microcalorimetric 

analysis. This implies that the remaining 9% of the crystalline lactose could potentially 

exist as either, a-anhydrous , a-monohydrate or p-lactose crystalline forms. TGA and 

DSC data were used quantitatively and qualitatively respectively to characterise the a- 

monohydrate lactose. The TGA derivative peaks showed no weight loss associated with 

hydrate water at the 140-1 SOX temperature range. This indicated that there was no 

detectable lactose monohydrate in the sample. This observation was supported by the DSC 

trace for this material, which showed no dehydration peak at 148C. The DSC thermographs 

did not show a melting endotherm at about 235°C, which would indicate the absence of p-
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lactose in this sample (Figure 4.6.). There was a melting peak o f 216°C, which is in 

keeping with the melting point for anhydrous lactose found in previous work ( Lerk 1983) 

. Based on the available data, one can conclude that a 20g/100ml spray dried sample 

contained 91 % amorphous lactose and 9% anhydrous lactose. It should be noted, however 

that the absence of a p -lactose melting endotherm does not prove total absence of P - 

lactose since there is a certain threshold level that is required to allow detection, as such 

the values obtained above are best approximations.

Table 4.2 : Summary of feed material and the consequent nature o f the spray dried product. 

Standard deviations are in parenthesis, n = 4.

Feed cone 

(g/1 0 0 ml)

%in

solution in 

feed

Amorphous 

content 

in product

Crystalline 

a-anhyd 

in product

Crystalline 

P-lactose 

in product

Crystalline 

a-monohydrate 

in product

1 0 1 0 0 100(1.3) 0 0 0

2 0 calOO 91 (1.3) 9(1.4) 0 0

30 67 89(1.0) 1 1 ( 1 .0 ) 0 0

40 50 82 (3.3) 13(3.1) 0 5(0.3)

The 30g/100ml sample was found to consist o f 89 % amorphous lactose and 11% 

anhydrous lactose. The 40g/100ml spray dried lactose however had a small derivative peak 

which was consistent with that o f the reference material. The derivative peak (Figure 4.7) 

represented a loss 0.25% hydrate water. The monohydrate content in the 40g/100ml spray 

dried sample was determined by relating the measured value to that which would be lost 

if  the sample were a full monohydrate i.e 0.25/5 xlOO%. TGA has an analytical accuracy 

o f ±1% and a resolution o f 0.1 pg thus the measured 0.25% hydrate which was equivalent 

to 0.036mg water was well within the detection limit o f the instrument. Thus, we are 

confident the results are not due to experimental error. Therefore, the lactose monohydrate 

content in the 40g/100ml sample was approximately 5%. The above observation is 

substantiated by XRD findings for the 40g/100 ml (Figure 4.8). However, the monohydrate
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dehydration peak was not visible on the DSC trace for the sample, which may be due to the 

low sensitivity of DSC to detect the presence of a small amount of lactose monohydrate 

(Angberg et al., 1991).
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Figure 4.7 ; TGA weight loss curve of the spray dried lactose (40g/100ml) showing a 

derivative peak which was due to loss of absorded (X) water and hydrate (Y) water.

There was no melt for P-lactose in this sample when using DSC ( as indicated by the 

absence of a p-lactose melting endotherm at the 230-240°C temperature range). Moreover, 

there was a melting endotherm at 216"C , which could be the melting peak for either a- 

monohydrate or a-anhydrous lactose. Based on the available evidence, it is concluded that 

the 40g/100ml suspension yielded spray dried lactose that contained 83 % amorphous 

lactose, 5 % a- lactose monohydrate and 12% a -anhydrous lactose.

The absence of p-lactose in all the spray-dried samples was contrary to the results of a 

previous related study (Fell and Newton 1971). This was due to the fact that the drying 

rates used by Fell and Newton (1971) were sufficiently slow to allow the dissolved lactose 

to crystallise as a- or p- lactose. The drying temperature in this study caused rapid 

solidification (little opportunity for crystallisation). The presence of a small amount of 

monohydrate content in the 40g/100ml spray dried sample is probably due to the fact that
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at high solid content, the resulting spray particles are large, due to coarse atomisation 

which resulted in some of the large spray particle not experiencing complete dehydration.
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Figure 4.8; XRD data for the 40g/100ml lactose sample, showing the presence of a- 

monohydrate lactose 20 (12.6”). The hump represents an amorphous ‘halo’, which 

demonstrates that the material is predominately amorphous. The diffraction pattern for the 

lOg,/1 0 0 ml sample showed no diffraction peaks.

This notion is supported by the fact that, at high solid content the feed rate was high 

(^lOml/min) in order to control the outlet temperature. Therefore, there was less 

opportunity to dehydrate all the lactose in suspension. In the less concentrated samples, the 

feed rates were low (f:5ml/min), therefore it was relatively easier to dehydrate the 

suspended monohydrate to form anhydrous lactose. Under low feed rate conditions it is 

possible that the temperature of the product rose to >120”C which was sufficient to 

partially remove the hydrate. Since the monohydrate crystals were in suspension the 

particle may have experienced the full effect of the heat, whereas the dissolved lactose 

experienced less heat due to the wet bulb temperature effect. Another reason for the 

presence of a-anhydrate in the 20, 30 or 40g/100ml suspension products is probably due 

to the mechanical action in the atomiser nozzle which caused the loss of hydrate water in
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the suspended monohydrate. Another reason for the presence o f crystalline material in the 

above materials may be due to crystallisation from solution during the spray drying process

4.6 Determination of a/p content of amorphous lactose in spray dried samples

Having already determined the crystalline a or p lactose content in the spray dried 

products, it was therefore necessary, to investigate the a or p content in the amorphous 

state. Determination of amorphous a or p lactose were made using GC data and from 

microcalorimetiy, DSC and TGA results. It is imperative that the a/p in the spray dried 

materials is known in order to probe whether the a : P proportions in the amorphous state 

correlates with the anomeric ratio in the consequent crystallised material.

Table 4.3: The impact o f feed concentration on the presence of ciystalline or amorphous 

lactose in spray dried products.

Feed Cone 

g/1 0 0 ml

%

disorder

Amorphous 

lactose 

a p

a-

anhydrous

crystalline

p-lactose

crystalline

ciystalline 

a- monohydrate

1 0 1 0 0 59 41 0 0 0

2 0 91 50 41 9 0 0

30 89 48 41 1 1 0 0

40 82 46 36 13 0 5

In Table 4.3 it is shown that the lOg/IOOml sample contained 59% a- and 41% P- 

amorphous lactose and no crystalline lactose. It is however evident that there was a 

substantial change in the a/p ratio in feed solution during the spray drying process. At 

equilibrium at room temperature the lOg/lOOml solution contained 62%P and 38% ct- 

lactose (Angberg, 1995), but yielded a product that consisted o f 59% a and 41% p 

amorphous lactose. This change can be attributed to p-a mutarotation on crystallisation 

during the spray drying process. The results also demonstrated that the amorphous p- 

lactose content in the products did not change with feed concentration (except for a minor
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change in the 40g/100ml sample), whereas the amorphous a -lactose content decreased. 

The reason for this could be that the increase in lactose load changed the percentage of  

lactose in solution but did not significantly affect the a/p ratios in solution, since the 

solutions were at equilibrium or that the amorphous a- lactose is crystallising to the 

crystalline a-lactose. Since p-lactose was only present in solution, changes in content 

could only be attributed to mutarotation to the a- form on crystallisation.

The fact that the amorphous p- lactose content in the spray-dried products were virtually 

identical suggested that the drying conditions caused (p-a mutarotation) to the same 

extent. This hypothesis is supported by the fact that the samples were at the same feed 

temperature. The amorphous a-lactose content in the spray dried products decreased 

substantially as the feed concentration increased, probably due to crystallisation during the 

spray drying process. Nucléation sites that remained in the more concentrated feed samples 

(30 or 40g/100ml) probably enhanced crystallisation due to increased seeding potential. 

The fact that the amount o f amorphous a-lactose decreased with feed concentration whilst 

there was a corresponding increase in crystalline a-lactose demonstrates that 

crystallisation occurred in the 30 or 40g/l 00ml sample or that the crystals may have always 

been there.

4.7 Determination of a or p proportions in crystallised lactose

The objective o f this study was to investigate the anomeric content o f the spray dried 

lactose products after exposure to 54, 75 and 100%RH. To cause crystallisation the 

samples (20mg) were stored in a microcalorimeter at 25°C. The crystallised products were 

analysed by DSC and GC.

4.7.1 The effect of exposure to 54%RH

When the samples were exposed to 54%RH, they crystallised at different lag times 

depending on amorphous content. The lowest amorphous content samples had the shortest 

crystallisation lag time, which was in keeping with a trend that was observed in section 

4.4. DSC analysis o f the crystallised samples indicated the presence o f crystalline P and 

a -monohydrate lactose, with no evidence o f crystallisation exotherms. This confirmed that 

the samples were totally crystalline. When the DSC monohydrate dehydration peaks were
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analysed, an increase in dehydration enthalpy with feed concentration (not shown) was 

observed. This indicated an increase in monohydrate content with feed concentration. The 

crystallised products that originated from 30 or 40g/100ml suspensions contained more 

crystalline a-lactose than the 10 or 20g/100ml samples probably due to the fact 30 or 

40g/100ml amorphous products also consisted o f crystalline anhydrous a- lactose as well 

as amorphous a-lactose which converted to a-monohydrate on exposure to moisture. 

Since a-p mutarotation has been shown to occur in DSC measurements (Olano et al, 1983, 

it is not best practice to calculate a/p ratios in samples by measuring the a and p melts

Table 4.4: The effect o f feed concentration on the a or p lactose content in the amorphous 

and crystallised material (2 0 mg of each spray dried amorphous sample was stored at 

54%RH in a microcalorimeter at 25°C, in order to produce the crystalline lactose (error 

limits not shown for clarity o f table).

Feed 

Cone 

g/ 1 0 0 ml

%

Disorder

Crystalline

a-lactose

Amorphous 

lactose 

a p

crystallised lactose 

a-monohydrate p-lactose

1 0 1 0 0 0 59 41 59 41

2 0 91 9 50 41 59 41

30 89 1 1 48 41 60 40

40 82 18 46 36 63 37

Table 4.4 demonstrates that at 54%RH, the a- anhydrous ciystalline and a-amorphous 

lactose were converted to a-monohydrate, by hydration and crystallisation respectively. 

The crystalline P- lactose content in the crystallised products is similar to that in the 

starting amorphous material. This demonstrated that 54%RH caused crystallisation in the 

amorphous products but the moisture was not sufficient to cause p-a lactose mutarotation 

on crystallisation. The crystallised 40g/100ml sample contained the highest a-monohydrate 

content because the starting material had the highest crystalline a -lactose content (ca2 0 %).
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4.7.2 The effect of crystallisation at 75%RH

The spray dried product crystallised after exposure to 75%RH. The crystallisation lag times 

were generally shorter than that o f a corresponding sample stored at 54%RH. When the 

samples where analysed by DSC, both a-monohydrate and p-lactose were detected. The 

dehydration peaks were much higher than the corresponding samples which had been 

crystallised at 54%RH. The monohydrate dehydration enthalpies o f the crystallised samples 

increased with feed concentration, a trend which is in keeping with DSC data for samples 

stored at 54%RH.

Table 4.5: The effect o f feed concentration on the a  and p ratio in amorphous and 

consequent recrystallised lactose.(To cause crystallisation 20mg of each sample were 

stored at 75% RH ).

Feed cone 

g/1 0 0 ml

%

disorder

amorphous 

lactose 

a p

anhydrous 

crystalline a- 

lactose

crystallised lactose 

a-monohydrate p- 

lactose

1 0 1 0 0 59 41 0 61 39

2 0 89 50 41 1 1 64 36

30 91 48 41 13 6 6  34

40 82 46 36 18 70 30

GC results (Table 4.5) illustrate that the p -lactose content in the crystallised products was 

lower than in the starting materials. The quantity o f p-lactose in the products also 

decreased with feed concentration. The results indicate that P-lactose mutarotation 

occurred due to the presence o f moisture. Angberg et al, 1991 reported that p -lactose 

mutarotated to a-lactose on exposure to 75%RH. The authors also speculated that the 

presence o f a-anhydrous crystalline lactose in the starting material influenced the 

mutarotation process. This notion that anhydrous a-lactose influences p-a mutarotation 

is supported by the GC results which showed that the P-lactose content in the 40g/100ml 

sample experienced the greatest decrease after exposure to 75%RH. The a-anhydrous 

content in the 2 0  or 30g/l 0 0 ml samples were relatively small hence the P-lactose decrease
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was comparatively small, whereas the 1 Og/100ml sample (totally amorphous) experienced 

a negligible change in p-lactose content on crystallisation.

4.7.3 The effect of storage at 100%RH

The spray dried materials were exposed to 100%RH in a microcalorimeter. As described 

earlier the products were analysed by DSC and GC. Microcalorimetric data demonstrated 

that the spray dried products crystallised quicker than the samples stored at 54 or 75%RH 

due to a faster rate o f powder saturation. When the samples were analysed by DSC, 

endothermie peaks at cal45®C, 216°C and 232®C were observed, which can be attributed 

to the monohydrate dehydration peak, anhydrous a-lactose melt and P-lactose melt 

respectively.

Table 4.6; The effect of feed concentration on the a and p lactose content in ciystallised 

lactose. In order to produce crystalline lactose, 20mg o f each sample were stored at 

100%RH in a microcarimeter at 25°C. The crystallised products were then analysed by GC.

Feed cone 

g/1 0 0 ml

%

disorder

amorphous

lactose

a p

anhydrous 

crystalline 

a-lactose in 

amorphous 

samples

crystallised lactose 

a-monohydrate p-lactose

1 0 1 0 0 59 41 0 65 35

2 0 89 50 41 1 1 64 36

30 91 48 41 13 70 30

40 82 46 36 18 72 28

When the crystallised samples were analysed by GC, it was observed that the p-lactose 

content in the crystallised products were significantly lower than in the starting material 

(Table 4.6). The extent o f the decreases was more significant than the comparable samples 

crystallised at 75%RH. It can be concluded that substantial p-a mutarotation occurred due 

to the effect o f high relative humidity. The a-monohydrate content o f the crystallised
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products also increased with feed concentration which is in keeping with the trend that was 

demonstrated in Figure 4.5.

Based on the microcalorimetric data, it can be concluded that the rate of crystallisation of 

amorphous lactose products depended on feed concentration and storage RH. It can be 

concluded that 54%RH caused the samples to crystallise without causing p-a transition. 

Storage at 75 or 100%RH caused substantial p-a mutarotation, hence the crystallised 

products contained significantly less p-lactose than the starting material. It can further be 

concluded that the mutarotation process was more extensive for materials that contained 

appreciable amounts o f crystalline a-anhydrous lactose.

4.8 Particle size analysis

Changes in particle size were measured and presented in Table 4.7. The unprocessed 

material is shown to have much larger particle size than any o f the spray-dried products. 

Based on these results, it is probable that milling does take place possibly during the 

passage of the sample particles through the atomiser as 50% of the 40g/100ml sample 

would be expected to remain as a suspension. Alternatively, given the solubility o f lactose 

in water, the size o f the undissolved lactose particles would be expected to decrease.

The particle size analysis results indicated that changes in feed concentration affected the 

particle size o f the product probably due to altered droplet sizes produced at the atomiser. 

It is evident from the particle size analysis results that as the feed concentration is 

increased above the equilibrium solubilit)' o f lactose, there is a general increase in the 

average particle size and the distribution of the particles becomes wider. Generally the 

particle size distribution o f the samples processed from solution seems to be narrower than 

products from suspensions. This may be due to the solution producing fine iso-diametric 

sprays resulting in a uniform particle size powder.

The trend that smaller median particle diameters were obtained for lower feed 

concentration is in keeping with the findings o f a previous related study (Duffie and 

Marshall 1953). The particle sizes analysis results are tabulated below as the median mean 

diameter, 10% under size and 90% undersize respectively.
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Table 4.7. The particle sizes o f the starting material (a- lactose monohydrate) and the spray 

dried products produced from different feed concentrations, (mean and standard deviation).

10% Undersize 50% Undersize 90% Undersize

Starting material 9.2 ±3.5 2 2 . 8  ± 6 . 0 46 ±11.4

1 0 / 1 0 0 ml feed 3.3 ±0.6 7.2± 0.3 16.4 ±5.0

2 0 / 1 0 0 ml feed 3.4± 0.2 11.2± 0.4 23.5 ±1.1

30g/100ml feed 3.5 ±0.3 1 2 .6 ± 1 . 0 24.6 ±1.7

40g/100ml feed 3.8 ±0.3 13.9 ±0.2 25.9±0.1

Based on the evidence from the particle size analysis studies, a narrow particle size product 

can be obtained by spray drying from solution so that fine sprays with a narrow size 

distribution are produced on atomisation.

4.9 Determination of the residual moisture content

The residual moisture content o f the samples were analysed by Karl Fischer titrimetry and 

TGA. Karl Fischer titrimetry was used to determine total moisture content is samples, 

whereas TGA was used to measure absorbed or hydrate water. Of the two moisture analysis 

techniques used in our studies, TGA with an accuracy o f < 0.1% and a resolution ofO.lpg 

is the most suitable method for quantifying moisture content in materials. The data 

obtained by the above techniques appears to be fairly consistent (Table 4.8).

The results indicate the presence o f predominantly absorbed water in the spray dried 

products. There appears to be no correlation between moisture content with feed 

concentration. TGA derivative weight loss curves in the 100-150°C temperature region for 

the 40g/100ml sample confirmed the presence o f hydrate water, which corresponded to 5% 

a-monohydrate. The presence o f hydrate water in the 40g/100ml spray dried sample has 

been discussed earlier.

The results obtained from the two techniques demonstrated that the lOg/lOOml contained 

the lowest total moisture content. The moisture content data for the 10/100ml sample can 

be explained by the fact that the lOg/lOOml products were spray dried from solution which
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produced small atomised droplets. The fine droplets had high surface area to volume ratios, 

which led to efficient drying process due to high evaporative capacity. Another explanation 

for the relatively low moisture content in the lOg/lOOml sample is that the sample was 

spray dried at the lowest feed rate, which was necessary to minimise fluctuations in the 

outlet temperature. Thus, the droplets from this sample had sufficient opportunity for 

moisture evaporation. The fact that the sample retained 4.7% moisture indicates that the 

conditions employed during the spray drying process did not cause complete drying in the 

products.

Table 4.8; Residual moisture content data from TGA and Karl Fischer. The results are 

subject to error as there was a possibility that some moisture may have desorbed during 

sample transfer and transportation.

Feed Cone 

g/1 0 0 ml

% TGA absorbed 

water content

% TGA hydrate 

content

Karl Fischer 

moisture content

1 0 4.59 ±0.1 0 4.77 ±0.4

2 0 5.06 ±0.2 0 5.1 ±0 .2

30 5.07 ±0.1 0 5.34 ±0.1

40 4.41 ±0.1 0.25±0.1 4.76 ±0.2

The 40g/100ml sample on the other hand, also contained relatively low residual moisture 

content relative to the other products o f the less concentrated feed samples (2 0 g/1 0 0 ml or 

30g/100ml). The high solid content resulted in relatively dry product because the thermal 

efficiency of the drier was increased by high solid content. The above explanation is 

unlikely to be the only reason for the low moisture content in the lOg/lOOml or 40g/100ml 

samples, for there are other factors which determine the moisture content in spray dried 

products. Based on the above results it can be concluded that variations in feed 

concentration did not cause significant (p<0.05) differences in the moisture content o f the 

spray dried products.

The moisture content data tabulated below (Table 4.9) shows that the spray dried products 

contained sufficient moisture to depress the glass transition temperature o f lactose if  the
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moisture is concentrated in the amorphous regions. Using data from TGA experiments, 

the following discussion will examine how such water contents might affect the Tg of 

lactose. The assumption in the calculations is that essentially all o f the moisture is 

preferentially absorbed in the disordered regions o f the products.

The Tg o f lactose was determined using the Gordon and Taylor (1952 ) equation..

Tg =  (w{lg^  +  k w T ^ /(W i  +  kw2)

Where w represents the weight fraction o f the two materials (subscripts 1 and 2) and k is 

the constant. The values o f Tg o f lactose (101®C) and water (>135®C) and an estimate o f k 

(6.56) are available in the literature (Roos,1993).

Table 4.9: Moisture content and Tg for the amorphous fraction in partially crystalline 

lactose.

Feed Cone 

g/1 0 0 ml

amorphous 

content (%)

TGA

moisture

content

TGA absorbed 

moisture content as 

a % in amorphous 

content

Glass transition 

Temperature °C

1 0 1 0 0 4.59 4.59 46

2 0 91 5.06 5.56 38

30 89 5.07 5.7 37

40 82 4.41 5.38 39

Table 4.8 shows that as the degree o f disorder decreases with increases in feed 

concentration the moisture contents o f the 20, 30 or 40g/100ml samples are amplified 

when expressed as a percentage in amorphous content. Based on the tabulated data it is 

clear that the moisture content o f the spray dried products significantly lowered the glass 

transition temperature of lactose to values close to room temperature. Finally, the literature 

shows that the DSC crystallisation temperature for amorphous lactose is approximately 

185°C but a value o f 115°C was observed for the spray dried samples (Figure 4.6). This is 

evidence that the glass transition temperature was depressed by the presence o f moisture 

even though moisture is driven off during DSC experiments.
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4.10 Scanning Electron Microscopy

The electron micrographs for the spray dried samples show that spray drying produces 

spherical particles (Figures 4.9- 4.14).

r-rr?3

Figure 4.9: Scanning electron micrograph for the unprocessed a-monohydrate.

Figure 4.10 : Electron micrograph for p-lactose reference material.
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Figure 4.11: SEM for spray dried lactose lOg/lOOml.

1

l

Figure 4.12; SEM for spray dried lactose 20g/100ml.
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Figure 4.13; Scanning electron photos for spray dried lactose 30g/100ml.

Figure 4.14: Scanning electron photos for spray dried lactose 40g/100ml.
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This is probably what gives the spray dried materials, good flow properties. The particles 

from the more concentrated suspensions (30 or 40g/100ml) contained particles that were 

generally larger than the products from solutions. This is in keeping with particle size data 

discussed earlier. There was no evidence of small crystals in the samples that contained 

small amounts o f crystalline anhydrous a -lactose. It is probable that the small crystals are 

enclosed by the larger amorphous particles. The amorphous particles from the 20g/100ml 

product appeared to have crevices which indicated that the particles were hollow and 

probably fractured due to stress from the electron beam.

4.11 Conclusion

The concentration of the feed material was found to have a significant effect on the 

physicochemical properties o f spray dried lactose. Increasing lactose concentration above 

the equilibrium concentration at room temperature resulted in a decrease in the percentage 

of amorphous lactose in the spray dried products. Under the conditions used, the 

solubilised lactose solidified into an amorphous state. However, at higher feed 

concentrations it was observed that the suspended lactose was converted from crystalline 

to amorphous lactose. Therefore, it was concluded that processes in the atomiser, followed 

by rapid solidification, cause the lactose in suspension to lose crystallinity through solid 

or liquid transition or more likely a combination o f both. At higher feed solids incomplete 

dehydration o f the suspended lactose particles occurred, which resulted in some lactose 

monohydrate in the products.

Based on the evidence from GC analysis, it can be concluded that changes in feed 

concentration did not significantly affect the amorphous p-lactose content in the spray 

dried products. However, the amorphous a-lactose content decreased as the feed 

concentration increased. The results imply that amorphous a-lactose probably partially 

crystallised on drying. When the spray dried products were exposed to relative humidity, 

they crystallised into P-lactose and a-monohydrate. When the spray dried products were 

exposed to 54%RH, crystallisation occurred but the p-lactose in the crystallised material 

was similar to that in the starting amorphous material. Therefore it can be concluded that 

54%RH caused crystallisation without inducing p-a mutarotation. However, exposure to 

75 or 100%RH, caused substantial p-a lactose mutarotation on crystallisation, which was 

more extensive at 100%RH than at 75%RH. The presence o f anhydrous a-lactose in the
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30g/100ml or 40g/100ml products appeared to influence the extent o f mutarotation on 

crystallisation as proposed by Angberg et al (1991).

Particle size analysis and SEM studies showed that increases in solids concentration 

produced large particle size products with a wider size distribution. The spray dried 

samples appeared to exhibit a general spherical morphology, which is desirable for tablet 

manufacture.
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CHAPTER 5a: 

The effect of feed temperature on the physico-chemical properties of 

spray dried lactose

5. Introduction

Commercially available spray dried lactose e g DC lactose 11 contains about 15% 

amorphous lactose and 85% crystalline a-monohydrate (Kussendrager et al,1981). It is 

believed that the consolidation o f this product is mainly determined by the crystalline 

component. The binding properties o f the material are thought to be considerably affected 

by the amorphous lactose content (Vromans et al, 1986). Spray dried lactose is prepared 

from solution or suspension. The percentage amorphous content in spray dried lactose has 

been shown to be significantly affected by feed concentration in Chapter 4 .

It is also conceivable that changes in feed temperature can produce spray dried products 

with varying degrees o f amorphous lactose or indeed a- or p-lactose given that solutions 

at different temperatures have different a/p ratios. The impact o f variations in feed 

temperature on the polymorphic content o f spray dried lactose has not been studied in great 

detail. It is for this reason that this study was undertaken.

The focus o f this study will be to study in great detail the spray dried products prepared at 

different solution temperatures and characterise the starting material and possible changes 

that may proceed during processing and during various storage conditions. As a follow up 

to the study o f feed temperature effects. Chapter 5b reports on the impact o f changing the 

inlet drying temperature on crystallinity and anomeric content

5.1 Aims of the study

The aims o f the study were to

• assess the crystallinity in the spray dried material prepared from feed solutions 

(20g/I00ml) at 25 ,30 ,40  and 50°C.

• compare the a/p lactose ratio in the spray dried material with that in the feed 

solutions.
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quantify the polymorphic content in the crystallised material following exposure 

to 53,75 and 100%RH at 25°C in an isothermal microcalorimeter.

Investigate the thermal properties o f the crystallised products using differential 

scanning calorimetry (DSC).

investigate the effect o f relative humidity and storage time on polymorphic 

content using 300mg samples and sealed desiccators with saturated salt solutions 

as humidity chambers.

5.2 Materias and Methods

5.2.1 Materials

a-Lactose monohydrate (Lactochem) was used to prepare the spray dried samples and as 

the reference material for microcalorimetry, DSC, GC, TGA and XRD experiments, p- 

Lactose (Sigma, USA) was used in DSC, XRD and GC experiments as the reference 

material.

5.2.2 Spray drying

Aqueous solutions o f lactose (20g/100ml) were equilibrated at 25, 30, 40 and 50®C in a 

temperature controlled water bath. The solutions were spray dried in turn using a Buchi 

190 (Switzerland) Spray Dryer. In order to minimise fluctuations in the solution 

temperatures, the spray dryer feed hose was coimected to the solutions which remained in 

the water bath for the duration o f the spray drying process.

Table 5.1: Parameters used to spray dry lactose at different feed temperatures.

Parameters Controls

Airflow rate (dial setting) 12

Inlet temperature °C 190-195

Outlet temperature ®C 90-95

Atomiser airflow rate (Normliter/h) 400

Heating rate (dial setting) 11.5
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The spray drying variables (Table 5.1 ) were kept constant except for the feed rate that was 

altered for each feed temperature in order to minimise changes in the outlet temperature. 

The products were collected and desiccated over silica gel.

5.2.3 Determination of crystallinity in spray dried material

Crystallinity measurements were undertaken by isothermal microcalorimetery which has 

previously been shown to accurately quantify the percentage disorder o f materials to as low 

as less than 0.5%. Thus we have confidence in the detection capabilities o f this instrument. 

Experiments were undertaken in order to investigate the mean amorphous content of the 

spray dried samples by integrating the crystallisation peaks (n=4). The method used to 

calculate the amorphous content from the crystallisation peaks was as reported inBriggner 

et al, 1994.

5.2.4 Determination of crystalline a or p lactose content following crystallisation at 

54, 75 and 100%RH in the isothermal microcalorimeter.

In order to produce crystalline lactose, spray dried materials (20 or lOOmg) were exposed 

to 54,75 and 100%RH at 25°C in the isothermal microcalorimeter. As soon as the real time 

crystallisation response returned to baseline, the experiments were terminated followed 

by removal o f the saturated salt solution tube. This was necessary in order to minimise 

potential post crystallisation polymorphic transitions. The anomeric content o f the 

amorphous material and the consequent ciystallised material were determined by GC. The 

thermal properties o f the crystallised materials were compared using DSC (Perkin, Elmer, 

DSC7). The scanning rate was 10®C/min over a temperature range o f 30-250°C in non- 

hermetically sealed aluminium pans. DSC was calibrated using Indium prior to 

measurements.

5.2.5 Effect of relative humidity and storage time on anomeric content in spray dried 

lactose

Sealed desiccators were used as humidity chambers having specified relative humidity 

which was regulated by saturated salt solutions, K2 CO3 , 44%RH, Mg(N0 3 )2 , 54%RH, 

NaCl, 75%RH and Zn(S0 4 ) 2  90%RH. The relative humidities o f the chambers were in 

agreement with the literature values for the saturated salt solutions at room temperature
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(Nyqvist,1983).The spray dried products (300mg) were exposed to 44, 54, 75 and 90%H 

over a storage time 1 ,4 and 7 days at room temperature.

The samples were collected and desiccated prior to analysis. Experiments were undertaken 

in order to investigate the effect o f crystallisation at different storage RH and the impact 

o f storage time especially with respect to polymorphic transitions. The polymorphic 

content in spray dried lactose following exposure to various RH and storage times was 

determined using a combination o f TGA and GC results.

The spray dried materials and crystallised products were also investigated by X-ray 

diffraction using Cu-K a-radiation, 40kv, 30mA in an environment of less than 20%RH at 

room temperatures. The test and reference materials were scaimed in steps o f 0.02° from5- 

18° (20). Diffraction peaks at 2(0) 10.5° and 12.6° indicated the presence o f crystalline p- 

lactose and a-monohydrate respectively. Whereas the absence of diffraction peaks 

indicated lack o f crystallinity.

5.2.6 Statistical analysis

All values (expressed as means) were statistically analysed using a Student Paired t-test. 

p < 0.05 was considered as significant.

5.3 Results and Discussions

Isothermal microcalorimetry was used as reported in chapter 4, to assess the crystallinity 

of the spray dried samples. The heat evolved during the crystallisation responses was found 

to be approximately 50mJ/mg which was in keeping with that for totally amorphous 

material reported elsewhere (Briggner et al, 1994 and Buckton et al, 1995). As such the 

samples were regarded as amorphous. The microcalorimetric findings were supported by 

DSC data for the spray dried samples that showed no evidence o f a dehydration peak or 

a p-lactose melt at 235°C . The presence o f a large crystallisation response at 187°C 

indicated the presence o f predominantly amorphous material. Furthermore, X-ray 

diffraction data for the spray dried material showed no diffraction peaks, which indicated 

that the material was amorphous. Since, the DSC and XRD data were in keeping with 

microcalorimetric data we have confidence that the spray dried material did not contain 

detectable crystalline lactose.
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Figure 5.1 : Typical DSC data for amorphous lactose prepared from feed solution at 40°C. 

The exotherm at 187"C represents a crystallisation event. The above trace shows no 

evidence of detectable crystalline lactose due to lack of characteristic endotherms at 150®C 

and 235°C.
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Figure 5.2. XRD data for spray dried lactose prepared at different feed temperatures. 

Absence of diffraction peaks indicates lack of crystallinity.
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5.3.1 Determination of a- or P- lactose content in spray dried lactose and consequent 

crystallised products at 54%RH.

The a/p ratio in the lactose solutions at different feed temperature was obtained from the 

literature (Dwivedi and Mitchell, 1989).The workers reported that the solution anomeric 

ratio decreased with temperature. The P-lactose content in the high feed temperature 

products was similar to the amomeric content o f the corresponding feed solutions but 

the p-lactose in the low feed temperature has converted during the spray drying process 

(Table 5.2). This is probably due to the rapid evaporation rates in the high feed 

temperature solutions that allowed little opportunity for p-a mutarotation during the spray 

drying process. In order to yield crystalline material, 20mg samples were exposed to 

54%RH in the isothermal microcalorimeter. The a- or p- content o f the crystallised 

products were analysed using gas chromatography.

For the 25°C feed product the a-or p- lactose consequent crystalline material was similar 

to that in the amorphous starting material, whereas that in the 30®C feed product was only 

moderately higher. However, for the 40 or 50®C feed products there was significantly less 

p-lactose in the crystalline material than in the amorphous material (p< 0.05).

Table 5.2: The effect o f storage at 54%RH on the a-or p- content in spray lactose and 

consequent crystallised products. Each sample (20mg) was stored at 54%RH at 25®C in 

the isothermal microcalorimeter in order to produce crystalline lactose.

Feed % content in % content in the ciystallised products

Temperature °C solution amorphous products

a p a P a p

25 40 60 63 ± 0.4 37 61±0.9 39

30 41 59 59± 0.4 41 63 ± 0.6 37

40 43 57 48± 0.6 52 63 ± 1.0 37

50 44 56 43 ±1.0 57 63±1.0 37

The above observation can be attributed to p-a mutarotation that occurred due to 

prolonged exposure to relative humidity (Figure 5.3). Microcalorimetric crystallisation lag
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times for the samples appeared to increase with p-content in the amorphous material. This 

is probably due to the fact that amorphous p-lactose is less sensitive to relative humidity 

than amorphous a-lactose.

Table 5.3: The effect o f 54%RH on the a- and P- content in crystallised lactose. Each 

sample (lOOmg) was stored at 54%RH in the microcalorimeter at 25®C.

Feed

temperature

% content in 

solution 

a p

% content in the 

amorphous products 

a p

crystallised products 

a p

25 40 60 63 ± 0.4 37 61 ± 0 .6  39

30 41 59 59 ± 0.4 41 64 ± 0.5 36

40 43 57 48 ± 0.6 52 63 ± 1 .0  37

50 44 56 43 ± 1,0 57 63 ± 0.6 37

When lOOmg of the amorphous samples was exposed to 54%RH, the a/p content in the 

crystallised material was identical to that for 20mg o f the same samples (Table 5.3).The 

crystallisation lag times for lOOmg samples were significantly different but the resultant 

anomeric ratio was identical and in keeping with that for the 20mg samples (Table 5.2). 

The fact that the lag times in Figure 5.4 are much longer than the differences in Table 5.3 

indicates that the duration o f exposure to 54%RH was not an important factor that 

influenced the a/p ratio in the crystallised products.

Only the 40 or 50°C feed material experienced a substantial decrease in P-lactose content 

on crystallisation. This was probably due to the fact the amorphous P-lactose in the 40 or 

50®C feed products and the amorphous p-lactose in the 25 or 30°C feed products had 

different degrees o f metastability relative to the crystalline state. Thus, the amorphous P- 

lactose o f the 25 or 30°C feed crystallised with a negligible P-a anomeric conversion 

whereas, the 40 or 50°C feed products underwent significant p-a transitions on 

crystallisation. The significant differences in the degree o f metastability between the high 

and low temperature feed products is illustrated by the fact that the above mentioned high 

feed temperature samples took approximately 35 hours to crystallise compared to 20 hours
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for the 25 or 30®C feed samples.
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Figure 5.3: The effect of 54%RH on the a or p-content in spray dried lactose.20mg was 

exposed to 54%RH in the isothermal microcalorimeter.
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Figure 5.4. Microcalorimetric data to show crystallisation lag times for lOOmg samples that 

were stored at 54%RH The spray dried samples were prepared at different feed 

temperature (FT).
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5.3.2 DSC analysis of crystallised lactose at 54%RH

Only thelOOmg crystallised samples were investigated in this study. The DSC data for the 

40 or 50"C crystallised products was in keeping with that reported for crystallised lactose. 

A typical dehydration peak was observed at 146^C, followed by endotherms at 212"C and 

232°C. The endotherm at 146”C can be attributed to the loss of hydrate , whereas the 

endotherms at 212°C and 232°C can be assigned as the melting peaks of anhydrous a- 

lactose and p-lactose respectively. It is interesting that the p-melt occurs at a slightly lower 

temperatures than that for the reference p-lactose (Figures.5).

However, the DSC data for the low feed temperature crystallised products was not typical 

for lactose. The DSC data show a dehydration peak at 146”C, an endotherm at 212"C and 

225"C.The endotherm at.225" C can be best described as a melt for a mixture of a- and p- 

anhydrous lactose. The existence of complexes of a and p lactose have been described 

elsewhere (Lerk et al,1984).

g
E
I
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I
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7 0  -

5 0  -

3 0

1 0 0  1 3 0  1 6 0  1 9 0  2 2 0  2 5 0

Temperature (°C)

Figure 5.5 : DSC data for reference p-lactose (A), 25"C feed crystallised product (B) and 

the 50"C feed crystallised product (C). Differences between the samples are observable in 

the 200-240"C temperature region.

Lerk et al,1984 also reported various melting points for different forms of lactose. For 

instance a melting point of 212"C was reported for a-monohydrate and 216"C was reported
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for stable anhydrous a-lactose, which is similar to that observed in DSC data that was 

reported in chapter 4. It can be concluded that the thermal properties o f the spray dried 

lactose crystallised at 54%RH varied with conditions employed during crystallisation.

5.4 Determination of a and p content of lactose crystallised at 75%RH in the 

isothermal microcalorimeter.

As described earlier the a/p ratio in the amorphous product increases from that which 

existed in solution with increasing feed temperature. The amorphous products were 

exposed to 75%RH in the isothermal microcalorimeter in order to produce ciystalline 

lactose. For the 25°C feed product, there were no significant differences in a/p content 

between the amorphous and the crystallised lactose (Table 5.4) .However, for the 30, 40 

and 50°C feed spray dried products the P-lactose content was significantly lower than for 

the amorphous material.

Table 5.4: The a or p lactose solution ratios (obtained from Dwivedi and Mitchell, 1989) 

and the in the spray dried products or resultant crystallised material. To cause 

crystallisation 20mg of each sample was stored at 75%RH in the isothermal 

microcalorimeter.

Feed

temperature

% content in 

solution

a p

% content in the 

amorphous products 

a p

% content in 

crystallised products 

a p

25 40 60 63 ± 0 .4  37 64 ± 0.6 36

30 41 59 59 ± 0 .4  41 63 ± 0.5 37

40 43 57 48 ±0.6 52 56 ± 0.5 44

50 44 56 43 ± 1 .0  57 55 ± 0 .4  45

This indicated that amorphous p-lactose mutarotated to a-lactose on crystallisation to a 

greater extent than the 25®C feed product. The 25°C feed material crystallised quickly, 

hence there was insufficient opportunity for p-a mutarotation (Figure 5.6).
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Figure 5.6: Microcalorimetric crystallisation data for 20mg of amorphous lactose exposed 

to 75%RH in the microcalorimeter at 25®C. The data show that the material produced from 

feed temperature (FT ) SÔ C took the longest time to crystallise.

However, the crystallisation lag times for (20mg) of the 30,40 and 50 feed products were 

longer, hence there was sufficient opportunity for amorphous p-lactose to covert to a- 

lactose due to high relative humiditity.

Table 5.5: The effect of solution temperature on the a  or P lactose in amorphous and 

consequent crystallised lactose (To cause crystallisation , lOOmg of each material 

was stored at 75%RH).

Feed % content in % content in the % content in

temperature solution amorphous products ciystallised products

T a P a P P
25 40 60 63 ± 0.4 37 58 ±1.4  42

30 41 59 59 ± 0.4 41 73 ± 1.7 27

40 43 57 48 ± 0.6 52 74 ± 0.5 26

50 44 56 43 ± 1.0 57 71 ± 0.6 29
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When the powder load in the microcalorimeter was increased to lOOmg, the a- lactose 

content in the crystallised material was markedly higher than that in the amorphous 

material (Table 5.5). This can be attributed to the crystallisation lag times for the samples 

which were significantly different.

The high feed temperature amorphous products experienced much longer crystallisation 

lag times (not shown), hence substantial conversion o f p-a lactose occurred due to longer 

exposure to high relative humidity. The mutarotaion of p-a lactose under high relative 

humidity conditions have been reported previously, where the duration o f exposure to 

75%RH resulted in substantial decrease in p-lactose content in the sample under study 

(Angberg et al, 199land Angberg, 1995).

5.4.1 DSC studies for crystallised material at 75%RH

The crystallised products were analysed by DSC to compare thermal stability. DSC 

thermographs revealed significant differences in thermal properties between the high and 

low temperature feed crystallised products. The 25 or 30°C feed crystallised products 

produced typical DSC data, which was in keeping with findings elsewhere (Figure 5.7). 

However, the 40 or 50®C feed crystallised products produced DSC data that was not typical 

for crystallised lactose. A dehydration peak at 145°C, a small exotherm at 165°C, a melt 

at 216°C, 227°C and a p-lactose melt at 232°C were observed. The exotherm at 165°C can 

be attributed to a crystallisation response. It is important to note that the crystallised 

materials were totally crystalline prior to DSC measurements.

Thus the amorphous materials that gave rise to the implied crystallisation response was 

probably caused by the invasive nature o f DSC measurements. The endotherm at 227°C 

appears to be too high to be assigned as a melting an a-lactose melt and too low to a p- 

melt. The endotherm can be best described as a response due to a mixture o f a and P- 

lactose. Lerk et al, 1983 reported the existence o f a similar hybrid lactose. Alternatively, 

the exotherm at 165°C was possibly due to the conversion o f the unstable a-lactose crystals 

into the a/p compound as proposed by Lerk et al, 1984. Based on the available DSC 

evidence, it can be concluded that the crystallised products o f the 40 or 50‘’C feed material 

had lower thermal stability compared to the 20 or 30g/100ml crystallised products.
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Figure 5.7; DSC data to compare thermal stability of the crystallised products from feed 

temperature (FT25 or FT50“C).The products were confirmed 100% crystalline (best 

approximation) before DSC measurements.

5.5 Determination of a or p lactose content in samples crystallised at 100%RH in 

the isothermal microcalorimeter

20mg or 1 OOmg of the amorphous materials were stored in the microcalorimeter with a 

tube containing water in order to produced crystalline lactose in the presence of 100%RH. 

The consequent crystallised materials were analysed by GC and DSC. The a/p ratio in the 

crystallised products is significantly different from that in the starting material. 

Crystallisation at 100%RH caused a small decrease in the P-content on crystallisation. 

However the decrease was more marked for the 40 and 50®C feed products. Table 5.6 

shows that the 40 and 50°C feed products experienced a 50% decrease in p-content on 

crystallisation under the 100%RH conditions.

The results can be explained by analysing crystallisation lag times for the 20mg samples 

which were relatively high for the high feed temperature products. As mentioned earlier 

the time taken to crystallise for the 25 or 30®C feed material were instantaneous, thus
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allowed little time for p-lactose to convert a-lactose.

Table 5.6: The effect o f feed temperature on the anomeric content in crystallised lactose. 

To cause crystallisation, 20mg samples were exposed to 100%RH in the isothermal micro 

calorimeter.

Feed

temperature

% content in 

solution

a p

% content in the 

amorphous 

products 

a p

% content in crystallised 

products

a P
25

30

40

50

40

41

43

44

60

59

57

56

63 ±0 .4  

59 ± 0.4 

48 ± 0.6 

43 ±1.0

37

41

52

57

66± 0.6 

65 ± 0.5 

74 ± 2.3 

72 ± 0.5

34

35 

26

28

When the amorphous mass in the microcalorimeter was lOOmg, the a-content in the 

crystallised material was substantially higher than in the starting material. The p-content 

in the ciystallised products was much lower than that in material crystallised at 54 or 

75%RH. This was in keeping with the belief that glassy p-lactose is relatively stable at 

lower RH but very hygroscopic at high relative humidities (Ford and Timmins, 1989). In 

Table 5.7 it is shown that the lOOmg of the 30, 40 and 50”C feed material experienced 

approximately 90% decrease in p-content on crystallisation.

As mentioned previously, the crystallisation lag times for the amorphous samples were 

different and effected significant changes in the a/p ratios in the crystallised products. 

The high feed temperature products experienced much longer crystallisation lag times than 

that o f the 25°C feed product. The reason for this trend is possibly due to the substantially 

higher p-content in the elevated feed temperature products which is relatively more stable 

than the a-lactose. Thus lOOmg of the high feed temperature products experienced 

significantly high p-a mutarotation due to longer exposure to very high relative humidity. 

Based on the above evidence, it can be concluded that 100%RH caused significantly high 

P-a mutarotation for materials that experienced the longest crystallisation lag times.
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Table 5.7: The effect o f feed temperature on the a or p content in crystallised 

lactose. 1 OOmg samples were exposed to 100%RH in the microcalorimeter at 25°C.

Feed

temperature

"C

% content in 

solution 

a  p

% content in the 

amorphous products 

a p

% content in crystallised 

products 

a p

25 40 60 63 ± 0.4 37 77 ±1.5 23

30 41 59 59 ± 0.4 41 96 ± 2.3 4

40 43 57 48 ±0 .6 52 94 ± 1.3 6

50 44 56 43 ± 1.0 57 93 ±0.5 7

5.5.1 Thermal studies for materials crystallised at 100%RH

Thermal properties o f the lOOmg of materials crystallised at 100%RH in a 

microcalorimeter were investigated by DSC in non hermetically sealed aluminium pans. 

The DSC data (Figure 5.8) for the 25”C feed product consisted o f a dehydration peak, an 

a-lactose melt at 220®C and a p-melt at 232®C which were typical and in keeping with that 

reported in previous studies (Angberg et al, 1991). However, the DSC thermographs for 

the 30, 40 and 50°C feed material did not show a melting endotherm in the 230 -240°C 

temperature region, which is temperature region where crystalline p-lactose fuses. This is 

surprising since GC results for the aforementioned samples confirmed the presence o f  

small amounts o f p-lactose. It can be concluded that the absence o f a P-melting endotherm 

was probably due to the fact that the instrument was not sensitive enough to detect the 

presence o f small amounts o f crystalline P-lactose.
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Figure 5.8. DSC data for the lOOmg crystallised samples. The sample that were prepared 

at feed temperature (FT) 40''C appeared to crystallise into predominately a-monohydrate. 

FT 25®C sample crystallised in to a mixture of a and p lactose.

5.6 The impact of relative humidity and storage time on the polymorphic content 

of spray dried lactose.

This study was undertaken in order to assess how changes in relative humidity and storage 

time may influence the polymorphic content in the consequent crystallised material using 

a sample mass of 3OOmg. Amorphous samples that were prepared from feed material at 

different temperatures were exposed to 44, 54, 75 and 90%RH over 1, 4 and 7 days in 

sealed desiccators at 20®C. Following exposure to RH for the specified time, the samples 

were collected and desiccated over silica gel. The effect of 90%RH on stability of the 

amorphous samples was investigated using TGA, DSC, GC and XRD. TGA and GC results 

were expressed a mean of at least four experimental runs, whereas for DSC or XRD 

studies at least three runs were undertaken on each sample.

5.6.1 Effect of storage at 44%RH.

In this study, the 25T  feed product was stored at 44%RH at 20°C over 1,4 and 7 days. 

DSC studies demonstrated that there were no changes in the physical properties of the 

spray dried sample after exposure to 44%RH for 1 day. The DSC profile for the treated 

sample was similar to that for the reference amorphous material. However, the samples
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that were stored for 4 or 7 days produced DSC thermographs indicated that the material 

consisted of a mixture of crystalline a- and p-lactose (Figures.9). DSC data for the sample 

that was exposed to 44%RH for 7 days showed a crystallisation exotherm at 85°C, a 

monohydrate dehydration peak at 130”C, an a-anhydrous melt at 216^C and a P-lactose 

melt at 235°C.
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Figure 5.9; DSC data for the amorphous sample exposed to 44%RH for 1 day (A) or 7 days 

(B). The data show that the material stored at 44%RH for 1 day contained uncollapsed 

lactose whereas that stored for 7 days contained collapsed lactose and possibly crystalline 

a- and p-lactose.

The crystallisation exotherm at 85”C is significantly lower than that for the reference 

material (crystallisation temperature is usually quoted at 185”C). This implies that the 

lactose sample probably contained some collapsed lactose due the Tg lowering effect of 

the absorbed moisture. Based on DSC data alone it was challenging to determine whether 

the material exposed to 44%RH for 4 or 7 days contained crystalline a -o r  p-lactose prior 

to DSC measurements or whether the observed a- or P-lactose melts were due to 

crystalline material that resulted from crystallisation during DSC measurements.
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To check the DSC findings, the above mentioned samples were investigated by X-ray 

diffraction. The material that was stored at 44%RH for 1 day produced XRD data without 

diffraction peaks (Figure 5.10), which is indicative of the absence of crystallinity in the 

sample. Whereas, the samples that were stored at 4 or 7 days gave small diffraction peaks 

at diffraction angles (20) 10.5'' and 12.6", which indicated the presence of small amounts 

of crystalline p-lactose and a-monohydrate respectively (Figure5.11 ). Thus, the XRD data 

are in keeping with the DSC data for the samples exposed to 44%RH for 4 or 7 days which 

show a- and p- melts.

In order to verify the DSC findings for the samples stored at 44%RH for 4 or 7 days, TGA 

studies were undertaken. Three distinct derivative weight loss peaks in the regions 70- 

100"C ,105-115"C and 120-150"C were observed (Figure 5.12) The weight loss peaks are 

probably due to the loss of absorbed water followed by crystallisation of the collapsed 

lactose and dehydration respectively. The weight loss peak in the 120-150 "C temperature 

range demonstrated the the presence of a monohydrate which was in keeping with earlier 

DSC or XRD data .
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Figure 5.10: XRD data for the amorphous lactose sample stored at 44%RH for 1 day. The 

absence of diffraction peaks at (20) 10.5" and 12.6" demonstrates that the material is 

amorphous.
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Figure 5.11; XRD data for the sample that was stored at 44%RH for 7 days. Small 

diffraction peaks at (20) 10.5 and 12.6 indicate the presence of small amounts of 

crystalline p- and a-monohydrate lactose respectively.
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Figure 5.12; TGA data to show derivative weight loss peaks for the sample that were 

exposed to 44%RH for 7 days. The peaks are presumably due to loss of absorbed water 

(A), collapsed water (B) hydrate water (C).
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The fact that exposure o f amorphous lactose to 44%RH for 4 or 7 days did not lead to 

complete crystallisation o f the spray dried material indicate that surface-initiated 

nucléation may have occurred as opposed to bulk-initiated nucléation which is likely to 

occur for higher relative humidities. At 44%RH crystallisation was surface-initiated, 

possibly because sufficient molecular mobility existed at the surface o f the amorphous 

lactose. The moisture released on crystallisation was not sufficient to significantly depress 

the Tg o f the remaining amorphous phase to cause complete (spontaneous) crystallisation. 

Furthermore, limited molecular mobility due to high viscosity probably caused limited 

nucléation (Roos and Karel, 1992). Buckton and Darcy1995a and 1995b identified 

48%RH as the critical relative humidity below which the water content in the amorphous 

material is not sufficient to cause spontaneous crystallisation.

Although, the results o f our investigation indicated that the lactose samples remained 

predominately amorphous within the experimental time scale, it is likely that further 

nucléation would occur within reasonable time scales since the samples that were exposed 

for 44%RH for 4 or 7 days contained collapsed lactose. Drying at room temperature has 

been shown to induce crystallisation in collapsed lactose, which is probably due to water 

removal, which facilitates crystallisation (Buckton and Darcy, 1997). The collapsed lactose 

formed due to exposure to 44%RH for up to 7days is susceptible to physical 

transformations on storage at room temperature.

The fact that partial nucléation occurred at 44%RH was somewhat surprising as Tg should 

still be above T. Briggner et al (1994 ) showed that amorphous lactose did not 

spontaneously crystallise after exposure to 47°C in the isothermal microcalorimeter. 

However, molecular mobility at temperatures up to 50®C below the glass transition 

temperature o f indomethacin, polyvinyl pirrolidone and sucrose have been reported in 

previous studies (Hancock et al, 1995).

5.7 The effect of storage at 54%RH for 1,4 and 7 days on stability of spray dried

lactose samples

Spray dried lactose samples (300mg) produced from feed material at different temperatures 

(25,30,40 and 50®C) were exposed to 54%RH for 1 ,4  and 7 days in order to investigate 

stability as a function o f RH and storage time. In order to investigate potential anomeric 

transitions in the crystallised material were analysed by DSC, GC, TGA and XRD.
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Figure 5.13; XRD data for the 30°C feed sample that was exposed to 54%RH for 1 day. 

Diffraction peaks at (20) 10.5" and 12.6" indicated the presence of crystalline P- and a- 

monohydrate respectively.
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Figure 5.14: DSC data for the 50"C material following exposure to 54%RH for 1 day. The 

exotherm (X) is probably due to crystallisation of collapsed lactose, whereas the exortherm 

(y) represents a crystallisation response for non-collapsed lactose

For the 25 or 30"C feed sample, DSC studies demonstrated that crystallisation occurred 

within 1 day storage time. DSC thermograms for the 25 or 30 "C feed products showed a 

dehydration peak at 150"C, an a-anhydrous melt at 216"C and a p-lactose melt at 235 "C.

-150-



The absence o f exothermic signals indicated that the samples were totally crystalline 

(within detection limits o f DSC).The above samples gave XRD data that substantiated the 

DSC findings. Diffraction peaks at (20) 10.5° and 12.6° (Figure 5.13) were observed, which 

indicated the presence o f crystalline P-lactose and a-monohydrate respectively.

However, for the 40 or 50°C feed products exposure to 54%RH for 1 day caused partial 

crystallisation. DSC evidence showed exotherms at ca35°C and cal80°C which can be 

attributed to crystallisation o f collapsed lactose and non-collapsed lactose respectively 

(Figure 5.14).

In addition to exothermic peaks a dehydration peak at 150°C followed by an a-anhydrous 

melt at 220°C were observed. The low crystallisation temperature for collapsed lactose is 

in keeping with the fact that absorption o f moisture has a lowering effect on the glass 

transition temperature o f lactose. There was no evidence o f a p-melt at 235°C, The results 

after 1  day storage time illustrates that the 40 or 50°C feed products were less sensitive to 

the presence o f 54%RH than the 25 or 30°C feed products. This was probably due to the 

fact that the 40 or 50°C feed material contained significantly more p-lactose (Table 5.8) 

. The plasticisation of the P- fraction was probably the rate limiting step.

Storage at 54%RH for 4 or 7 days caused all the samples to develop into crystalline a- 

and p-lactose. For the 25 °C feed crystallised products, there appeared to be no significant 

differences in the a/p content o f the ciystalline lactose compared to that in the amorphous 

material. However, the 40 or 50°C feed products experienced a significant decrease in p- 

lactose during crystallisation. This corresponds well with the results obtained earlier 

(Section 5.3.1) for samples that were exposed to 54%RH. As speculated earlier, it is 

possible that the differences in metastability between amorphous p-lactose in the high 

temperature feed products and that in the low temperature feed products caused different 

crystallisation kinetics. At 54%RH, the crystallisation process for the high temperature feed 

material seems to incorporate a p-a mutarotation step whereas, the reverse is true for the 

low temperature feed products.
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Table 5.8: GC data to show the mean a or p content in the ciystallised lactose samples 

following exposure to 54%RH for 1,4 and 7 days. The crystalline a or p content in the 40 

or 50°C feed material after 1 day storage was not determined because the samples were 

partially amorphous.

Feed temp a/p content in Storage Time (Days)

‘’C amorphous 1 4 7

material

a P a P a P a p
25 63 ± 0.4 37 61 ± 0.4 39 62 ± 0 . 6 38 62±0.4 38

30 59 ± 0.4 41 62±1.4 38 63 ±1.5 37 65±1.3 35

40 48 ± 0.6 52 na 63 ±0.5 37 63 ±0.4 37

50 43 ±1.0 57 na 62±2.3 38 64±0.5 36

The fact that no significant increases in crystalline a-content occurred with storage time 

implies that the duration o f exposure to RH was not important in determining the a/p ratio 

in the resultant crystallised products. This demonstrated that crystalline p-lactose was 

stable at 54%RH within the time scale o f the experiments. This is in keeping with the 

hypothesis that p-lactose is stable at low relative humidity (Angberg, 1995, Ford and 

Timmins, 1989). TGA data obtained for the samples were in keeping with the GC data. 

Analysis o f the derivative curve in the 100-150®C region demonstrated that there was no 

significant increase (p<0.05) in the hydrate content o f the crystallised material with storage 

time (not shown).

5.8 Changes in a- or p- content following exposure to 75%RH

The 25, 30, 40 and 50°C feed products were exposed to 75%RH for the previously 

mentioned storage times and the consequent crystalline materials were analysed for 

polymorphic content and stability using GC, TGA and DSC. GC studies (Table 5.9) 

showed that the a-content in the crystallised products increased with feed concentration, 

a trend that was previously observed in section 5.5.
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Table 5.9: GC data to show the effect o f storage at 75%RH and storage time on a or p 

content for samples prepared at different feed temperatures.

Feed temp a/p content in Storage Time (Days)

T amorphous 1 4 7

material

a P a P a P a p
2 0 63 ±0.4 37 66±0.5 34 70 30 72 28

30 59±0.4 41 65±0.5 35 67±1.5 33 70±2.3 30

40 48±0.6 52 74 26 75 25 79±0.5 21

50 43 ±1.0 57 76 24 83±1.5 17 85±0.5 15

The above tabulated results showed the expected a decrease in p-lactose content with 

storage time.

In a follow up study, TGA was used to investigate the hydrate content in the crystallised 

as a function o f storage time. Analysis o f the derivative weight loss curve in the 100-150°C 

temperature range showed that the higher feed temperature products contained more 

hydrate water than the low feed temperature crystallised products (Figure 5.15). This trend 

is in keeping with GC data for the same samples. Furthermore, for all the lactose samples 

the hydrate content appeared to increase with storage time, which substantiated earlier GC 

findings.

It is interesting to note that the moisture content for the 40°C feed sample (Figure 5.15) 

after storage at 75%RH for 7 days is ca5%, which is the moisture content o f a full 

monohydrate. However, GC data for this sample shows that the sample contains 72% 

monohydrate, which is equivalent to about 3.6% moisture.

Therefore, the observed TGA data for the 40°C feed crystallised sample was probably 

subject to experimental error. However, GC data was more likely in error since the DSC 

data for the above mentioned sample was in keeping with TGA data. Anomeric conversion 

during the derivatisation process is possibly the source o f error in the GC results.
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Figure 5.15; TGA data to show changes in hydrate content with storage time at 75%RH for 

samples produced at different feed temperatures (FT). The hydrate content in the samples 

was determined by integrating the derivative weight loss peak in the 100-150"C 

temperature range.

5.8.1 DSC studies

DSC studies were undertaken on the samples that were stored at 75%RH for 1,4 and 7 

days. All the lactose samples exposed at 75%RH for 1 day produced typical DSC data that 

showed the presence of a mixture of a-monohydrate and p-lactose as shown by the 

presence of an endotherm at 150"C, an a-anhydrous melt and a P-melt at 235”C.

The DSC profiles for the 25 or 30“C feed material that were exposed to 75%RH for 4 or 

7 days were similar to that for the samples stored for 1 days. This is in keeping with GC 

data which showed that the samples retained a significant amount of p-lactose after 4 or 

7 days storage time.
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Figures. 16; A DSC thermogram for the 30"C feed product showing a dehydration peak at 

cat50"C and a melting peak at 216°C.

However, for the 40 or 50"C feed material that were stored at 75%RH for 7 days, DSC 

results showed a large dehydration peak ( 150''C) followed by an a-anhydrous melt (216"C) 

but no p-melt in the 230-240‘’C temperature region (Figure 5.16). The DSC findings (Figure 

5.16) were surprising since GC results for the30°C feed samples confirmed the presence 

of small amounts of P-lactose in the samples (Table 5.9). A possible explanation of the 

absence of a p melt is that quantities of p-lactose in these samples was probably below the 

detection limit of the instrument. Alternatively, it is possible that water of crystallisation 

released during dehydration was sufficient to cause p-a transition during DSC 

measurements. Such a transition has been reported for lactose samples in sealed DSC 

sample pans (Olano et al, 1983). As mentioned earlier, the GC results could also be in error 

due a/p conversion during the derivatisation process.

Generally it can be concluded that exposure to 75%RH for up to 7 days caused a significant 

(p< 0.05) reduction in the p-fraction in the crystallised material, especially for the 40 or 

50‘̂ C feed samples, which was probably due to the fact that the high feed amorphous 

products consisted of significantly more amorphous P-lactose than the lower temperature
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feed products. The mixed a/p crystals form that was mentioned in Section 5.4.1 were not 

observed for the high temperature feed products. The longer storage times that were used 

in this study caused the amorphous material to crystallise into stable crystalline a-lactose.

5.8.1.1 Physicochemical changes following exposure to 90%RH

The 25,30,40 or 50°C feed products (lOOmg) were exposed to 90%RH for 1,4 and 7 days. 

GC was used as in previous studies to determine the effect o f 90%RH on the a- and p- 

content as a function o f storage time. Following exposure to 90% for 1 day, it was 

observed that the 40 or 50®C feed products crystallised into predominantly a-lactose and 

insignificant amounts o f p-lactose. Whereas, the 25 or 30°C feed products developed into 

a mixture o f a and p with significant amounts o f p-lactose (p<0.05). GC analysis of the 

samples after 7 days storage time, showed that only the 25°C feed sample retained 

significant amounts of p-lactose. However, for the 30,40 or 50°C, GC results demonstrated 

that the samples developed in to full a-monohydrate (best approximations).

Table 5.10: The effect of 90%RH on the a or p- content in spray dried lactose as a 

function o f feed temperature and storage time.

Feed temp 

"C

a/p content in 

amorphous material 

a p

Storage

1
a p

Time

4

a P

(Days)

7

a p
25 63±0.4 37 74 26 79± 2.5 2 1 81±1.2 19

30 59±0.4 41 85±1.5 15 90± 1.0 1 0 97±3.6 3

40 48±0.6 52 96± 0.6 4 97± 0.5 3 97 3

50 43± 1.0 57 96±0.5 4 98 ± 2 .9 2 1 0 0  0

In order to validate the GC findings, DSC studies were undertaken on the samples that 

were treated at 90%RH. For the samples that were exposed for 1 day, the DSC 

thermographs for the 40 or 50®C samples were similar to that for a reference a- 

monohydrate, whereas the 25 or 30 feed products showed DSC data that was consistent 

with that for a mixture of a and p-lactose (Sebhatu et al, 1994a). Thus the DSC data were 

in good agreement with tabulated chromatographic data.
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Figure 5.17; XRD data for the 30"C feed sample following exposure to 90%RH for 7 days.

Furthermore, DSC traces for the samples that were exposed for 7 days demonstrated that 

only the 25‘*C feed product consisted of substantial quantities of p-lactose, whereas the 

30°C feed material gave DSC data which was in keeping with that for reference a- 

monohydrate. This was evidence that sample developed into full monohydrate following 

treatment to 90%RH for 7 days. The corresponding XRD data for the above 30“C feed 

sample showed only diffraction peaks at (20) 1 2 . (Figure 5.17).

TGA studies were undertaken in order to investigate potential changes in hydrate content 

following treatment at 90%RH. Changes in hydrate content were indicative of the 

variations in the a-monohydrate content in the sample. Generally, the expected trend of 

increasing hydrate content with storage time was observed for all the samples, which was 

due to p-a mutarotation followed by incorporation of water by the a-anhydrous lactose 

(Angberg, 1995). The 40 or 50 feed samples that were stored at 90%RH for 1 day consisted 

of approximately 5% moisture which plateaud with storage time (Figure 5.18). This 

indicated the maximum extend of a-monohydrate development, which was in keeping 

with GC and DSC results that confirmed that these samples consisted of predominantly 

a-lactose.
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Figure 5.18: TGA data to show changes in hydrate content as function of RH and feed 

temperature (FT).Hydrate content was determined by integrating the derivative weight loss 

peak in the 100-150"C temperature region.

The hydrate content for the 25”C feed material increased with storage time up to a 

maximum of ca 4.2% which is equivalent to approximately 84% a-monohydrate. On the 

other hand, the thermogravimetric data for the 30‘'C feed material that was stored at 

90%RH for 7 days demonstrated that the sample consisted 5% hydrate which is that 

amount that would be lost if the sample were a full monohydrate. This observation is in 

keeping with GC and XRD data which showed that the sample was virtually a full 

monohydrate. The above studies have demonstrated that following exposure to 90%RH for 

up to 7 days, only the 25”C feed material did not convert to a full monohydrate. This 

implies that the materials produced from feed solutions at elevated temperature were more 

sensitive to the presence of 90%RH than the ambient temperature feed products.

5.9 Conclusions

Several conclusions can be drawn from the findings of the stability experiments. Generally, 

the elevated temperature feed produced material with a generally greater a-content than 

the ambient temperature feed materials. Furthermore, it appears that the higher the In

fraction in the amorphous phase, the greater the extent of p-a mutarotation during the
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crystallisation process. The stability studies showed that crystalline p-lactose was stable 

at 54%RH, whereas the amorphous phase was unstable due to having a higher water 

activity. Furthermore, the glassy p-lactose in the high feed temperature products 

demonstrated a greater tendency to convert to the a-form during the crystallisation 

following exposure to various relative humidities.

It can also be concluded that the lactose powders produced from feed solutions at different 

temperatures interacted differently with moisture. The extent and rate of crystallisation 

varies with the amorphous p-lactose content in the spray dried lactose samples. GC was 

shown to be a good quantitative technique to determine the a- or p-content in amorphous 

or crystalline material. Increases in the amorphous powder load corresponded with 

increases in the a-lactose content in the consequent crystalline material. Furthermore, it 

can be concluded that the duration o f exposure to relative humidity has a profound effect 

on the a or p content of the resultant crystalline lactose.

CHAPTER 5b: 

The effect of changing inlet drying temperature on the percentage 

amorphous content in spray dried lactose.

5.10 Background

Changes in solution temperature influences the anomeric ratio in lactose solution and that 

o f the resultant spray dried material as extensively demonstrated in the early sections o f  

this chapter, where the findings showed that high temperatures solutions yielded products 

with a a/p anomeric ratio that was similar to that in the feed . It was postulated that the 

rapid evaporation rates in the high temperature feed materials allowed little opportunity 

for P-a conversion during the spray drying process. To check these findings further, it was 

necessary to investigate the effect o f changing the inlet drying temperature on the anomeric 

content in spray dried lactose. Furthermore, it is often assumed rather than demonstrated 

that spray drying causes crystalline disorder in materials due to rapid solidification rates. 

It was thus necessary to investigate the effect of inlet drying conditions on crystallinity.

Furthermore, variations in inlet drying temperature are thought to affect the moisture
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content in spray dried materials (Masters, 1990). Therefore, it was necessary to analyse the 

moisture content in the processed material in order to compare the Tg of the lactose 

samples. The critical moisture content that is necessary to depress the Tg of lactose below 

25”C has been approximated at 7.25%w/w (Buckton and Darcy, 1996).Thus knowledge of 

the moisture content of samples is of particular importance , especially when defining 

storage conditions .

5.11 Results and discussions

When the materials that were spray dried at inlet temperatures 110, 130, 150 and 190"’C 

were assessed for crystallinity using isothermal microcalorimetry, the materials were 

found to be predominantly amorphous. The amorphous content in the samples were 

generally within the expected range given that the highest inlet drying temperatures were 

expected to yield products with the greatest percentage disorder.
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Figure 5.19: The effect of inlet temperature on the measured area under the crystallisation 

peak.

An expected increase in the area under the crystallisation curve with inlet temperature was 

obtained for the samples. The measured areas under the crystallisation curves 

corresponded to 84, 89, 90 and 100% amorphous content for the inlet temperature 110, 

130, 150 and 190”C samples respectively.
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5.11.1 The effect of inlet temperature on the a/p anomeric content.

From the microcalorimetric studies , it was established that the material that was spray 

dried at 190®C was amorphous. However, the samples that were produced at inlet 

temperatures, 110,130 or 150°C were not entirely amorphous. It was thus necessary to 

quantify the a/p anomeric content in the partially amorphous samples using DSC , TGA 

and GC studies.
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Figure 5.20; DSC thermographs for spray dried lactose at inlet temperatures 110, 130 and 

150"C.

DSC data for the samples prepared at inlet temperature 150 '̂C showed a crystallisation 

response at 165®C, which was slightly less than the literature value for amorphous 

lactose(187‘'C). This suggested that the sample had a lower glass transition temperature 

than typical amorphous lactose, possibly due to the plasticising effect of moisture. On the 

other hand the absence of a dehydration peak at calSO^’C and a melting peak around the 

230-240"C temperature region indicated the absence of crystalline a-monohydrate or 

crystalline p-lactose. The presence of an endotherm at 220“C can be attributed to a melt 

for anhydrous a  -lactose. It can therefore be concluded that the sample that was processed 

at inlet temperature 150”C sample contained 90% amorphous lactose and 10% a-anhydrous 

lactose. However, the DSC thermographs for the samples that were prepared at inlet 

temperatures 110 or 130̂ ’C were not typical for spray dried lactose. For instance, a
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crystallisation response followed by a dehydration endotherm in the 140-150°C 

temperature region was observed for the sample that was spray dried at inlet temperature 

130®C. The DSC data for the sample also showed a melting peak at 235°C but no melting 

peak in the 210-220®C region. The melting endotherm at 235®C can be attributed to the 

melting peak o f crystalline p-lactose, whereas the absence o f a trace in the 210-220°C 

region indicated the absence o f anhydrous a-lactose. The DSC trace for the sample 

produced at 110°C consisted o f an exotherm at cal05°C which can be attributed to 

crystallisation o f collapsed lactose and a melting endotherm at 237°C. Although, the DSC 

profiles for the 110 or 130”C inlet temperature samples showed p-melts and no a-melts, 

this does not prove that the samples contained crystalline p-lactose in the starting material. 

It is possibly that the heating conditions employed in this study led to heat induced a-P 

transition during DSC measurements. Alternatively the melting peaks in the 235-240°C 

region were probably due to the fusion o f p-lactose that resulted due to thermally induced 

crystallisation o f the amorphous phase.

Table 5.11. The effect of inlet drying temperature on the anomeric ratio in the spray dried 

material.

Inlet temperature °C Anomeric ratio in spray dried lactose 

a p

1 1 0 6 8 ± 0 . 6 32

130 6 6 ± 0.5 34

150 63± 0.5 37

190 60± 0.9 40

In order to check the DSC findings, the spray dried material were subjected to gas 

chromatographic analysis. GC results demonstrated that the lower inlet temperature 

products contained significantly (p<0.05) more a-lactose than the comparable high inlet 

temperature samples (Table 5.11). This demonstrated that the drying rates at low inlet 

temperatures must have been sufficiently slow which allowed substantial p-a mutarotation 

to occur during the spray drying process. This observation validates the conclusions drawn 

in Section 5.3.1 where the high temperature feed material yielded amorphous material with 

an a/p anomeric ratio that was similar to that in the feed solutions.
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The GC data above demonstrates that the products o f inlet temperature 110 or 130°C 

contained more a- than p-lactose. Therefore the absence o f an a-lactose melting 

endotherms during DSC measurements is more likely due to heat induced p-a conversion 

as proposed by Olano et al, 1983. TGA analysis was performed in order to confirm the 

presence or absence o f monohydrate in the samples. The moisture analysis data are 

tabulated below and show that none o f the samples that were analysed showed a weight 

loss in the 100-150®C temperature region. This observation is generally in keeping with the 

DSC data for the samples where no monohydrate dehydration peak was observed, except 

for the inlet temperature 130°C (Figure 5.20).

Table 5.12. The effect o f inlet temperature on the moisture content and Tg in spray dried 

lactose.

Inlet temperature 

oC

% amorphous 

content

% moisture loss 

<100°C

% moisture 

loss 

100-150T  

region

Glass

transition

temperature

°C

1 1 0 84 6.70 ±. 043 0 29

130 89 5.18 ±0.74 0 41

150 90 3.86 ±0.21 0 53

190 1 0 0 3.12 ±0.40 0 61

The tabulated results demonstrate that increases in the inlet air temperature decreased the 

moisture content o f spray dried materials, which is in keeping with the notion that high 

inlet drying temperatures produce low moisture content products due to efficient drying. 

It is also shown in Table 5.12 that the spray dried material produced at 150 orl90°C had 

a Tg o f 53 and 61°C respectively. These samples are expected to be stable at ambient 

storage conditions within reasonable storage time scales. The glass transition temperatures 

of the samples produced at 130 or 110®C were significantly lower (p<0.05) than that for 

the above mentioned samples. This indicated that these samples were unstable at ambient 

storage conditions due to the lower viscosity and greater molecular mobility. This 

observation is supported by the DSC data, which showed that the samples produced at 110
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or 130°C demonstrated lower crystallisation temperatures during DSC measurements 

(Figure 5.20) than that for conventional spray dried lactose(cal87°C).

Table 5.13: The effect o f inlet temperature on the consequent nature o f the spray dried 

lactose.

Inlet temperature °C % amorphous 

content

crystalline a- 

monohydrate

crystalline a or P 

anhydrous

1 1 0 84 0 16

130 89 0 1 1

150 90 0 1 0

190 1 0 0 0 0

The fact that TGA showed no evidence o f hydrate loss in the 100-150°C temperature range 

indicates that the crystalline fraction o f the partially amorphous material consisted of a or 

p lactose.

5.12 Conclusions

The influence o f spray drying lactose at different inlet temperatures produced amorphous 

as well as partially amorphous materials. The study demonstrated that reducing the inlet 

drying temperatures also reduced the evaporation rates which caused a greater p-a 

transition compared to high inlet drying conditions. During DSC measurements, the 

partially amorphous materials that were prepared at inlet temperatures 11 0  and 130°C 

crystallised into p lactose whereas the materials that were processed at 150 or 190°C 

crystallised into a-lactose. This implies that the samples that were spray dried at different 

inlet air temperatures had different thermal properties. Finally, Chapters 5a and 5b 

demonstrated that during spray drying p-lactose converts to a-lactose and the extent o f this 

conversion is influenced by the evaporation rates which in turn are influenced by the feed 

temperature or the inlet air temperature.
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CHAPTER 6

Parameters that influence the measured microcalorimetric crystallisation curve

6 . Introduction

This investigation was undertaken in order to enhance the general understanding regarding 

the use o f isothermal micro calorimetry to assess crystallinity in powders. Although the use 

of isothermal microcalorimetiy to assess amorphous powder has been discussed in some 

detail in chapters 4, 5a and 5b. Particular aspects o f the technique required further 

investigation in order to enhance our understanding. For example the influence of 

experimental parameters such as temperature or powders mass on the crystallisation 

response has been largely overlooked. Other issues relatingthe use o f microcalorimetiy in 

crystallinity studies is the notion that at 25°C the area under the crystallisation peak is 

unaltered with the choice o f relative humidity, where the only difference being that the lag 

times between the amorphous collapse peak and the crystallisation peaks decreased as the 

RH increased. The limitations o f these assumptions were thus investigated.

As discussed in the aforementioned chapters, amorphous materials undergo exothermic 

crystallisation at temperatures above the glass transition point. The glass transition 

temperature is lowered below experimental temperature by the plasticising effect of 

moisture. The Calorimetric method that was described by Bystrom, 1990, is an application 

of this phenomenon.

Recently, Darcy and Buckton (1998) addressed issues relating to the lack of consistency 

in the literature with regards to whether just the crystallisation peak or the crystallisation 

peak and the “mutarotation peak” should be used in crystallinity determinations. There 

appears to be insufficient data in the literature relating the influence o f powder mass or 

storage RH on the area under the crystallisation curve. An understanding o f the effect of 

these variables will enhance our understanding o f the power -time curve and allows a 

logical decision to be made with regards to how such data can be used to provide 

quantitative assessment o f amorphous content of lactose (and other powders). It is for this 

reason that the influence o f powder mass or relative humidity on the area under the 

crystallisation curve was investigated.
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6.1 Experimental

6.1.1 Impact of RH on the area under the crystallisation peak

Amorphous spray dried lactose was prepared from a 1 Og/1 OOmI solution as used previously 

and the material was stored at 20°C in a desiccator until use. The spray drying conditions 

were as reported in Chapters 4. In order to investigate the impact o f RH on crystallisation 

peak, 2 0 mg samples were accurately weighted and placed in glass ampoules along with a 

tube containing a suitable saturated salt solution tube, to obtain a desired RH at 25°C. The 

relative humidities that were investigated were 33, 58, 75, 85 and 100%RH. The areas 

under the crystallisation peaks were presented as a mean o f at least 6  experimental runs.

6.1.2 Impact of powder mass on the area under the crystallisation curve

Microcalorimetric loads o f 10, 20, 40 or 70mg o f amorphous lactose were exposed to 

75%RH in the isothermal microcalorimeter at 25°C. The areas under the crystallisation 

peaks were reported as a mean of at least 6  experimental runs.

Following crystallisation each sample was removed and analysed by both DSC and GC. 

DSC-7 was used as reported in Chapter 4 and 5a.

6.2 Results and discussion

The areas under the ciystallisation curves are shown in Table 6 .1 for the various humidities 

that were used in this study. The data shows that crystallisation at 33%RH did not take 

place within the experimental time scale. It is reasonable to assume that the equilibrium 

moisture content o f the sample stored at 33%RH was not sufficient to cause instantaneous 

crystallisation. This observation was within the expected range given that 48%RH was 

found to be the critical RH below which instantaneous crystallisation did not occur 

(Buckton and Darcy, 1995a).The ciystallisation enthalpies for 53, 65 or 75%RH were 

identical (p<0.05) and corresponded well with results reported elsewhere ( Briggner et al, 

1994, Darcy and Buckton, 1998).

However, the crystallisation energies for 85 or 100%RH were markedly lower than the 

measured heat changes for the 53-75%RH range. At higher RH, it conceivable that the 

amorphous samples absorbed water rapidly in the amorphous regions prior to structural 

collapse and crystallisation which may account for the observed differences in the 

measured heat changes. Based on the available data it is reasonable to assume that the rate
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of supply o f moisture at 53-75%RH was sufficiently slow such that collapse occurred with 

consistent water content.

Table 6.1 : The effect of relative humidity on the area under the microcalorimetric 

crystallisation curve

%Relative 

Humidity at25°C

saturated salt solution at 

2 5 T

Area under the crystallisation 

curve (J/g)

33 MgCl2 no response

53 Mg (NO,), 48.2 ±2.9

65 NaNO, 48.1 ±1.1

75 NaCl 49.8 ±0.42

85 KCl 44.2 ±1.5

1 0 0 distilled water 44.1 ±0.77

Therefore, the water supply becomes the rate limiting event, rather the kinetics events (for 

molecular motions, nucléation, crystallisation) within the sample. The data tabulated for 

53-75%RH in Table 6  are in keeping with that reported in Darcy and Buckton, (1998) for 

a spray dried lactose under the same conditions. In the53-75% RH region, it can be 

observed that the area under the crystallisation curve was unaffected by variations in 

relative humidity, which indicates that these RH conditions are suitable for 

microcalorimetric crystallinity determinations. Furthermore, it can be concluded that very 

high RH is not suitable in the determination of crystallinity due to rapid supply o f moisture 

which may affect the area under the crystallisation curve. Furthermore, very low relative 

humidity is also undesirable because no crystallisation response can be obtained.

6.3 Effect of powder mass on the area under the crystallisation curve at 75%RH

The area under the crystallisation curves for 10, 20, 40 and 70mg spray dried lactose 

samples were investigated using 75%RH as the stimulus to trigger the crystallisation 

process. The areas under the crystallisation peaks for 20, 40 and 70mg samples were 

identical (Table 6.2) and reflected that which had been recorded for a totally amorphous 

lactose samples in previous studies (Briggner et al,1994). However, the area under the 

crystallisation curve o f the lOmg sample was significantly (p<0.05) lower than that for the
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20,40 or 70 mg. The crystallisation lag times for the respective powder loads are shown 

in Figure 6.

T able 6.2; The effect of sample mass on the area under the crystallisation curve at 75%RH.

Sample mass (mg) Energy (J/g)

10 43.3 ±0.99

20 49.6 ±0.56

40 50.5 ± 0.93

70 47.9 ±0.58

It is probable that the results for the 20,40 or 70mg samples were more accurate since a 

larger area was measured and the crystallisation traces were chronologically displaced 

from the amorphous collapse peak. The results imply that the water uptake for the lOmg 

sample may have been different from that for the larger powder loads. In general it can be 

seen that the effect of sample loading was to alter the time taken for the crystallisation 

process to occur.
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Figure 6. Microcalorimetric data to show crystallisation lag times for 10,20,40 and 70mg 

spray dried lactose samples.

The fact that crystallisation lag times increased with powder weight is in line with the view
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that the powder must be fully saturated before instantaneous cooperative crystallisation 

occurs (Briggner et al, 1994). More recently it has been demonstrated that powder 

saturation at the surface rather than throughout the bulk is sufficient to trigger the 

crystallisation response (Buckton, 1997). The similarities between the 20, 40 or 70mg 

samples and that for different relative humidities 53, 65 or 75%RH indicated that the 

crystallisation response was identical in each case.

6.4 The effect of powder mass on the crystallisation response at 100%RH

As discussed earlier crystallisation o f 20mg samples at 85 or 100%RH produced a heat 

change that was different from that for samples crystallised at 53,65 or 75%RH. A follow 

up investigation was undertaken in order to verify if  changes in powder mass would 

influence the heat o f crystallisation following exposure to 100%RH at 25°C. The data 

below (Table 6.3)

shows that changes in powder mass did not significantly alter the measured area under 

the crystallisation curve but was still lower than that obtained for 75%RH. It is reasonable 

to assume that differences in water uptake between the samples exposed to 75%RH and 

those at 100%RH led to significant differences in the measured crystallisation energies.

Table 6.3 : The effect o f powder load on the area under the microcalorimetric crystallisation 

curve at 100%RH.

Powder mass (mg) Crystallisation energy (J/g)

1 0 44.2 ±0.76

2 0 44.1 ±0.77

40 43.2 ± 0.36

70 43.8 ± 0.39

Given that the optimum temperature for performing crystallinity experiments in a micro 

calorimeter is now known to be 25®C (Darcy and Buckton, 1998) and this study 

demonstrated consistency o f the calorimetric data at different relative humidities and 

powder masses. It can be concluded that microcalorimetric crystallinity determination can
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be best performed at 25°C at 53, 65 or 75%RH.

As discussed previously, very high relative humidities are not suitable for quantitative 

determinations o f amorphous content in powders, since different crystallisation energies 

were observed possibly due to a rapid moisture uptake rate. Furthermore, water soluble 

materials (such as lactose) if  exposed to veiy high relative humidities may form a solution 

which may have different ciystallisation kinetics to collapsed material (Giron et al, 1997). 

Thus crystallinity determinations using high relative humidities would result in significant 

error in the estimates o f amorphous content using the protocol by Briggner et al, 1994.

The crystallisation response that is measured in the isothermal micro calorimeter has been 

explained to greater extent which enhances the understanding for those who use such 

measurements to determine amorphous content in powders. However, this study and the 

referenced studies reveal that processes that give a composite isothermal response is 

complex and can vary with parameters such as experimental temperature (Darcy and 

Buckton, 1998) and very high RH. Thus it is necessary to select appropriate conditions for 

the quantitative assessment o f amorphous content o f powders. Moreover, due care is 

required when comparing data generated using different temperatures and or crystallisation 

temperature to induce crystallisation. Despite the above studies, further work is required 

in order to obtain a compete comprehension o f how to best design the protocol for 

isothermal microcalorimetry experiments and how to manipulate the data to assess the 

amorphous content in powders.
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CHAPTER?

The effect of spray drying lactose in the presence of Polyethylene Glycol 

4000

7. Introduction

In Chapters 4, 5 and 6 , it has been demonstrated that spray drying lactose alone yielded 

predominantly amorphous material. However, little data exists in the literature regarding 

the impact o f  spray drying lactose in the presence o f an additive, such as polyethylene 

glycol (PEG) 4000. There are several possible ways in which lactose can interact with 

PEG in the presence o f water as was the case in our spray drying experiments. PEG is more 

soluble than lactose at room temperature, therefore, lactose was expected to crystallise 

from solution first during the spray drying process. This PEG/lactose/water inter-solubility 

relationship has seldom been studied in great detail. The properties of spray dried lactose 

have been discussed at length in the introduction and in the previous chapters hence, the 

main focus o f this introduction will be on the molten state properties o f PEG 4000, since 

in our investigation the outlet drying temperatures used were higher than the melting point 

o f the polymer. Certain aspects relating to the properties o f PEG which had been 

overlooked in the introduction will be discussed in a bit more detail.

7.1 Crystallisation from a PEG melt

As mentioned briefly in the introduction PEGs are semi ciystalline polymers. Total 

ciystallinity cannot be achieved due to the presence o f chain ends, short chain fragments 

and impurities which cannot pack into crystals and are rejected to form the amorphous 

phase. In the molten state PEG chains are randomly orientated, although Shimada et al 

(1980) showed some evidence for the association o f the chain ends. As the melt cools, 

nucléation o f crystals can occur by one o f two mechanisms.

Homogeneous nucléation involves the spontaneous aggregation o f the polymer chains 

below the melting point. This is a reversible process up to the point at which a critical 

nucleus size is reached, so that subsequent addition o f chains is irreversible and growth 

commences. The closer the crystallisation temperature to the melting point, the larger the 

critical nucleus is required to be, which causes the formation of only a few nuclei for
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crystallisation. On the other hand, as the temperature is lowered, the critical size o f the 

nuclei required decreases, resulting in the development o f a large number o f small nuclei. 

Furthermore, reducing the crystallisation temperature, causes an increases in viscosity 

which hinders the diffusion o f polymer chains through out the melt, thereby retarding the 

rate of nuclei formation. The maximum rate of crystallisation occurs at a temperature 

where the influence o f nucléation and diffusion controlled mechanisms are weakest. Thus, 

if  the viscosity o f the polymer melt is very high or the temperature is lowered rapidly, then 

crystal growth will be inhibited, leading to a glass with the same random orientation as the 

molten state.

Heterogeneous nucléation occurs from nuclei that is already present in the melt and occurs 

spontaneously, unlike homogeneous nucléation where a finite time is required for the 

appearance o f a nuclei. Heterogeneous nuclei can come from sources such as foreign 

impurities, grain boundaries and cavities distributed throughout the bulk or localised at the 

surface o f the container o f the melt (Chatham, 1985).

The presence o f heterogeneous nucléation sites in the PEGs can be demonstrated. In a thin 

film o f polymer which was crystallised, melted and recrystallised, out o f 28 crystallisation 

sites observed on the first crystallisation, 24 appeared in identical positions on second 

crystallisation (Barnes et al, 1961).Growth of the chain is thought to proceed by chains 

diffusing to the surface o f the crystal, where they are pleated into position on the growth 

face. Crystal growth continues until it is impeded by mutual impingement o f the growing 

crystals.

There are factors that influence the degree o f chain entanglement and the stability o f the 

nuclei in the melt. This in turn governs the rate o f  crystallisation and the size of the 

spherulites developed from a melt. At temperatures close to the equilibrium melting point, 

much o f the conformation o f the polymer chains are retained, but the persistence o f  

ordered chains in a melt will decrease as the melting temperature or the time in the molten 

state increase. This was demonstrated by Chatham (1985), where the number o f surviving 

nuclei decreased as the temperature at which the polymer had been previously melted 

increased. Furthermore, Hay et al (1969) showed that changing the melting temperature of  

PEG 6000 from 80 to 100®C decreased the rate of crystallisation by a factor of thirty, but
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changing the melting temperature from 100 to 150°C did not significantly alter the 

crystallisation rate. This indicated that above a certain temperature, the history dependence 

will disappear.

The cooling rate of a PEG melt influences greatly its solid state properties as described 

below. Crystallisation studies have been confined to a large extent on isothermal 

conditions, where the melt is supercooled to a defined temperature and held there, or by 

quenching o f the melt by immersion in liquid nitrogen. However, in most pharmaceutical 

systems, e.g the molten filling o f solid dispersions into capsules, knowledge o f what 

happens under non-isothermal conditions is necessary in order to enhance the 

understanding o f their behaviour. Since the polymer chains in the melt are randomly 

orientated, a finite time is required for nucléation and development o f the crystals by chain 

diffusion through the melt. Thus as the rate o f cooling increase, the time for diffusion 

decreases and becomes impeded by factors such as high viscosity leading to a decrease in 

the crystallinity o f a polymer.

An extreme case o f rapid cooling is quenching where the polymer chains are frozen in their 

random orientation giving rise to the amorphous form. At relatively slow cooling rates , 

only a few nuclei will develop, resulting in the growth o f large spherulites. Whereas, faster 

cooling rates will give rise to many small nuclei, thus a large number o f small spherulites 

will crystallise out. Under isothermal conditions, the extended chain polymorph crystals 

preferentially form at high ciystallisation temperatures, but with large degrees of 

supercooling, folded chain crystals become the dominant morphology in PEG 4000 

(Kovacs et al, 1975).

7.1.1 The impact of additives on the crystallisation of PEG 4000

Other than forming a eutectic or a solid solution the added component may have one of 

several effects on the crystallisation o f the polymer which it turn influences the final 

structure o f the system. If the additive is present as undissolved or recrystallised particles, 

it may act as a nucleating agent, thus increase the number o f nuclei present in the polymer 

melt. However, the mechanism of crystallisation is not clearly understood, hence the mere 

presence o f foreign particles does not necessarily lead to nucléation, since for example the 

addition o f mercury droplets to a PEG melt did not cause an increase in nucléation. The
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authors noted that the crystallinity o f the added material was necessary but not a sufficient 

requirement for nucleating ability.

The added material could also act as an inhibitor for crystallisation by hindering chain 

diffusion and packing resulting in a higher percentage of amorphous and imperfectly 

crystalline material. The impact o f spray drying lactose has been well documented in the 

previous studies. However, as stated earlier, the effect o f co-spray drying lactose in the 

presence o f an additive such as PEG 4000 has not been investigated in great detail. It is 

for this reason that this study was undertaken.

7.1.2 Aims of the study

The objectives o f the study were to:

• assess the crystallinity in the spray dried products o f PBG/lactose suspensions.

• Probe the effect o f co-spray drying PEG and lactose on polymorphic content

• investigate if  lactose chemically interacts with PEG during spray drying

7.2 Materials and Methods

a-Lactose monohydrate was added to distilled water to give concentrations o f 10,20,30, 

40g/100ml at room temperature and each sample was spray dried in turn. Similar samples 

were then prepared to which PEG 4000 (Honeywell and Stein) was added (12% by weight 

of lactose). A Buchi 190 Mini Spray Dryer (Switzerland) was used to spray dry the lactose 

samples or the PEG/lactose suspensions. In the second part o f the studies PEG/lactose 

samples (lOg/lOOml ) were prepared where the concentration o f PEG was varied at 1,2  

and 4% (by weight o f lactose). The experiments were performed at constant process 

conditions (Table 7.1 ). The only parameter that was changed was the feed rate which was 

varied in order to minimise fluctuations in the spray dryer outlet temperature.

A 2277 Thermal Activity Monitor (TAM) (Thermometric AB, Sweden) was used to assess 

crystallinity in the spray dried lactose products or PEG/lactose co-spray dried products as 

mentioned in Chapter 3. 20mg o f each sample were placed in a 3 ml glass ampoule 

containing a tube with saturated salt solution (sodium chloride) to give 75%RH at 25°C.
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Table 7.1: Parameters used to spray dry lactose and PEG/lactose samples.

Parameters Controls

Airflow rate (dial setting) 1 2

Outlet temperature (°C) 85-90

Inlet temperature (°C) 185-190

heating rate (dial setting) 11.5

Atomiser airflow rate (Normliter/h) 400

7.2.1 DSC studies

DSC studies were undertaken using the Perkin Elmer, DSC 7 as described in the methods 

introduction ( Chapter 3). DSC studies were used to assess the crystalline structure o f the 

reference materials and the anomeric content in the spray dried lactose. Furthermore, DSC 

was used to investigate any molecular interaction between PEG and lactose which may be 

manifested by changes in melting points o f PEG or lactose.

7.2.2 TGA studies

Thermogravimetric analysis was undertaken on the samples in order to determine the 

monohydrate content in the spray dried samples by integrating the area under the derivative 

curve in the 100-150®C temperature region. The operating conditions and sample sizes 

were as reported in Chapter 3.

7.2.3 X-Diffraction Studies

The polymorphic content in the spray dried and the reference materials were analysed 

using x-ray diffraction. As mentioned earlier, diffraction peaks at 10.6° and 12.6° (20) 

were used to confirm the presence or absence o f crystalline p or a-monohydrate 

respectively. The diffraction peaks o f the PEG/lactose spray dried samples were also 

compared with that o f the reference PEG 4000. The conditions and the instrument that was 

used in this study was as reported in Chapter 3.
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7.3 Results and Discussions

7.3.1 The effect of 12%w/w PEG on crystallinity

Table 7.2 shows that the lactose samples without PEG 4000 produced partially amorphous 

material depending on the feed concentration as reported in Chapter 4. As reported in this 

investigation the 30g/100ml and 40g/100ml lactose suspensions yielded amorphous lactose 

with a much higher content than the amount that was dissolved. As was discussed earlier 

, this was attributed to a milling effect o f the atomiser or increased apparent solubility o f 

lactose.

Table 7.2: The impact o f feed concentration on the amorphous content in spray dried 

lactose (adapted from chapter 4).

Lactose Concentration 

g/lOOml

% lactose dissolved % amorphous content

1 0 1 0 0 1 0 0

2 0 calOO 91

30 67 89

40 50 82

The polymorphic content in the spray dried samples was determined by DSC, XRD and 

TGA, The lOg/lOOml samples did not consist of any crystalline material since it was 

totally amorphous. The 20 or 30g/100ml feed products consisted o f only the amorphous 

form and crystalline anhydrous a-lactose. However, the crystalline fraction o f the 

40g/100ml sample consisted o f anhydrous a-lactose and a-monohydrate. The presence of 

the monohydrate may be due to the presence o f nucléation sites that remained in 

suspension or more likely due to incomplete thermal dehydration o f the lactose in 

suspension.

When the spray dried PEG/lactose samples were exposed to 75%RH in the 

microcalorimeter, a baseline response was obtained, which indicated that the samples 

contained no detectable amorphous material. Based on the microcalorimetric results it was 

concluded that the spray dried PEG lactose samples were crystalline. As will be discussed
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later, this observation was supported by DSC (absence o f crystallisation response) and 

XRD (no amorphous halo) data.

The fact that PEG and lactose crystallised in the presence o f each other was surprising, 

because additives generally inhibit nucléation. Thus, the presence of PEG in lactose 

solutions/suspensions was expected to cause inhibition o f nucléation during the spray 

drying process either by a mass transport step or an orientation and incorporation step. The 

mass transport step (diffusion) is thought to be influenced by materials that alter the ability 

of water to act as the solvent for lactose. Thus PEG would probably influence the solubility 

o f lactose and the diffusion o f its molecules through the medium. Thus, a hydrophilic 

molecule such as PEG with a strong tendency to hydrogen bond with water, would impede 

the movement and collisions o f the PEG molecules that are necessaiy to build up a critical 

nucleus (Van Scoick and Carstensen, 1990).

Furthermore, it has also been shown that additives inhibit nucléation and ciystallisation by 

preventing the molecules o f the crystallising substance from approaching in the proper 

orientation (Smythe, 1967). Smythe, 1967 showed that raffinose had a significant 

inhibitory effect on the growth of certain sucrose crystals. Raffinose exerted its effect by 

taking the place o f sucrose molecules in the growing crystal lattice. The extra glucose 

group present in raffinose interfered with the approach and incorporation o f the subsequent 

sucrose molecules.

A possible reason for the presence o f crystalline material in spray dried PEG/lactose 

samples is that the solidification rates o f PEG /lactose molecules may have been slower 

than that o f lactose alone, which allowed the PEG and lactose molecules to crystallise 

during the spray drying process. This hypothesis is supported by the fact that PEG has been 

shown to hydrogen- bond with water (Graham et al, 1989) which reduced the rapidity of 

water evaporation during the spray drying process. The microcalorimetric results required 

further verification since it is possible that amorphous material may have been present 

within the PEG/lactose crystalline matrix, but was not available to interact with water due 

to the crystalline PEG that surrounded the lactose particles (see microscopy data Figures 

7.9- 7.13).
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7.3.2 The effect of PEG on a- or p -lactose content

The polymorphic forms of spray dried lactose alone produced at different feed 

concentrations have been discussed previously in Chapter 4, thus this section will only 

discuss the impact of spray drying lactose in the presence of 12% PEG on anomeric 

content. The spray dried PEG/lactose samples were analysed by XRD, DSC and TGA. 

The x-ray diffraction data for the unprocessed samples is given in Figures 7.1 -7.3 . For the 

1 Og/100ml and 20g/100ml PEG/ lactose samples, x-ray data showed composite diffraction 

peaks at 12.6® and 10.6® which were attributed to the presence of crystalline, a- 

monohydrate lactose and p-lactose. The diffraction peaks for PEG were similar to that of 

the reference material (Figure 7.1). This indicated that the spray dried PEG/lactose 

samples consisted of the extended chain crystals.

Figure 7.1 ; XRD data for PEG reference material.
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Figure 7.2: XRD data for the reference a-monohydrate.

Figure 7.3: Typical XRD data for the reference anhydrous p-lactose
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Figure 7.4: XRD data for the 10 or 20g/100ml PEG/lactose samples showing the presence 

of crystalline a  or p-lactose and the PEG extended chain crystals.

The XRD findings (Figure 7.4) were supported by DSC data (Figure 7.5) which showed a 

dehydration peak at (120”C), an anhydrous a-melt at 216”C, a p-melt at 235”C as well as 

a melting endorthem at 57"C which was attributed to the melting peak for the PEG 

extended chain polymorph. The dehydration peak at 120̂ 0̂ is much lower than that for the 

reference monohydrate, which is as quoted in most publications at 1 SÔ 'C.

Therefore, it can be concluded that the observed DSC endothermie peak at 120”C was due 

to dehydration of a weak hydrate. It is interesting to note that the measured melting point 

(57"C) was lower than for the reference material (Figure 7.6), which indicated that the PEG 

material in the 10 or 20g/l 00ml samples crystallised into small crystals with a great degree 

of imperfection. This lowered the melting point of the polymer.
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Figure 7.5: DSC data for the 10 or 20g/100ml PEG/lactose spray dried samples.
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Figure 7.6 : DSC data for the reference material, showing a melting endotherm at 60°C , 

and a baseline shift at 35"C which is probably due to a glass transition event.

When the 30 or 40g/100ml PEG/lactose samples were analysed by DSC, a flat broad 

endotherm at 120‘’C and a large endothermie response at 216“C were observed (not
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shown) . There was no melting endotherm in the 230-240“C temperature region. The 

endotherm at 115®C was attributed to a dehydration of a weak monohydrate, whereas the 

large endortherm at 2 lô̂ ’C was attributed to the melting peak of anhydrous a-lactose. The 

absence of a melt in the 230-240”C temperature region indicated the absence of crystalline 

P-lactose in the sample. A melting endotherm at 57^C was also observed which as 

mentioned earlier was attributed to the melting endotherm of imperfect straight chain PEG 

crystals.

a> -i

A ' oai

Figure 7.8 ; XRD data for the 30 or 40g/100ml PEG/lactose samples which shows the 

presence of a-anhydrous or monohydrate lactose and extended chain PEG crystals but no 

P-lactose as shown by the absence of a diffraction peak at 1 0 .6 ” (20).

The melting endotherm at 57”C has been reported elsewhere for to the small PEG crystals 

crystallised with a high degree of imperfection (Chatham, 1985). Moreover, the absence 

of a melting endotherm at 52”C indicated the absence of detectable amounts of the single 

folded PEG crystals. It can be concluded that the cooling condition employed during the 

spray drying process must have been reasonably slow, to allow crystallisation to the most 

stable PEG polymorph. The DSC results for the 30 or 40g/100ml PEG/lactose samples
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were substantiated by XRD findings (Figure 7.8) which showed diffraction patterns that 

were consistent with that o f anhydrous or monohydrate a-lactose, whereas no peaks were 

observed at diffraction angle (20)10.6°. This implied that 30 or 40g/100ml PEG/lactose 

samples did not consist o f ciystalline P-lactose. The XRD data were thus in keeping with 

the findings from DSC experiments. Based on the available DSC and XRD evidence, it can 

be concluded that PEG causes the higher lactose concentrations to crystallise slowly than 

the corresponding lower concentration samples, which allowed complete P-a mutarotation 

during the spray drying process.

7.3.3 Thermogravimetric studies

In order to assess the monohydrate content in the spray dried PEG/lactose samples 

thermogravimetric investigations were undertaken. The % weight loss o f a full 

monohydrate is quoted in most publications at 5%, thus the moisture loss in the 100-150°C 

region was related to that for a full monohydrate in order to determine the monohydrate 

content in the spray dried products.

Table 7.3 : TGA data to show the effect o f feed concentration on the monohydrate content 

in PEG/lactose samples.

Cone of lactose (g/100ml) 

in 12 % w/w PEG/lactose 

samples

TGA hydrate content % a-monohydrate in 

sample

1 0 0.89 ±0.01 18.6 ±0.79

2 0 1.13 ±0.05 2 2 . 6  ±0.81

30 0.94 ±0.23 18.8 ± 1 . 0 1

40 0.97 ±0.23 19.3 ±2.36

Monohydrate caS.O calOO

Table 7.3 shows that changes in feed concentration caused no significant (p<0.05) 

differences in the monohydrate content in the spray dried samples. This implied that the 

crystalline lactose fraction in the 12%PEG/lactose samples was predominantly in the
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anhydrous form. This is probably due to the fact that PEG is known to form multi-hydrates 

in solution (Liu andParsons, 1969), which probably reduced the water molecules available 

to be incorporated into the a-lactose on crystallisation.

7.4 Microscopic studies

Scanning electron micrographs demonstrate that the PEG particles appeared to be 

distributed around the lactose particles. This partly explains the absence o f a hydration or 

p-a mutarotation response (would only be observed in the 10 or 20g/100ml PEG/lactose 

samples) when the 12% PEG/lactose samples were exposed to 75%RH at 25°C in the 

microcalorimeter during crystallinity investigations.

The micrographs (Figures 7.10-7.13) illustrate that the lactose particles were encased by 

PEG crystals, which inhibited the access o f water molecules to lactose particles. The 

particle size distribution o f the samples appear to widen with increases in feed 

concentration. This observation is in keeping with the view that high feed concentrations 

cause coarse atomisation leading to products with a broader particle size distribution .

A similar trend was observed for the lactose concentrations alone in section Chapter 4, 

Section 4.4.3. The morphology o f the polymer crystals in the presence o f lactose particles 

were found to be different from that o f the polymer alone. Small spherulites were observed 

with a distorted and twisted appearance. The small size o f the PEG particles was probably 

responsible for the depression o f the melting point in DSC studies section as discussed in 

section 7.3.2. In general the shape o f the encased lactose particles were spherical which 

suggested that the particles may posses good flow properties, which is ideal for tablet 

manufacture.
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Figure 7.9: SEM photograph for PEG reference sample.

Figure 7.10: Microscopic pictures for PEG/lactose samples lOg/lOOml.

- 185 -



mm

m

Figure 7.11: Microscopic pictures for spray dried PEG/lactose samples 20g/100m1.

Figure 7.12: Electron micrograph of spray dried PEG/lactose 30g/100m1.
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Figure 7.13: Electron micrograph for spray dried PEG/lactose 40g/100ml.

7.5 The effect of varying the PEG concentration on crystallinity and amorphous 

content.

As mentioned earlier the objective of this study was to investigate the effect of varying the 

PEG concentration on crystallinity and polymorphic content. The products of 1, 2 and 4 

% (by weight o f lactose) PEG/lactose samples were analysed as reported in section 1.2.2.

7.5.1 Isothermal microcalorimetric studies.

The microcalorimetric data for all the PEG/lactose showed a baseline response as 

observed earlier for the 12%PEG/lactose samples. However, the absence of a 

crystallisation response did not unequivocally prove total absence of amorphous material, 

since as stated earlier amorphous lactose particles may well be coated by the PEG crystals. 

Thus, the the spray dried materials were regarded as crystalline but further evidence was 

required from DSC or XRD in order to eliminate the above possibility.

It is for this reason that DSC and XRD studies were undertaken on the PEG/lactose 

samples.
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7.5.2 XRD and DSC studies for the PEG lactose

Figure 7.14 shows XRD data for the 1, 2 or 4% PEG/lactose samples revealed that the 

spray dried materials consisted of crystalline a-lactose, and extended chain PEG crystals. 

However the samples did not consist of crystalline p-lactose as demonstrated by the 

absence of a diffraction pattern at 1 0 .6 ” (2 0 ).

The DSC data (Figure 7.15) for the 1 or 2% PEG samples showed a dehydration peak at 

130”C and a melting endotherm at 216”C. There was no evidence of a p-melt which is in 

keeping with XRD data. Although PEG crystals in the 1 or 2% PEG/lactose samples were 

detected by XRD , there was no evidence of a PEG melt. The absence of a PEG melting 

peak for the 1 or 2% PEG/lactose samples was probably due to the inability of DSC to 

detect the presence of small quantities of PEG crystals.

;on

u.o —T

Figure 7.14: XRD data for 1% PEG/lactose spry dried lactose data which was similar to 

that for the 2 or 4 % PEG/lactose samples.
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Figure 7.15: DSC data for 1 or 2% PEG/lactose samples where no PEG melt or p-melt are 

observed.
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Figure 7.16: DSC data for the 4% PEG/lactose sample showing a small PEG endotherm at 

57"’C and a dehydration peak followed by an a-lactose melt.

- 189 -



On the other hand, DSC data (Figure 7.16) for the 4% samples showed a small endotherm 

at 57^C,a dehydration peak at 130°C and a melt at 216”C. There was no melting endotherm 

in the 230-240‘’C temperature range, which was consistent with the absence of a p-lactose 

diffraction peak at 10.6®. The expected peak at 5TC is attributed to the melting response 

for imperfect extended PEG crystals. The fact that neither the 1 ,2  or 4% PEG/lactose 

samples showed a crystallisation endotherm indicated that the samples were at least 

predominantly crystalline. This conclusion is substantiated by the fact that no amorphous 

halo was observed for the XRD data for the respective PEG/lactose spray dried samples. 

Furthermore, the above evidence was also in keeping with the microcalorimetry data.

7.5.3 TGA analysis of the 1, 2 or 4% PEG/lactose samples

Thermogravimetric analysis was undertaken on the samples in order to quantify the 

monohydrate content by integrating the derivative weight loss curve in the 100-150®C 

temperature region (Figure 7.17).

(0 .1863  mg > - 0 . 3
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Figure 7.17; TGA weight loss curve for 1% PEG/lactose samples showing that the sample 

consisted of predominantly hydrate water.
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In Table 7.4, it is shown that the hydrate content decreased with increase in PEG 

concentration. This is probably due to the fact that increases in PEG content increased the 

PEG-water interactions which reduced the number o f water molecules that was available 

to interact with lactose on crystallisation to form the monohydrate. This observation is 

supported by the fact that the 12%w/w PEG/lactose samples consisted o f ca20% 

monohydrate. The same inference can be used to explain the trend o f decreasing total 

moisture content with increase in PEG concentration.

Table 7.4 : TGA data to show total moisture and hydrate content and hydrate content 

present in spray dried PEG/lactose samples.

% PEG w/w in 

PEG/lactose spray 

dried samples

Total moisture content % weight loss in 100-150°C 

Temperature range

1 4.7 ±0.2 4.3 ±0.1

2 3.0 ±0.2 2.4 ±0 .2

4 3.1 ±0.2 2.0 ± 0.2

Table 7.5: The effect o f changing the PEG composition on the polymorphic content in 

spray dried PEG/lactose samples.

% PEG  w/w in 

PEG/lactose spray 

dried samples

% monohydrate % Crystalline a 

anhydrous

% Crystalline p- 

lactose

1 86 14 0

2 48 52 0

4 40 60 0

7.6 The effect of storage at 75%RH at 25 or 40®C.

As already discussed, exposure o f PEG/lactose samples to 75%RH at 25°C in the 

isothermal microcalorimeter gave a baseline response. The objective o f this study was to 

compare the hydrate content o f samples stored at 25“C in a temperature controlled room
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and that stored at 40"C in a temperature controlled oven. The samples were sealed in glass 

vials with saturated sodium chloride salt solutions to give 75%RH at the specified 

temperature. The samples were analysed after 1,4 and 7 days. Figure 7.18 shows that the 

samples that were stored at 75%RH at 40"C gained hydrate water with storage time. 

Whereas, the samples that were stored at 75%RH at 25®C showed only a negligible 

increase in hydrate content with storage time. The reason for this could be that storage 

40"C caused increased the mobility of the PEG molecules that were adsorbed to the lactose 

particles due to the closeness to the melting point. Increased molecular mobility probably 

allowed the water molecules to access the anhydrous a-lactose particles to form the 

monohydrate. The fact that a negligible hydrate raise was observed at 25®C is probably due 

to the fact that PEG crystals entrapping the lactose particles prevented the water molecules 

from interacting with the anhydrous fraction of the crystalline a-lactose.

S t o r a g e  t i m e  ( d a y s )

Figure 7.18: TGA data to show changes in hydrate content as a function of storage time. 

The samples stored at 75%RH at 40‘'C gained hydrate water with storage time (blue trace). 

Whereas the hydrate content in the samples stored at 75%RH at 25®C did not change with 

storage time (red trace).

7.7 Electron microscopic examination on the PEG/lactose samples

Microscopic examinations were undertaken on the spray dried PEG/lactose samples in 

order to investigate morphology and particle size. Figures 7.18- Figure 7.24 show that the 

spray dried
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Figure 7.19 : Electron micrograph for 1% PEG/lactose spray dried sample.

Figure 7.20: Electron micrograph for 2% PEG/lactose spray dried product.
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Figure 7.21 ;Electron micrograph for the 4% spray dried PEG/lactose sample

Figure; 7.22: Electron micrograph for a physical mix (4% by weight of lactose) of reference 

a-monohydrate and PEG 4000.
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Figure 7.23: Electron micrographs for 4% PEG stored at 75%RH at 40“C for 1 day 

(compare with Figure7.21, 7.22 and 7.24).

Figure 7.24: Electron micrograph 4% PEG/lactose stored at 75%RH at 40"C for 7 days(see 

Figures 7.21,7.22, 7.23).
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PEG/lactose particle differed in size and morphology from the reference material (Figure 

7.9). The spray dried particles appear to have a general spherical morphology with a 

narrow particle size distribution. This was expected since the samples were spray dried 

from solutions (fine atomisation leading to fine sprays) as opposed to suspension where 

coarse atomisation can occur. Figure 7.23 and 7.24 shows that the morphology o f the 

particles that have been exposed to 75%RH at 40°C for 1 or 7 days differed from that o f 

the reference spray dried material (Figure 7.21). The particles in Figures 7.23 and 7.24 

indicated that the effect o f hydration caused morphological changes in the spray dried 

PEG/lactose samples.

7.8 Conclusions

Based on the evidence from this study, it can be concluded that PEG caused lactose to 

crystallise during the spray drying process. Whereas, spray dried lactose alone was 

predominantly amorphous material. When the composition o f PEG was 12%w/w o f  

lactose, the polymorphic content o f lactose varied with feed concentration. Spray diying 

a 12%w/w PEG/lactose solution yielded crystalline a-monohydrate, a-anhydrous and 

crystalline p-lactose. The more concentrated 12%w/w PEG/lactose suspensions yielded 

only predominantly anhydrous-lactose and a-monohydrate. When spray dried PEG/lactose 

solutions consisted o f small amounts o f PEG , the spray dried products consisted o f a- 

monohydrate and anhydrous a-lactose but no p-lactose. For all the samples that were 

investigated PEG was present as the extended chain polymorph. The mechanism by which 

lactose crystallises in the presence o f PEG during the spray drying process is still not 

clearly understood, and warrants further investigations.
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CHAPTER 8

Overall Conclusions

As has often been demonstrated in the past, isothermal microcalorimetry proved to be a 

useful technique to measure crystallinity in the spray dried products. Following the study 

o f the parameters that affected the measured area under the microcalorimetric 

crystallisation curve, the findings in Chapter 6 , established that 53,65 or 75%RH were the 

most suitable conditions to undertake crystalllinity studies. Under these conditions the area 

under the crystallisation curve was found to be unaltered by the choice o f RH. 

Furthermore, the area under the crystallisation curve (J/g) was also shown to be unaffected 

by the powder mass at 75%RH, 25°C in the isothermal microcalorimeter. Thus the above 

investigations enhanced the understanding o f the use o f isothermal microcalorimetry in 

the study o f amorphous content in powders.

The spray drying variables were found to have a significant effect on the physicochemical 

properties o f products. It was demonstrated that feed concentration had a marked impact 

on the crystallinity and anomeric content in the spray dried products. An increase in the 

lactose content in the feed solutions or suspensions was shown to cause a decrease in the 

percentage amorphous lactose in the spray dried products. The percentage degree of 

disorder in the products was substantially greater than the amount o f lactose that was in 

solution. Therefore, it was concluded that spray drying caused amorphism in materials via 

a solid state (atomiser milling effect) or liquid state transition (rapid solidification) or 

more likely a combination o f both. Thus, it is reasonable to assume that materials do not 

necessarily be in solution in order to become amorphous during the spray drying process. 

The crystalline fraction in the partially amorphous samples was predominantly anhydrous 

a-lactose. The presence o f a-monohydrate in the highest concentration feed product 

indicated that incomplete thermal dehydration o f the suspended lactose occurred or that 

the monohydrate developed by crystallisation from solution during the spray drying 

process. The amorphous a-lactose content was shown to decrease as feed concentration 

increased, which suggests that crystallisation to the a- anomeric form occurred during the 

spray drying. In order to produce partially amorphous material e.g for direct compression 

formulations, it is necessary to have as much lactose in suspension as possible. None of
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the feed solutions or suspensions that were investigated produced crystalline (3-lactose. 

This implied that p-lactose was the more soluble anomer under the conditions employed 

during the spray drying process. Particles size analysis demonstrated that spray drying from 

solution yielded products with a narrow particle size distribution. Conversely, products 

with a broad particle size distribution can be obtained by spray drying suspensions.

The effect of varying feed temperature was found to have a significant effect on the a/p 

lactose ratio in the spray dried products. Changes in feed temperature influenced the a/p 

anomeric ratio possibly by affecting the evaporation rates such that the elevated feed 

temperature had insufficient opportunity for p-a mutarotation. GC experiments 

complimented with DSC, TGA and XRD studies allowed quantification of the amorphous 

or crystalline a/ p anomeric ratios in the spray dried lactose samples. Relative humidity 

stability studies confirmed that the high temperature feed products were more stable than 

the comparable samples produced from ambient temperature feed materials. The greater 

amorphous p-lactose content in high temperature feed products accounted for the relatively 

long crystallisation lag times that were experienced by the high temperature feed samples 

following RH treatments. The stability studies also demonstrated that storage at 54%RH 

caused amorphous to crystalline transition but the p-lactose was unchanged by increasing 

the storage time. However, exposure o f the amorphous samples to 75, 90 or 100%RH 

caused the expected rapid crystallisation and substantial p-a conversion as storage time 

increased. DSC analysis on the crystallised lactose samples demonstrated that the thermal 

properties o f the spray dried lactose were influenced by the conditions employed during 

the spray drying process.

The effect o f changing the inlet drying temperature was shown to have the predicted 

influence on the anomeric ratio o f the spray dried material. The lactose samples processed 

at high inlet temperature consisted o f significantly more P-lactose than the low inlet 

temperature products. This demonstrated that slow drying rates (low inlet temperature) 

caused substantial p-a conversion during the spray drying process. Furthermore, the 

amorphous content of the spray dried products increased with inlet drying temperature. 

It was also confirmed that the low inlet temperature spray dried product contained a 

substantial residual moisture content. The low inlet temperature conditions employed in 

this study were probably more suitable for the production o f agglomerated powders.
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Predictably, the products that were spray dried at low inlet temperature were found to have 

relatively low Tg values, which indicated that the samples were susceptible to physical 

transformation during storage.

As demonstrated throughout the study, spray drying lactose suspensions yielded partially 

amorphous lactose, whereas spray drying lactose solutions produced amorphous lactose. 

However, spray drying lactose in the presence o f polyethylene glycol 4000 produced 

crystalline products. It can be concluded that the presence o f PEG in the lactose solutions 

or suspensions reduced the solidification rates, such that there was sufficient opportunity 

for the lactose molecules to crystallise. The DSC studies showed that PEG and lactose did 

not form a solid solution or eutectic to any detectable extent. The XRD and DSC 

experiments indicated that polymeric fraction in all the PEG/lactose feed samples 

crystallised into the extended chain polymorph during processing, whereas the anomeric 

form of lactose varied with the feed concentration. Furthermore, PEG/lactose solutions 

were found to yield crystalline products that consisted o f a-anhydrous, a-monohydrate 

and P-lactose, whereas PEG/lactose suspensions yielded a-monohydrate and a-anhydrous 

lactose but no p-lactose.

It was also shown the anhydrous fraction in the spray dried PEG/lactose products did not 

interact with moisture to any significant extent at 25°C, whereas a marked increase in 

monohydrate was observed at 75%RH at 40°C. This indicated that the high temperature 

probably reversed the interaction (adsorption) between the PEG and lactose in the 

PEG/lactose samples which allowed the anhydrous lactose to react with moisture. 

Alternatively, the high temperature caused increased molecular mobility in the PEG chains 

which allowed the water molecules to access the anhydrous lactose particles in the 

PEG/lactose matrix.

The mechanism by which PEG interacts with lactose during spray drying warrants further 

investigations. Overall, the objectives o f the project were accomplished. As a result o f the 

work reported in this thesis, the impact o f spray drying variables on the physicochemical 

properties o f products is now better understood. This knowledge is invaluable in the design 

and optimisation o f spray granulation processes.
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CHAPTER 9 

Future Work

Although the effects o f spray dryer variables on the properties o f products are now 

understood, there are certain experiments that warrant further investigations in order to 

have a better understanding o f the results obtained in this study. For example, measurement 

of specific surface area, bulk density and flow properties o f the products allows the 

tableting properties o f the spray dried products to be related to the spray diying conditions. 

Furthermore, the crystallised lactose samples that gave complex DSC data will be analysed 

by a variable temperature x-ray diffractometer in order to have a better understanding o f  

the thermal properties o f the crystallised lactose samples.

The RH stability studies could be improved by using a Dynamic Vapour Sorption-Near 

Infra Red Spectroscopy system. This novel application o f the combined techniques allows 

measurements o f the post crystallisation polymorphic transitions to be followed under 

more controlled conditions. Furthermore, the use o f the DVS system would be useful in 

comparing the moisture absorption and desorption behaviour o f the different spray dried 

lactose samples. This would enhance an understanding o f how water is retained within the 

amorphous structure.

In order to understand the impact of co-spray diying on the ciystallinity o f lactose, further 

studies would be required perhaps using a hydrophobic drug with very low aqueous 

solubility so that the drug would be expected to be in suspension. The use o f a hydrophobic 

component will assist in establishing whether the crystallisation o f lactose in the presence 

of PEG 4000 is a solubility driven phenomena. Furthermore, this study would present an 

opportunity to evaluate the hypothesis that atomisation causes solid state crystalline to 

amorphous transition during the spray drying process.

As a follow up study to the work reported herein, it would be useful to relate the surface 

energies o f the spray dried products to the process variables. It has been demonstrated 

in the past rather than thoroughly investigated that surface energies can be used to predict 

powder performance. The fundamental benefit is that the ability to predict behaviour 

comes as a direct result o f understanding the relevant and significant variables that affect 

the performance o f dosage forms.
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