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1. Abstract 

Active pharmaceutical ingredients (APIs) intended for pulmonary drug delivery must have 

aerodynamic particle sizes in the range of 1 µm to 5 µm. For this reason they are cohesive, show 

poor flowability and are difficult to dose. In order to overcome this problem the fine API particles are 

attached in a mixing process to coarser carrier particles of sufficient flowability. During inhalation the 

API particles must detach again from the carrier surface to reach the lung. Consequently interparticle 

forces must be high enough to ensure mixing homogeneity and stability of the mixture during 

powder handling and transport but low enough to allow detachment during inhalation. Therefore the 

control of interparticle forces is of vital importance for the quality of the dry powder inhalate. The 

aim of this work is the preparation of tailored carrier particles with respect to interparticle forces by 

surface modification via spray drying. 

 

Wirkstoffe, die die Lunge über Inhalation erreichen sollen, müssen aerodynamische Partikelgrößen 

zwischen 1 µm und 5 µm aufweisen. Auf Grund dessen sind sie kohäsiv, fließen schlecht und sind 

schlecht dosierbar. Daher werden die feinen Wirkstoffpartikel in einem Mischprozess auf einen 

gröberen Träger, der ausreichende Fließfähigkeit aufweist, aufgebracht. Bei Inhalation muss sich der 

Wirkstoff wieder vom Träger lösen, damit er die Lunge erreicht. Dementsprechend müssen die 

interpartikulären Kräfte groß genug sein, um die Homogenität und Stabilität der Mischung während 

der Pulververarbeitung und des Transports zu gewährleisten, jedoch klein genug, dass er sich bei 

Inhalation wieder löst. Aus diesem Grund kommt der Steuerung der Wechselwirkung entscheidende 

Bedeutung für die Qualität eines Pulverinhalates zu. Ziel des Forschungsvorhabens ist die Gewinnung 

hinsichtlich der interpartikulären Kräfte maßgeschneiderter Trägerpartikel durch 

Oberflächenmodifikation mittels Sprühtrocknung.  
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1. Introduction 

1.1. Pulmonary drug delivery 

The delivery of active pharmaceutical ingredients (APIs) via the lung is a well established route of 

administration. Preferably pulmonary administration is used to treat respiratory diseases such as 

asthma, cystic fibrosis, chronic pulmonary infections and COPD. Here the active is locally 

administered. This allows higher doses at the site of drug action and concomitantly reduces systemic 

side effects. Because of the large surface area of the lung accessible to drug absorption and the low 

metabolic activity an increasing number of formulations is developed for systemic delivery also.  

The European Pharmacopoeia lists four types of inhalation devices: nebulizers, pressurized metered-

dose inhalers (pMDIs), non-pressurized metered-dose inhalers (MDIs) and powder inhalers (dry 

powder inhalers – DPIs). For nebulizers, pMDIs and MDIs the corresponding preparations are liquid 

(solutions, suspensions or emulsions) whereas solid state formulations are used in DPIs.  

Depending on the device used the principle of aerosol generation differs. Nebulizers, which deliver 

the active over an extended period of time involving consecutive inhalations, and MDIs make use of 

high-pressure gases, ultrasonic vibration or other methods to generate the aerosol. In pMDIs a 

liquefied propellant is employed. The driving force of aerosol generation in DPIs is the inspired air. 

Because of the underlying aerosolization principles and the preparations used each class of 

inhalation devices has its strengths and weaknesses which will be shortly summarized below. 

Nebulizers are historically considered the oldest [17] and are indispensable in intensive care 

treatment. Nevertheless disadvantages encountered are a low efficiency, poor reproducibility, great 

variability, large size and long time that is needed for inhalation as well as cleaning [5]. Most of those 

disadvantages were overcome by the development of the first pMDIs in the late 1950s [17]. Until 

now pMDIs are the gold standard in asthma therapy [15]. The reason for their popularity is the small 

size. Further they are simple, cheap and easy-to-use. However the high velocity of the aerosol plume 

and the required co-ordination of actuation and inhalation, which has been overcome by the 

development of breath-actuated pMDI devices as well as the knowledge about the impact of 

propellants, especially chlorofluorocarbons (CFCs), on the environment and the final ban of CFCs led 

to the development of alternative devices. One of those alternatives are non pressurized metered 

dose inhalers which are also termed soft mist inhalers. The major improvements of those devices are 

the low velocity of the generated aerosol plume and therefore enhanced lung deposition as well as 

the absence of propellants. Another alternative are dry powder inhalers administering a dry powder 

to the lung. DPIs combine the advantages mentioned above of being small, cheap, more or less easy-

to-use and having a short administration time, a reduced aerosol plume velocity, no required co-
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ordination of actuation and inhalation, the potential of delivering a high range of doses, the absence 

of propellants as well as the plus of increased stability and reduced risk of microbial contamination 

compared to liquid formulations. One drawback of some of those dosage forms is the varying 

amount of active reaching the lung depending on the inspiratory flow rate of the patient. 

A precondition for successful pulmonary drug delivery is that aerosol particles with aerodynamic 

diameters of 1 µm to 5 µm [14, 7, 17] are delivered. Particles that are too large cannot follow the air 

stream. They will impact in the throat and will have no access to the bronchiolar region. However if 

the particle size is too small the particles will travel deeper into the lung during inhalation and will be 

deposited mainly in the alveolar region. The latter might be desirable for APIs intended for systemic 

delivery, however not for the treatment of asthma and COPD. 

In DPIs this desired aerodynamic diameter is commonly achieved by milling of the API. However 

particles of this size are rather cohesive and precise as well as reproducible dosing is difficult due to 

poor powder flowability. Especially in multi-dose dry powder inhalers (DPIs) where usually the 

powder is metered by flowing of the powder from a reservoir into well defined orifices, sufficient 

flowability is crucial in order to guarantee adequate dosing [5]. To ensure flowability the fine API 

particles may be mixed with coarser carrier particles. Those carrier particles carrying the API particles 

on their surface generally have particle sizes in the range of 50 µm to 200 µm and are large enough 

to allow the adhesive mixture to flow well. Further they may act as diluents for highly active APIs.  

1.2. Objectives 

In carrier based dry powder inhaler formulations interparticle forces between carrier and API 

particles play an important role. On the one hand adhesion force must be high enough to ensure 

mixing homogeneity and stability of the mixture during powder handling, dosing and transport, but 

low enough to allow the detachment of the API particles from the carrier upon inhalation in order to 

allow the API particles to travel along the tiny airways into the deep lung and not to impact together 

with the coarse carrier particles in the upper airways. For this reason the control of interparticle 

forces is of vital importance for the quality of the dry powder inhalate. Furthermore the tailoring of 

interparticle forces may open-up the possibility to optimize the performance of the inhalate. 
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Figure 1. Factors influencing interparticle forces.  

Interparticle forces are influenced by a multitude of factors such as factors that are related to 

physico-chemical properties (surface energy, electrostatic charging, crystallinity / amorphicity, 

chemical structure, hygroscopicity), geometric characteristics (size, shape, surface, deformation) and 

mixture properties (preparation methods, excipients, ratio of API/excipient) ( Figure 1).  

Due to the fact that interparticle forces are highly dependent on the contact area of carrier and API, 

surface roughness of the carrier might be an important parameter to optimize such formulation. This 

is also verified by multiple studies (see below). Figure 2 shows that depending on the scale of the 

surface roughness the contact area of carrier and API differs. If the distance between the surface 

roughness spacings is larger than the size of the API (Figure 2, left, macroscopic roughness) the 

contact area is high. The advantages of a high contact area are a good content uniformity and 

stability of the mixture. However increased adhesion and consequently decreased drug detachment 

have to be mentioned as drawbacks. In contrast nanoscopic roughness (Figure 2, right) reduces the 

contact area. This facilitates the detachment of the API particles from the carrier surface but results 

in poorer content uniformities and the risk of blend segregation. 

The ideal carrier might have a surface roughness just in between macro- and nanoscopic ensuring 

sufficient mixing stability but concomitantly as much API detachment during inhalation as possible 

(Figure 2, middle). 
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Figure 2. Schematic of potential drug-carrier interactions for carriers of different surface roughness. 

Almost all DPI formulations on the market are based on α-lactose monohydrate as a carrier [15]. For 

this reason many scientific papers are about the surface modification and optimization of lactose 

carrier particles for example by controlled dissolution of the surface [6, 5], carrier surface covering by 

magnesium stearate, sucrose stearate or lactose, surface modification by milling [24, 13] or the 

addition or removal of carrier fines [1, 6, 12, 2]. Despite the fact that α-lactose monohydrate has a 

well-investigated toxicology profile and its supply is assured at low price [20] there are also some 

disadvantages which might affect the inhaler performance. For example α-lactose monohydrate is 

not the excipient of choice for APIs with primary amino groups (e.g. budesonide, formoterol, 

peptides and proteins) due to incompatibility reactions (Maillard-reaction) which might occur. 

Another disadvantage is that the physico-chemical (e.g. amorphous content) and morphological 

properties might vary due to the production processes (milling [23], crystallization, sieving) and 

storage [20]. However the most important aspect with respect to this study is that α-lactose 

monohydrate becomes partially or fully amorphous upon spray drying [11, 9]. Mannitol in contrast 

which has been investigated as an alternative carrier for dry powder inhalers by Steckel and Bolzen 

[20], Saint-Lorant et al. [16], Kaialy et al. [10] and Tee et al. [21] is found crystalline after spray drying 

[14]. 

Spray drying is an ideal technique for the preparation of carrier particles because it allows the 

generation of spherical particles, provided that appropriate process parameters are adjusted. 

However also non-spherical particles might be obtained when modifying these conditions as will be 

shown in this study also. To the knowledge of the authors all marketed spray dried mannitol products 

in the size range of 50 µm to 200 µm are of non-spherical shape (e.g. Pearlitol SD (Roquette), 

Mannogem EZ (SPI Pharma); Figure 3).  
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Figure 3. SEM of the commercially available Pearlitol 100 SD (Roquette, left) Mannogem EZ mannitol powder (SPI Pharma, 

right). 

Spherical particles have the advantage of offering similar adhesion conditions to every API particle 

attached to the surface. This is in contrast to single crystals with different crystal faces that might 

vary in their affinity to the active due to different surface properties.  

Further spray dried particles are usually considered as well-flowing. The reason for this is that on the 

one hand they often are narrowly particle size distributed (cyclone classifier effect) and on the other 

hand they are of spherical shape usually. Moreover it was shown by Maas [20] that spherical 

mannitol carrier particles of different surface roughness can be prepared by adjusting the spray 

drying outlet temperature.  

For this reason the aim of this work is the preparation of tailored mannitol carrier particles with 

respect to interparticle forces to the API by surface modification via spray drying. 
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2. Results and discussion

The results of this thesis are presented in form of publications (

14) and are briefly summarized and discussed in this chapter.

2.1. Spray drying at lab scale

In order to prepare spherical mannitol particles intended to be used as carrier in dry powder inh

formuations spray drying experiments were carried out on a lab scale spray dryer

with a rotary atomizer (The impact of spray drying outlet tem

mannitol, page 14). Products were spray dried at three different outlet temperatures. Depending on 

the outlet temperature adjusted particles of different surface topography were obtained. At low 

temperatures spherical particles with a smooth surface were formed whereas higher temperatures 

led to round particles with a rough surface. All products were crystalline after spray drying. This work 

shows that spray drying mannitol at different outlet temperatures offers the o

surface roughness. This surface modification opens up the possibility to tailor interparticle 

interactions between the carrier and 

prepared on the lab scale spray dryer had 

this size are too small to be used as carrier in dry powder inhaler formulations. As larger droplets, 

which will after solidification form larger particles, require longer drying times and consequen

larger spray dryer than smaller ones scale

dryer. 

Figure 4. Image of the lab scale spray dryer (
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interactions between the carrier and the API in DPI formulations. However the spray dried products 

scale spray dryer had a mean particle size of approximately 13

this size are too small to be used as carrier in dry powder inhaler formulations. As larger droplets, 
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larger spray dryer than smaller ones scale-up experiments were carried out using a pilot scale spray 

 

. Image of the lab scale spray dryer (Niro MOBILE MINOR™). 
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Research papers, page 

In order to prepare spherical mannitol particles intended to be used as carrier in dry powder inhaler 

formuations spray drying experiments were carried out on a lab scale spray dryer (Figure 4) equipped 

perature on the particle morphology of 

Products were spray dried at three different outlet temperatures. Depending on 

the outlet temperature adjusted particles of different surface topography were obtained. At low 

particles with a smooth surface were formed whereas higher temperatures 

led to round particles with a rough surface. All products were crystalline after spray drying. This work 

shows that spray drying mannitol at different outlet temperatures offers the opportunity to adjust 

surface roughness. This surface modification opens up the possibility to tailor interparticle 

API in DPI formulations. However the spray dried products 

a mean particle size of approximately 13 µm. Particles of 

this size are too small to be used as carrier in dry powder inhaler formulations. As larger droplets, 

which will after solidification form larger particles, require longer drying times and consequently a 

up experiments were carried out using a pilot scale spray 



 

2.2. Spray drying at pilot scale

The generation of mannitol carrier particles, sufficiently large to be used as carrier in DPI 

formulations was carried out on a pilot scale spray dryer

Figure 5. Images of the pilot scale spray dryer 

Technology 

A full-factorial statistical design was employed to study the influence of 

important namely feed concentration, gas heater temperature, feed rate and atomizer rotation 

speed on particle size and morphology. Additionally the impact of process parameters on breaking 

strength and crystallinity was invest

appropriate size could be prepared

process parameters on product properties

sizes of 71.4 µm to 90.0 µm. Surface roughness was significantly impacted by gas heater 

temperature, feed rate and feed concentration. By correlating the outlet temperature and the 

obtained particle surface roughness it could be shown that also at pilot scale outl

major factor governing the particle surface 

low gas heater temperatures, both leading to low outlet temperatures, had a rough surface whereas 

lower feed rates and/or higher gas he

resulted in the formation of particles with a comparably smoother surface.

Spray drying at several outlet temperature 

spray dried at lower temperatures are 

and processing procedures (Tailoring particle morphology of spray dried manntiol carrier particles by 

variation of the outlet temperature

 

Spray drying at pilot scale 

nnitol carrier particles, sufficiently large to be used as carrier in DPI 

formulations was carried out on a pilot scale spray dryer (Figure 5) equipped with a rotary a

Images of the pilot scale spray dryer (proprietary construction, group Prof. Walzel, Dortmund University of 

factorial statistical design was employed to study the influence of the factors considered to be 

feed concentration, gas heater temperature, feed rate and atomizer rotation 

speed on particle size and morphology. Additionally the impact of process parameters on breaking 

strength and crystallinity was investigated. By using the larger spray dryer particles of 

appropriate size could be prepared (Spray drying of mannitol as a drug carrier 

process parameters on product properties, page 24). The spray dried products had mean particles 

µm. Surface roughness was significantly impacted by gas heater 

temperature, feed rate and feed concentration. By correlating the outlet temperature and the 

obtained particle surface roughness it could be shown that also at pilot scale outl

the particle surface topography. Particles prepared at high feed rates and/or 

low gas heater temperatures, both leading to low outlet temperatures, had a rough surface whereas 

lower feed rates and/or higher gas heater temperatures, causing higher outlet temperatures, 

resulted in the formation of particles with a comparably smoother surface. 

temperature supported these findings but also showed that powders 

ures are prone to break upon mechanical stress of powder handling 

Tailoring particle morphology of spray dried manntiol carrier particles by 

variation of the outlet temperature, page 37). 
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nnitol carrier particles, sufficiently large to be used as carrier in DPI 
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As the performance of carrier based dry powder inhaler formulations is highly sensitive to 

morphological changes and in order to get a better understanding of the dependence of carrier 

stability on outlet temperature particle morphology as well as several single particle and powder bulk 

properties of mannitol carriers which had been prepared at different outlet temperatures were 

thoroughly investigated (The morphology and various densities of spray dried mannitol, page 43). In 

contrast to the products prepared at lab scale at pilot scale besides surface roughness also particle 

shape changed. With increasing temperature the shape changes from spherical to raisin-like. The 

indentations of the particle, which give the particles the raisin-like appearance, reduce the hollow 

space volume. This reduced hollow space volume increases the mechanical stability and leads to 

higher effective particle densities. The particles prepared at different outlet temperatures consist of 

a shell and a porous inside.  

Studies on the performance of adhesive mixtures containing the API salbutamol sulphate and 

mannitol carriers of tailored surface roughness in DPI formulations showed that surface roughness as 

well as particle shape influenced the detachment of the API from the carrier (Spray dried mannitol 

carrier particles with tailored surface properties - The influence of carrier surface roughness and 

shape, page 59). The highest fine particle fraction was achieved with carriers of spherical shape and 

rough surface. Smoother surfaces and surface cavities reduced the fine particle fraction released 

from the carrier. SEM images of the carrier particles after mixing and after delivery via the inhaler 

show that all of the products, also those prepared at low outlet temperatures, have sufficient 

stability to be used as a carrier in DPIs.  

In contrast to the lab scale experiments, where a conventional rotary atomizer was used, the pilot 

spray dryer was equipped with a laminary operated rotary atomizer (LAMROT). The characteristic of 

this type of atomizer is the generation of narrowly distributed droplets and consequently particle 

sizes (Homogene Produkteigenscahften in der Sprühtrocknung durch laminare Rotationszerstäubung, 

page 73). By the use of this type of atomizer the span values, which characterize the width of the 

distribution, were much lower ( < 1) than at lab scale ( 1.43 – 1.78).  

2.3. Differences at lab and pilot scale 

As mentioned above at pilot scale rough surfaces were observed at low and smoother surfaces at 

higher outlet temperatures. These results are in contrast to those at lab scale where smooth surfaces 

were observed at low outlet temperatures and rough surfaces at higher ones. Additionally at pilot 

scale besides surface roughness also particle shape changed. Higher temperatures led to particles 

with multiple surface indentations. Depending on the scale of the used spray dryer particle 

morphology differed (Figure 6).  
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Figure 6. Scheme of the morphologies obtained at lab and pilot scale. 

It was found out that depending on the scale of the used spray dryer, more precisely depending on 

the droplet size two different crystallization regimes of aqueous mannitol solutions were observed 

(The morphology of spray dried mannitol particles - The vital importance of droplet size, page 80). 

Either there was crystallization from a solution or delayed crystallization from a highly 

supersaturated and viscous melt. For small droplets which are generated at lab scale at low 

temperatures crystallization from a solution results in particles with a smooth surface that is 

composed of numerous small crystals at the surface. At higher temperatures crystallization takes 

place from a highly viscous liquid where crystals grow larger giving the surface a rougher appearance. 

For small droplets and high temperatures the increase in concentration is so fast that there is no time 

for nucleation from a diluted solution allowing the formation of a highly viscous liquid. When drying 

larger droplets at pilot scale no viscous liquid is formed because of a slower drying and a lower 

particle temperature. For that reason for all temperatures studied at pilot scale crystallization from a 

solution takes place. Here low temperatures, hence slow crystallization, results in the formation of 

larger crystals that form the particle surface, whereas higher temperatures lead to higher nucleation 

rates and consequently smaller crystals at the surface giving the particles a smoother appearance. 

2.4. Outlook- API morphology and size optimization 

As beside optimizing carrier surface roughness (spacing distance) the use of API particles of 

appropriate size might be a useful approach to optimize the performance of carrier-based inhalates 

and in order to further study the complex interplay of carrier surface roughness and API size in dry 

powder inhaler formulations (Figure 7), an attempt was made to prepare salbutamol sulfate particles 

in different sizes in the range of 1 µm to 5 µm as a first preliminary step (Spray drying of aqueous 

salbutamol sulfate solutions using the Nano Spray Dryer B-90 - The impact of process parameters on 

particle size, page 106). 



 

Figure 7. SEM micrographs of mannitol samples spray

schema of the influence of API size in relation to the spacing distance of the surface roughness peaks of mannitol samples 

spray dried at different outlet temperatures (lower line).

Usually the preparation of particles in the low micrometer range involves micronization. The 

disadvantage of this procedure is the need of high energy input and the high variability of the 

morphology of the obtained single particles

(DPI) performance. For that reason narrowly size distributed, isometric, preferably spherical particles 

would be desirable.  

Figure 8. Morphology of API particles prpared by air jet milling (left) and spray drying (right).

By using the recently launched Nano Spray Dryer B

salbutamol sulfate solutions, as a model API,

factorial design was used to investigate the influence of process parameters (mesh size, feed 

concentration and drying air temperature) on particle size. The median particle size was significantly

 

. SEM micrographs of mannitol samples spray dried at different outlet temperatures (upper and middle line) and 

schema of the influence of API size in relation to the spacing distance of the surface roughness peaks of mannitol samples 

spray dried at different outlet temperatures (lower line). 

y the preparation of particles in the low micrometer range involves micronization. The 

disadvantage of this procedure is the need of high energy input and the high variability of the 

morphology of the obtained single particles (Figure 8) leading to unpredictable dry powder inhaler 

(DPI) performance. For that reason narrowly size distributed, isometric, preferably spherical particles 

 

. Morphology of API particles prpared by air jet milling (left) and spray drying (right). 

By using the recently launched Nano Spray Dryer B-90 it was shown that spray drying of aqueous 

salbutamol sulfate solutions, as a model API, results in the formation of spherical particles. A 33 full 

factorial design was used to investigate the influence of process parameters (mesh size, feed 

concentration and drying air temperature) on particle size. The median particle size was significantly
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influenced by all three factors of the statistical design. Within the design space studied particle sizes 

of 1.01 µm to 6.39 µm were obtained. 

2.5. Conclusion 

This study demonstrates that spray drying mannitol is an appropriate technique for the preparation 

of alternative carriers. It was shown that surface roughness can be tailored by adjusting appropriate 

process parameters, particularly the appropriate outlet temperature. In order to get particles of 

adequate size to be used as carrier in DPI formulations experiments were not only carried out on a 

lab (X50.3≈ 13 µm) but also on a pilot scale spray dryer (X50.3≈ 80 µm). Interestingly the increase in 

particle size when using the pilot scale spray dryer led to a change of the dependence of surface 

roughness on outlet temperature. At lab scale rough particles were obtained at high temperatures 

whereas at pilot scale rough particles were observed at low temperatures. The reasons leading to a 

different surface roughness depending on the outlet temperature adjusted and the scale of the spray 

dryer could be explained by extensively studying the underlying crystallization and particle formation 

mechanisms. 

Not only roughness and shape but also the inner structure, which determines the mechanical 

stability of the particles and their aerodynamic characteristics, could be analyzed by using 

appropriate and highly sophisticated techniques. 

Most importantly this work shows that surface roughness as well as particle shape influences the 

detachment of the active particles from the carrier. The highest fine particle fraction was achieved 

with carrier particles of spherical shape and a rough surface. Smoother surfaces and surface cavities 

reduced the amount of fine particles released from the carrier. These results highlight the 

importance of tailoring carrier morphology with respect to the performance of the dry powder 

inhalate and emphasize the potential of spray dried mannitol.  

All these results will contribute to a platform knowledge by which, dependant on the API used, 

interparticle forces between API and spray dried mannitol can be adjusted by using carriers with 

tailored surface roughness and shape. This will finally lead, irrespective of the chemical identity and 

size of the API, to a product with optimized performance. The establishment of a platform like this, 

especially by using a single process step, has not been shown before for lactose and certainly not for 

mannitol. 
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Abstract 

As the performance of carrier based dry powder inhaler formulations is highly sensitive to 

morphological changes carrier morphology must be precisely known and characterized. This work 

describes characteristic  parameters (size, shape, morphology, bulk and effective particle density) of 

mannitol carriers which had been prepared at outlet temperatures of 67 °C (M67), 84 °C (M84) and 

102 °C (M102). The study highlights that a thorough evaluation of the morphological properties 

requires a multiple method approach. 

Scanning electron microscopy (SEM) images showed clear differences in surface roughness and 

shape of the spray dried products. At low outlet temperatures spherical, rough particles were 

obtained whereas higher spraying temperatures resulted in particles with multiple surface 

indentations and a smoother surface. The measurement of surface roughness was challenging due to 

the shape and small size of the spray dried particles. However, it was possible to analyse this 

parameter with confocal-scanning microscopy and SEM tilted-image analysis. Even more challenging 

was the determination of the effective particle density. Mercury intrusion porosimetry (MIP) turned 

out to be a higly valuable experimental tool for this task. 

All spray drying conditions resulted in particles with a shell and a more or less hollow or porous 

inside. The inner hollow space volume decreases with increasing temperature. For this reason 

particles prepared at higher temperatures exhibit a higher mechanical stability (M67: 2.46 ± 0.77 

MPa; M84: 5.03 ± 1.51 MPa; M102: 11,75 ± 4,01 MPa). The products prepared at 67 °C showed the 

lowest bulk and effective particle densities. The effective particle densities were determined to be 

0.832 ± 0.002 g/cm3 (M67), 1.004 ± 0.008 g/cm3 (M84) and 1.111 ± 0.011 g/cm3 (M102) respectively.  
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Introduction 

In dry powder inhaler formulations, usually the micronized active pharmaceutical ingredient (API) is 

mixed with coarser carrier particles. Due to the low size of the API particles (1 µm to 5 µm 

aerodynamic diameter) the API particles stick to the carrier particle surface via Van der Waals forces. 

These interparticle forces are crucial and affect for example the homogeneity and stability of the 

mixtures, the flowability and most importantly the amount of active that is detached from the carrier 

surface during inhalation. Rumpf [9, 10] described that slight changes of particle morphology hugely 

impact interparticle forces. Furthermore Schubert et al. [11] reported that particle deformability, 

which is related to the morphological composition of the particle, influences interparticle forces via a 

change of the contact area. Additionally any change of particle morphology might lead to changes of 

the aerodynamic behaviour of the powder particles resulting in unpredictable powder performance. 

There are many studies which demonstrate the importance of carrier morphology in dry powder 

inhaler formulations. However, the results of these studies are often controversial as different 

methods were used for the morphological characterization or insufficient characterization has been 

performed. Depending on the morphological properties of the powder several complementary 

characterization methods must be used in order to compensate for the weaknesses of any of the 

individual techniques. 

Spray drying is a preferred method for the preparation of carrier particles for pulmonary drug 

delivery as it allows the preparation of spherical particles, provided that appropriate process 

parameters are adjusted. It was shown that the surface roughness of mannitol spheres can be 

tailored by spray drying aqueous mannitol solutions at different outlet temperatures [18, 19, 10]. 

However, depending on the selected process parameters and the size of the generated particles [4] 

not only a change of surface roughness , but also the particle shape was observed. 

The present manuscript reports the characterization of spray dried mannitol carrier particles and the 

dependence of particle morphology and density on the spray drying outlet temperature. In order to 

get a better understanding of the influence of carrier morphology on the performance of DPI 

formulations we aimed a thorough characterization of the morphological particle characteristics..  

Materials and Methods 

Materials 

Mannitol (Pearlitol® 200SD) was kindly provided by Roquette Frères (Lestrem, France). 
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Spray drying 

Particles were prepared as described by Littringer et al. [11]. Shortly a laminar operated rotary 

atomizer (LAMROT-atomizer [5]) with a diameter of 100 mm and containing 60 bores of 3 mm was 

used in order to produce particles of the desired mean size with a narrow particle size distribution. 

The atomizer was running at a speed of 7200 min-1. The dimensions of the pilot scale spray dryer 

were: diameter 2.7 m, conical height 2.2 m, total height 3.7 m. The spray was produced from a 

solution of mannitol dissolved in water (15 % [w/w]) at room temperature with a feed rate of 10 L/h. 

Three products at 67 °C, 84 °C and 102 °C outlet temperature, termed M67, M84 and M102, were 

prepared. The spray dried products were additionally dried in an oven for one hour at 100 °C to 

remove residual moisture. The powder was hand sieved through a 63 µm and a 160 µm sieve to 

remove broken particles and/or agglomerates from the tower wall.  

Particle size distribution 

Laser light diffraction (Helos/KF-Magic, Sympatec, Clausthal-Zellerfeld, Germany) including a dry 

dispersing system (Rodos, Sympatec, Clausthal-Zellerfeld, Germany) was used to determine particle 

size distributions of the spray dried powders. The powder was fed to the disperser via a vibrating 

chute (Vibri, Sympatec, Clausthal-Zellerfeld, Germany). The measurements were carried out at a 

dispersing pressure of 0.2 bar. Evaluation of the data was performed using the software Windox 4 

(Sympatec, Clausthal-Zellerfeld, Germany). 

Particle surface investigations 

The powder samples were examined using a scanning electron microscope (SEM) (Hitachi H-S4500 

FEG, Hitachi High-Technologies Europe, Krefeld, Germany; Particles were not sputtered) operating at 

1kV.  

Surface roughness 

 Confocal laser-scanning microscopy 

Surface roughness was determined using a confocal laser-scanning microscope (LEXT, OLS4000, 

Olympus, Hamburg, Germany) and software (LEXT OLS, Olympus, Tokio, Japan). Positioning of the 

samples was done using a movable sample holder (Olympus, Hamburg, Germany). The laser was 

operated at a wavelength of 405 nm and a maximal power of approx. 900 µW. The lateral resolution 

was 120 nm. Per sample a grid of 1024 x 1024 points was scanned. In order to get the height 

information the sample was moved in z-direction in 60 nm steps. A roughness filter of 8 µm was 

applied. The Sa value represents the arithmetic mean of the absolute value of the deviations of each 

single height value from the average height value of the area scanned. Five particles per sample were 

analysed. 
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 SEM tilted image analysis 

SEM micrographs (FEI Nova 200 Nanolab, FEI, Netherlands) were recorded with 5 kV at two angles 

(0 ° and 10 °). Particles were sputtered with gold-palladium prior to analysis. Subsequently a 3-D 

reconstruction software (MeX 5.0.1, Alicona, Austria) was used and the mean Ra values were 

determined based on the following formula, where Z is the deviation of all points from a plane fit to 

the test surface over sampling length l:  

∫ ×=
l

a dxxZ
l

R
0

)(
1

         (1) 

The mean Ra values are calculated by averaging the R values of many line profiles over the analyzed 

surface. A roughness filter of 8 µm was applied. Three particles per sample were analyzed. 

Breaking strength 

The breaking strength of the products was examined with a granule strength measuring system (GFP 

lab-version, Etewe GmbH, Karlsruhe, Germany). The mean and the standard deviation of thirty 

measurements were determined. During this compression test the breakage force is measured while 

the individual particle is compressed by a punch to an upper fixed plate. In order to exclude the 

influence of particle size on the mechanical stability the breaking strength of particles of similar size 

(sieve fraction 45 µm to 63 µm) was analyzed. 

Particle structure investigations 

Spray dried particles were embedded into epoxy resin (Spezifix 40, Struers, Willich, Germany) and 

after polymerization cross sections were prepared by using a microtom (Ultracut UCT, Leica 

Microsystems, Wetzlar, Germany). Cross sections were investigated by SEM (Zeiss Ultra 55, Zeiss, 

Oberkochen, Germany; Particles were sputtered with pure carbon prior to analysis) at 5 kV. 

Helium pycnometry 

Powder density was analyzed by helium pycnometry (AccuPycII1340, Micromeritics, Aachen, 

Germany). Powder samples were dried in an oven for 1.5 hours at 95 °C and were than let cooled 

down to room temperature in a desiccator filled with silica gel prior to measurements. Analyzed 

sample size was between 1.6 g and 2.8 g. Samples were analyzed in triplicate. 

Bulk and tapped density 

Bulk and tapped densities were measured according to the European Pharmacopoeia (2.9.34: Bulk 

density and tapped density of powders, Ph. Eur. 7.0) using method 1. Due to a reduced sample size 

the method was slightly modified. Instead of a 250 mL graduated cyslinder a 10 ml graduated 



 

48 

cylinder (readable to 0.2 ml) filled with each 3.0 g of sample was used for testing. 1250 taps were 

applied. Each experiment was carried out three times.  

Mercury Intrusion Porosimetry (MIP) 

MIP measurements were carried out with a low-pressure (Pascal 140, Thermo Fisher Scientific, 

Milano, Italy) and a high-pressure unit (Porosimeter 2000, Carlo Erba, Milano, Italy). Low-pressure 

MIP measurements were performed using the Pascal 140 with an evaluable pressure range of 

~0.13 bar to 4 bar, detecting pore radii between ~58 µm and 1.84 µm. After the low-pressure 

analysis the dilatometer is placed into the high-pressure storage tank of the high-pressure unit 

(Porosimeter 2000), operating from atmospheric pressure up to 2000 bar, detecting pore radii from 

7355 nm to 3.7 nm. The mathematical relationship of pressure to pore radius distribution is 

calculated with the Washburn equation (Washburn, 1921), assuming that all pores are cylindrical, a 

surface tension of 480 mN/m and a contact angle of 141.3°.  

 ϑσ
cos

2 ⋅⋅=
p

rP  

 

rp Poreradius / m 

σ Hg-Surface tension / Nm-1 

p Pressure / at ( 1 at = 0.980655 bar) 

ϑ Contact angle (Mercury – Sample) 

Results and Discussion  

Table 1 shows that products spray dried at 67 °C, 84 °C and 102 °C have a similar median particle size 

of approximately 80 µm. The span, which characterizes the width of the particle size distribution, is 

below 1 which indicates narrowly distributed particles. 

In order to get qualitative information about the shape and surface roughness of the spray dried 

products SEM micrographs were taken. Figure 1 shows the morphologies at 67 °C, 84 °C and 102 °C 

outlet temperature. As already described by Littringer et al. [11] it is obvious that the lowest outlet 

temperature (M67, Figure 1, left) yields particles with the roughest surface. The surface is covered by 

lots of small crystals of rod-like shape besides larger single crystals, which are approximately 3 µm in 

length. The crystals seem to be randomly oriented. At 84°C outlet temperature the surface gets 

smoother and the borders of the individual mannitol single crystals become more obscured (M84, 

Figure 1, middle). At the surface of particles obtained at 102 °C one can identify smaller mannitol 
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single crystals with blurred boundaries and a more isometric shape compared to those obtained at 

67°C outlet temperature (M102, Figure 1, right). 

Concerning the particle shape, Figure 1 (left) shows that spray drying aqueous mannitol solutions at 

low outlet temperatures (67 °C) results in the formation of perfectly round particles. With increasing 

temperatures the particles progressively lose their spherical shape due to the occurrence of 

indentations. The particles dried at 102 °C are shriveled and have a raisin like appearance (Figure 1, 

right). 

The mechanisms leading to different shape and surface roughness when spray drying aqueous 

mannitol solutions at different outlet temperatures have been described earlier [4]. 

The quantification of surface roughness of carriers intended for pulmonary drug delivery is 

commonly performed with scanning probe microscopy [3, 14]. However, due to the curvature of the 

particles and the relatively small size the cantilever would have only access to a very small area 

resulting in data with limited representativity. Furthermore, analyzing an adequate number of 

particles allowing statistical analysis is a tedious work. There are several studies suggesting the 

calculation of the surface roughness parameters from the specific surface area determined by 

nitrogen adsorption [2, 4]. However, in the case of the particles of the present study (see below, 

hollow particles with permeable shell) both, the outer as well as the inner surface area will be 

measured. Therefore nitrogen adsorption cannot be used to calculate reliable roughness parameters 

off such particles. 

The individual surface roughness of the products was thus analyzed with confocal laser-scanning 

microscopy as well as SEM tilted image-analysis. The obtained roughness profiles and the average 

surface roughness values (Sa, mean Ra) are displayed in Figure 2 and Figure 3.  

The authors are aware of the fact that there is a multitude of different roughness parameters which 

can be derived from the measured roughness profiles and which are precisely described in ISO DIN 

norms (e.g. “Geometrical product specifications (GPS) - ISO 4287:1997, ISO 25178-602:2010). As the 

arithmetic mean of the absolute distances of the single points of the roughness profile from the 

middle line is a well established and widely used parameter it was used in this study. 

Like the SEM micrographs (Figure 1) the roughness profiles determined by confocal laser scanning 

(Figure 2) and SEM tilted-image analysis (Figure 3) reveal that the three products exhibit clear 

differences in surface roughness. Both profiles show that the surface of M67 is made-up of rod-

shaped single crystals of approximately 3 µm in length. At intermediate temperature (M84) the 

surface appears smoother and with higher temperatures smaller, isometrically grown grown crystals 

are observed at the particle surface. 
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Although the roughness profiles determined by the two different methods are similar the 

corresponding roughness values, their trends differ. 

The Sa value (confocal laser-scanning microscopy) continually increases from M67 to M102. 

(0.27±0.07 nm to 1.33.56±0.54 nm) (Figure 2). However the mean Ra (SEM tilted image analysis) 

value first decreases (1.40±0.28 nm to 0.90±0.08 nm) and then increases again (1.25±0.20 nm). 

It is not unusual that the single roughness values of the different products vary depending on the 

method used for characterization. However the overall trend should be the same irrespective of the 

method used. One reason for the different outcome might be that the analyzed area used for the 

calculation of the roughness values differed. The whole area displayed in Figure 2 was used for the 

calculation of the roughness values determined by confocal laser-scanning microscopy. However the 

values obtained from SEM tilted-image analysis were calculated from a smaller area (Figure 3, dark 

grey). Additionally this area was chosen not to contain any roughness valleys. Although for both 

methods a roughness filter of 8 µm was used (distinguishes between roughness and waviness and 

should eliminate the influence of surface indentations on the roughness value), this choice might not 

have been sufficient to eliminate all errors caused by surface indentations.  

Several studies showed [15, 25] that depending on the chemical properties (e.g. solubility) of the 

spray dried material and the applied process parameters, spray drying might either result in the 

formation of solid or porous particles. In order to find out whether the products of this study are 

hollow or porous the amount of dissolved mannitol in a droplet and the final particle volume was 

evaluated. The measurement of the droplet size was performed in a previous work (Littringer et al. 

[10]) and revealed a mean droplet size of approximately 140 µm when atomizing aqueous mannitol 

solutions (15 % m/m) at 7200 rpm with the LAMROT rotary atomizer. As described above (Table 1) 

the spray dried particles have mean diameters in the range of 80 µm. This means that the droplets 

lose about 82 % of their initial volume during drying. Based on the concentration of mannitol present 

in the aqueous solution non-porous mannitol particles should be even smaller suggesting the 

presence of hollow or porous particles.  

Particle structure investigations verify these assumptions. The SEM micrographs of cross sections, 

which are shown in Figure 4, reveal that all spray dried products, consist of an outer shell and a 

porous inside, independent on the outlet temperature. The core of M67 (Figure 4, left) particles 

contains large single crystals. With higher temperatures the crystals located at the inside of the 

particles become smaller (Figure 4, right) and also the hollow space volume decreases because of the 

already above mentioned surface indentations. 

As the porosity of the particles affects their mechanical stability the breaking strength of the 

products was determined via a granule strength testing system. Littringer et al. showed [10] that 
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both, a higher gas inlet temperature as well as lower feed rates (leading to higher outlet 

temperatures), increase the mechanical stability. This was also observed here. With increasing outlet 

temperature the mechanical stability of the particles increased. Figure 5 shows that M67 has a mean 

breaking strength and standard deviation of 2,46 ± 0,77 MPa, M84 of 5,03 ± 1,51 MPa and M102 of 

11,75 ± 4,01 MPa. It is assumed that with higher spraying temperatures the hollow space volume 

decreases and consequently there is more solid material per volume leading to a higher effective 

particle density and an increased mechanical stability. However, it has been demonstrated that all 

spray dried mannitol carrier particles have sufficient stability to withstand powder mixing and DPI 

delivery including those prepared at low outlet temperature [10]. 

Because of the fact that the density of the spray dried products is needed to calculate for example 

the aerodynamic diameter of the carrier or the carrier surface coverage with the API and to get more 

information about the correlation between mechanical stability and particle density several methods 

were employed that are suitable to determine the density characteristics of the products. As will be 

shown below depending on the method used different densities are obtained all of them needing 

particular interpretation. 

A common way to determine the powder bulk density is the measurement of the bulk and tapped 

densities. Those densities are related to the “bulk” properties of the powders. A known mass of the 

powder is poured into a graduated cylinder, which is then tapped a defined number of times (see 

materials and methods). The volume read from the graduated cylinder before (bulk volume) and 

after tapping (tapped volume) is used to calculate the bulk densities. For M67 the bulk as well as the 

tapped density was lower than those of M84 and M102 (Table 2, bulk measurements). The reason for 

this might be a different particle packing arrangement, caused by the different morphologies and/or 

differences of the effective density of the single powder particles. The effective particle density is the 

mass of the particle divided by the volume of the particle (including closed and open pores).  

A method to assess the “apparent” density is helium pycnometry. Here a measuring chamber of 

defined volume is filled with a known mass of sample. The chamber is then, after evacuation, filled 

with helium. The difference in volume of the chamber and the volume of helium that was needed to 

fill the chamber is used to calculate the density of the sample. In the case of solid particles without 

any inner voids the helium density represents the “true” density. The true density is the mass of the 

sample divided by the volume provided that there are not any open or closed pores as well as crystal 

defects. The true density might also be calculated from single crystal structure data. Helium 

pycnometry measurements of M67 show a density of 1.492 ± 0.001 g/cm3 (Table 2) which is equal to 

the true density of mannitol (Mod. I [11]), indicating that the shell of the particles is permeable for 

helium. For M84 a lower density of 1.421 ± 0.001 g/cm3 was found slightly increasing to 
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1.471 ± 0.003 g/cm3 for product M102. Also the densities of M84 and M102 are quite close to the 

true density which means that most particles contain pores in their shells allowing the permeation of 

helium. 

As proposed by Vehring et al. [15] the effective particle density can be calculated by dividing the 

mass of mannitol dissolved in the atomized droplet by the volume of the solidified particle. The 

dissolved mass of mannitol is calculated by multiplying the volume of the droplet by the mannitol 

concentration of the solution. The corresponding volume is obtained from the droplet size 

measurements. However this approach is only valid for perfect spheres and can therefore only be 

used for the calculation of the effective particle density of M67. In the case of droplets of 140 µm 

[10] and spray dried particles of 80 µm an effective particle density of 0.84 g/cm3 is obtained.  

A different well established, however less often used method to determine the particle density is 

mercury intrusion porosimetry (MIP). Here mercury, as a non-wetting liquid, is forced with increasing 

pressure into a volume calibrated chamber that contains a defined mass of sample. 

With increasing pressure mercury will fill up the interparticular volume between the single powder 

particles first. At higher pressures mercury will then intrude into the inner porous core of the spray 

dried particles via the shell pores allowing the determination of the intraparticular volume. Knowing 

these volumes enables the calculation of different types of particle densities. However this 

determination is only possible when the mercury intrusion into the interparticular volume occurs in a 

different pressure range than the intrusion into the intraparticular volume.  

Figure 6 shows one of the three mercury intrusion profiles which were recorded for each sample. It 

can be seen that the inter- and the intraparticular volumes are clearly separated. This enables the 

determination of the different particle densities by considering the penetrated volume that is 

recorded at 0.1 bar, 3.5 bar and 2000 bar. The corresponding densities are shown in Table 2.  

The densities determined at 0.1 bar, when both the inter - and the intraparticular volume is unfilled, 

are similar to the bulk and tapped density determined above. Similar to those, the density of M67 is 

lower (0.432±0.002 g/cm3) than that of M84 (0.537±0.006 g/cm3) and M102 (0.515±0.004 g/cm3) 

(Table 2).  

Because of the fact that at 3.5 bar all the interparticular volume is filled with mercury whereas the 

intraparticular volume is still unfilled, this value can be used for the calculation of the effective 

particle density. For the rather perfect spheres (M67) an effective particle density of 

0.832 ± 0.002 g/cm3 was found by MIP. This value is close to the theoretical particle density values 

calculated above (0.84 g/cm3; Method proposed by Vehring). Due to the occurrence of surface 

indentations in samples sprayed at higher temperatures the particle density is expected to increase. 

This is also clearly verified by the MIP measurements. The M84 products have a density of 
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1.004 ± 0.008 g/cm3. The particles with the largest amount of surface indentations (M102) show the 

highest particle density (1.111 ± 0.011 g/cm3). Recalling the results of the bulk measurements 

reported above, the the lower bulk densities determined for M67 can be assigned at least partially to 

the lower effective density of the single powder particles of M67. This highlights once more the 

potential of MIP with respect to the determination of the effective particle density of non-spherical 

particles. 

If all the inner voids are accessible via pores the density obtained at 2000 bar should be equal to the 

true density. Table 2 shows that the MIP apparent densities are slightly lower than the ones obtained 

by helium pycnometry. This indicates that there are pores that are permeated by helium but are not 

accessible by mercury (isolated or very small pores - a minimal pore size radius of 3.7 nm is accessible 

with MIP). 

Figure 7 shows that the samples M67, M84 and M102 have different mean pore radii (mode) within 

the shell ranging from 92 ± 4 nm (M102) to 453 ± 56 nm (M67).  This suggests that lower spray drying 

temperatures result in particles with larger crystals and consequently larger pores than those 

produced at higher temperatures. The different pore sizes might be the reason for the change of 

shape with higher temperatures. The pores of M67 are sufficiently large to allow the evaporation of 

water that is still trapped inside the solidifying particle during drying after the formation of the shell. 

However at higher temperatures not only the evaporation rate is higher but also the pores are 

smaller. Therefore a pressure might form inside the particle which will, once large enough, lead to a 

rupture and subsequent collapse of the particle shell leading to particles of irregular shape. 

Conclusion and outlook 

The particles prepared at different outlet temperatures consist of a shell and a porous inside. With 

increasing temperature the shape changes from spherical to raisin-like. The indentations at the 

particle surface, which give the particles the raisin-like appearance, reduce the hollow space volume. 

This reduced hollow space volume increases the mechanical stability and leads to higher effective 

particle densities.  

At this point it has to be mentioned that because of the fact that the particles not always exhibit 

spherical shape, the hollow structure and the permeable shell the determination and interpretation 

of the density data obtained from bulk and tapped density as well as helium pycnometry 

measurements is difficult. 

Here MIP turned out to be a valuable tool not only to determine the bulk density but especially to 

evaluate the effective particle density. 
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This study shows that the thorough characterization of carrier morphology is utterly necessary. 

Depending on the method used and the prior knowledge about the particle morphology different 

interpretation of the results are required. Furthermore, a detailed knowledge of the particle 

morphology might lead to a better understanding of the particle formation process and the 

mechanisms that are responsible for occurrence of different morphologies. 
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Table 1. Particle size distribution and span of mannitol particles spray dried at different outlet temperatures, laser diffraction 

(mean ± SD, n=3). 

 

Table 2. Bulk measurements as well as densities from helium pycnometry and mercury intrusion porosimetry of mannitol 

samples spray dried at different outlet temperatures 

 Bulk measurements 

Mean 

(n=3) 

±SD 

Bulk density 

/ g/cm3 

Tapped 

density / 

g/cm3 

M102 0.49±0.01 0.60±0.01 

M84 0.50±0.01 0.60±0.01 

M67 0.41±0.00 0.48±0.00 

 

Figure 1. SEM micrographs of mannitol samples spray dried at different outlet temperatures.

Mean (n=3)±SD X10.3 / µm 

M67 45.68 ± 1.11 

M84 54.71 ± 0.60 

M102 59.03 ± 0.35 

Particle size distribution and span of mannitol particles spray dried at different outlet temperatures, laser diffraction 

Bulk measurements as well as densities from helium pycnometry and mercury intrusion porosimetry of mannitol 

samples spray dried at different outlet temperatures (mean (n=3) ±SD). 

Helium 

pycnometry 

Mercury intrusion porosimetry (MIP)

density / 

Apparent 

density / g/cm3 

Bulk density at 

0.1 bar / g/cm3 

Effective particle 

density at 3.5 bar / 

g/cm3 

 1.471±0.003 0.515±0.004 1.111±0.011

 1.421±0.001 0.537±0.006 1.004±0.008

 1.492±0.001 0.432±0.002 0.832±0.002

SEM micrographs of mannitol samples spray dried at different outlet temperatures. 

X50.3 / µm X90.3 / µm 

81.37 ± 0.79 122.37 ± 0.81 

83.45 ± 0.56 119.52 ± 0.61 

86.37 ± 0.34 122.04 ± 0.35 
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Particle size distribution and span of mannitol particles spray dried at different outlet temperatures, laser diffraction 

Bulk measurements as well as densities from helium pycnometry and mercury intrusion porosimetry of mannitol 

Mercury intrusion porosimetry (MIP) 

Effective particle 

density at 3.5 bar / 

Apparent density at 

2000 bar / g/cm3 

1.111±0.011 1.353±0.017 

1.004±0.008 1.409±0.022 

0.832±0.002 1.453±0.018 

 

Span 

0.94 

0.78 

0.73 



 

Figure 2. Surface roughness profiles and calculated roughness values (Sa) (mean (n=5) ±SD) of mannitol samples spray dried 

at different outlet temperatures, confocal laser

Figure 3. Surface roughness profiles and calculated roughness value (mean Ra) (mean (n=3) ±SD) of mannitol samples spray 

dried at different outlet temperatures, SEM tilted image analysis.

Figure 2. Surface roughness profiles and calculated roughness values (Sa) (mean (n=5) ±SD) of mannitol samples spray dried 

at different outlet temperatures, confocal laser-sanning microscopy. 

Figure 3. Surface roughness profiles and calculated roughness value (mean Ra) (mean (n=3) ±SD) of mannitol samples spray 

dried at different outlet temperatures, SEM tilted image analysis. 
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Figure 2. Surface roughness profiles and calculated roughness values (Sa) (mean (n=5) ±SD) of mannitol samples spray dried 

 

Figure 3. Surface roughness profiles and calculated roughness value (mean Ra) (mean (n=3) ±SD) of mannitol samples spray 



 

Figure 4. SEM micrographs of cross sections

Figure 5. Breaking strength (mean (n=30) 

strength testing system. 

Figure 4. SEM micrographs of cross sections of mannitol samples spray dried at different outlet temperatures.

 

Breaking strength (mean (n=30) ±SD) of mannitol samples spray dried at different outlet temperatures, 
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of mannitol samples spray dried at different outlet temperatures. 

mannitol samples spray dried at different outlet temperatures, granule 



 

Figure 6. Porosimetry data (cumulative v

different outlet temperatures. 

Figure 7. Intraparticular cumulative volume and pore size density distribution 

outlet temperatures. 

  

Figure 6. Porosimetry data (cumulative volume and pore size density distribution) of mannitol samples spray dried at 

 

Figure 7. Intraparticular cumulative volume and pore size density distribution of mannitol samples spray dried at different 
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olume and pore size density distribution) of mannitol samples spray dried at 

 

mannitol samples spray dried at different 
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3.2.4. Spray dried mannitol carrier particles with tailored surface properties - The 

influence of carrier surface roughness and shape 

 

Eva Maria Littringer, Axel Mescher, Hartmuth Schroettner, Lydia Achelis, Peter Walzel, Nora Anne 

Urbanetz  

European Journal of Pharmaceutics and Biopharmaceutics, in Press 
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Supplement: “Spray dried mannitol carrier particles with tailored surface properties - The influence of 

carrier surface roughness and shape” 

 

Introduction 

XRPD is a widely used technique to determine the amorphous content of a material. However one 

drawback of this method is that the limit of quantification is in the range of 5-10 % [3]. Consequently 

small amounts of amorphous material which might be present at the particle surface (reactive “hot 

spots “[2]) will not be detected with this method. However because of the higher sensitivity Buckton 

and Darcy [1, 2] as well as Pilcer et al. [3] suggest to use moisture sorption analysis in order to 

measure the amorphous content of powders for inhalation. In order to make sure that the 

differences of the fine particle fractions are not a result of amorphous spots at the carrier surface, 

which might have not been detected by XRPD, moisture sorption analysis of the products dried at the 

lowest (M67), highest (M102) and at intermediate temperature (M84) were performed too. 

Materials and Methods - Water sorption analysis 

The moisture sorption isotherms were recorded with a SPS-11 moisture sorption analyzer (Projekt 

Messtechnik, Ulm, Germany) at a temperature of 25°C ± 0.1°C. The measurement cycle was started 

at 0% relative humidity (RH), RH was increased in two 5% steps to 10% RH, further increased up to 

90% RH in 10% steps and from 90% to 95% RH in one step. Subsequently the RH was decreased again 

to 90% RH, further decreased in 10% steps to 10% RH and in two 5%-steps to 0% RH. The equilibrium 

condition for each step was set to a mass constancy of ±0.001 % over 60 min. Samples were analyzed 

in duplicate. 

Results 

In the presence of amorphous spots a higher amount of water is absorbed than without amorphous 

spots. The water absorbed acts as a plasticizer and reduces the glass transition temperature (Tg) of 

the amorphous material. Once the temperature of the experiment is higher than the glass transition 

temperature the molecules have sufficient mobility to crystallize and vapor is expelled from the 

crystal lattice [3, 6]. This sudden loss of water can be seen in the moisture sorption isotherms 

(sudden decrease in mass) and may be used to determine the amorphous content of the sample. In 

Figure 1 the moisture induced change of mass of one of two runs of the mannitol samples spray 

dried at different outlet temperatures versus relative humidity is shown. 

Figure 1 shows that there is a continuous increase in mass attributed to the sorption of water in the 

whole RH range studied. No sudden decrease of mass was detected indicating that there are no 
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amorphous spots. For all samples the sorption isotherm looks similar. The final moisture uptake was 

determined to be between 5.43 % and 6.97 % (Table 1). 

 

Table 1. Moisture uptake of mannitol samples spray dried at different outlet temperatures. 

 M67 / % M84 / % M102 / % 

Measurement 1 5.95 5.53 5.43 

Measurement 2 6.97 5.64 5.54 

 

Conclusion 

This study verifies that irrespective of the process parameters adjusted there are no amorphous 

spots at the particle surface. The differences of the fine particle fractions observed for the different 

carriers are not a result of amorphous material which might have been present at the surface of the 

particles.  
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M67 M84 M102 

   

Figure 1. Sorption isotherms of mannitol samples spray dried at different outlet temperatures. 
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3.3. Differences at lab and pilot scale 
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Abstract 

As the morphology of spray dried aqueous mannitol solutions is strongly influenced by the scale of 

the used spray dryer or more correctly by the droplet size generated in the spray dryer the purpose 

of this work is to carefully study and compare the morphologies and underlying particle formation 

mechanisms on lab and pilot scale. Therefore drying experiments of 15 % [w/w] aqueous mannitol 

solutions were performed on a lab and pilot scale spray dryer at different outlet temperatures. The 

obtained spray dried products are intended to be used as carrier particles for pulmonary drug 

delivery. In order to show that the morphology is highly dependent on the initial droplet size, 

irrespective of the size of the used spray dryer, droplets of different size were dried in the pilot scale 

spray dryer at different air outlet temperatures. Additionally the influence of feed temperature on 

particle morphology was studied. 

For small droplets crystallization from a highly viscous liquid or even water-free melt is observed, 

leading to rough particles at high outlet temperatures and smooth particles at low temperatures. 

When drying larger droplets, however crystallization obviously starts from a more diluted solution 

leading to rougher surfaces, containing larger single crystals at lower outlet temperatures than at 

higher ones. For large droplets an increase in the mannitol solution feed temperature leads to 

particles of comparably rougher surface. No influence of feed temperature was observed for smaller 

droplets. 

Introduction 

Powder bulk characteristics such as flowability, reproducibility of dosing, compactability or 

aerodynamic behavior are strongly influenced by the particle size, shape and surface of individual 

powder particles. Therefore the control of particle size and morphology is very important. Often 

spray drying is used to improve or even adjust the desired powder properties. Usually before drying 
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at an industrial scale preliminary experiments at lab scale are performed. These experiments are 

needed to study the influence of process parameters on product properties.  

However, there are always constraints in the transfer of the lab to the pilot scale as the droplet and 

the maximum achievable particle size largely depends on the size of the spray dryer. Droplets must 

be small enough to allow complete drying within the residence time of the droplet in the spray dryer. 

The larger the spray dryer, the larger is the residence time and therefore the larger is the size of the 

droplets which still can be dried. When moving from lab to pilot or even industrial scale there is often 

not only a change in the amount of product produced per time but also in particle size. However this 

change in droplet size may have a strong impact on the particle morphology as will be shown below.  

Maas et al. [18] studied the suitability of spray dried mannitol as a carrier in dry powder inhaler (DPI) 

formulations. In such formulations the reproducible delivery of the active pharmaceutical ingredient 

(API) to the lower part of the lung is mandatory. However the target site within the lung is only 

reached when API particles with an aerodynamic diameter of 1 μm to 5 μm are used [3, 15, 7]. 

Powders consisting of particles of this size are highly cohesive and exhibit poor flowing properties. 

The solution to cope with cohesivity is the addition of excipients of larger size. In a mixing procedure 

the fine API particles are mixed with so called “carrier particles”. During mixing the API particles are 

attached to the surface of the larger excipient particles. Interparticulate forces are highly important 

in such mixtures. In order to guarantee mixing homogeneity and stability of the mixture during 

transport and dosing adhesion forces should be preferably high. However, in order to increase API 

detachment from the carrier surface that is crucial upon inhalation, these forces have to be 

overcome. In case the API particles do not detach from the surface of the carrier, due to the inertia 

of the larger carrier they will impact in the throat and will not have access to the lung. Interparticle 

forces in such mixtures are influenced by various factors such as particle size, particle shape, surface 

roughness, powder moisture, mixing rate and many more. There are several studies showing the 

importance of surface roughness on the performance of e.g. DPI lactose carrier particles [6, 5, 8, 14, 

2, 24, 13, 4]. 

Maas et al. [18] showed that spray drying of aqueous mannitol solutions at different spray dryer air 

outlet temperatures on lab scale resulted in the formation of carrier particles of different surface 

topography. They also demonstrated that the amount of API reaching the lung could be successfully 

targeted by adjusting the surface topography of the carrier particles [11]. However one problem 

encountered by Maas was the lack of reproducibility of dosing due to the small particle size of the 

carriers, which was not large enough to guarantee adequate flowability. The particle size of the 

carrier was restricted to approximately 12 µm because of the small size of their spray tower. Larger 

droplets, leading to larger particles, require larger drying times and hence larger spray towers. 
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Therefore the aim of Littringer et al. [10] was the preparation of larger mannitol carrier particles of 

adjustable surface roughness and sufficient flowability on a larger, i.e. pilot scale spray dryer.  

Besides surface roughness, Littringer et al. [10] studied the influence of spray drying process 

parameters on particle size, polymorphism and breaking strength of the mannitol particles [10]. One 

of the main results concerning surface roughness, mentioned in [10], was that low outlet 

temperatures lead to rough, coarse crystalline particles and higher temperatures to smoother ones. 

These results are in contrast to those of Maas et al. [18] who showed smooth surfaces at low outlet 

temperatures and rough surfaces at higher ones. Maas et al. [18] as well as Littringer et al. [10] 

mentioned that the different roughness is a result of the underlying crystallization processes. Further 

at lab scale not only surface roughness changed, depending on the outlet temperature, but also 

particle shape. This change in particle shape, which had been firstly described in [11] but never 

explained, largely affects the DPI performance when used as a carrier. As surface roughness as well 

as the shape of spray dried mannitol carrier particles strongly influence the DPI performance [11, 19], 

the focus of this work is to study and thoroughly compare the mechanisms leading to diverging 

morphologies at lab and pilot scale. Additionally the influence of droplet size, irrespective of the size 

of the used dryer, as well as the influence of feed temperature is investigated. This finally leads to a 

comprehensive understanding of the underlying particle formation mechanisms and will open up the 

possibility to tailor particle shape and surface roughness independent of the particle size. 

Materials and methods 

Materials 

Mannitol (Pearlitol® 200SD and Pearlitol® 160C) which was kindly provided by Roquette Frères 

(Lestrem, France) was used for the spray drying experiments. 

Spray drying at lab scale 

Spray dried particles were prepared on a Niro MOBILE MINOR™ (Niro Atomizer, Copenhagen, 

Denmark) equipped with a 50 mm rotary atomizer Type 010084-0001 (Niro Atomizer, Copenhagen, 

Denmark) having 24 openings of 6 mm in height and 3 mm in width. A pneumatic wheel drive 

pressure of 4 bar, which according to the manufacturer corresponds to an atomizer revolution rate 

of 23000 min-1 was adjusted. The spray drying tower had an inner diameter of 0.800 m and a total 

height of 1.315 m. The spray was produced from a solution of mannitol dissolved in water (15 % 

[w/w]) at room temperature dosed at a feed rate of 0.84 l/h. Four products were prepared at 65 °C, 

114 °, 140 °C and 150 °C outlet temperature (T2, Figure 1) which are termed L65, L114, L140 and 

L150. 
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Spray drying at pilot scale  

Spray drying at pilot scale was performed using self-built tower. A laminar operated rotary atomizer 

(LAMROT-atomizer [22]) with a diameter of 100 mm and containing 60 bores of 3 mm was used. The 

atomizer was running at a speed of 7200 min-1. The dimensions of the pilot scale spray dryer were: 

diameter 2.7 m, total height 3.7 m. The spray was again produced from a solution of mannitol 

dissolved in water (15 % [w/w]) at room temperature with a feed rate of 10 l/h. Three products at 

67 °C, 80 °C and 92 °C outlet temperature (T4, Figure 1), termed M67, M80 and M92, were prepared 

according to [11].  

Droplet size experiments at pilot scale 

Three different atomizers, producing droplets of different size, were operated in the pilot scale spray 

dryer (see above). Atomizers and atomizer operation settings were chosen in order to obtain 

droplets with approximately 130 µm, 50 µm and 20 µm mass mean diameter. 15 % [w/w] aqueous 

mannitol solutions at 20 °C and 70 °C with a feed rate of 10 l/h were atomized by a LAMROT [22] 

atomizer (7400 rpm see spray drying at pilot scale), a Niro rotary atomizer (4.1 bar, 24000 rpm; see 

spray drying at lab scale) and a Caldyn pneumatic nozzle (1.9 bar, Caldyn CSL A, 2.5 mm, Caldyn 

Apparatebau GmbH, Ettlingen, Germany). To prevent evaporation of the feed and hence an increase 

in feed concentration at 70 °C feed temperature a closed feed stock vessel was used. The 

experiments were carried out at two different drying gas inlet temperatures (T1, Figure 1, 100 °C and 

140 °C ), corresponding to outlet temperatures of approximately 70 °C and 100 °C (T4, Figure 1). 

Due to tower optimization, the temperature measuring points for the droplet size studies were 

changed (Figure 10) and differ from those in the first experiments at pilot scale (M67, M80 and M92, 

Figure 1). This is the cause of the slightly different temperature profiles. 

Droplet size analysis of the atomizing spray (LAMROT, Niro, Caldyn) 

The droplet size distribution of the sprays generated by the three different atomizers (see above; 

LAMROT atomizer at 7400 rpm, Niro rotary atomizer at 4.1 bar and Caldyn pneumatic nozzle at 

1.9 bar) was measured with a laser diffraction system in an offline arrangement (Malvern Spraytec, 

Malvern Instruments, Worcestershire, UK). A 15 % [w/w] aqueous mannitol solution at 20 °C with a 

feed rate of 10 l/h was analyzed. 

Particle size distribution 

The particle size distribution of pilot scale spray dried products (M67, M80 and M92) was determined 

by analytical sieving for 15 min (amplitude 20 %) on a sieving machine (Analysette Type 3010, Fritsch 

GmbH, Idar-Oberstein, Germany). The mesh sizes of the sieves were 45 µm, 53 µm, 63 µm, 90 µm, 

125 µm and 160 µm. 
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Laser light diffraction (Helos/KF-Magic, Sympatec, Clausthal-Zellerfeld, Germany) including a dry 

dispersing system (Rodos, Sympatec, Clausthal-Zellerfeld, Germany) was used to determine particle 

size distributions of powders dried at lab scale (L65, L114 and L140). The powder was fed to the 

disperser via a vibrating chute (Vibri, Sympatec, Clausthal-Zellerfeld, Germany). The measurements 

were carried out at a dispersing pressure of 4.0 bar. Evaluation of the data was performed using the 

software Windox 5 (Sympatec, Clausthal-Zellerfeld, Germany). 

The particle size of products of the droplet size experiments at pilot scale was measured with a laser 

diffraction system (Malvern Spraytec, Malvern Instruments, Worcestershire, UK) with a wet 

dispersion unit. Prior to measurements the powder samples were finely dispersed in silicon oil 

(Tegiloxan 20, Evonik Industries, Krefeld, Germany) by ultrasonification for one minute.  

Particle surface investigations 

The powder samples were examined using a scanning electron microscope (SEM) (Zeiss Ultra 55, 

Zeiss, Oberkochen, Germany; Particles were sputtered with gold-palladium prior to analysis; Figure 2 

and Figure 5) operating at 5kV and a SEM (Hitachi H-S4500 FEG, Hitachi High-Technologies Europe, 

Krefeld, Germany; Particles were unsputtered; Figure 6, Figure 11 and Figure 16) operating at 1kV.  

Particle cross section investigations 

Pilot scale spray dried particles were embedded into epoxy resin (Spezifix 40, Struers, Willich, 

Germany) and after polymerization cross sections were prepared by using a microtom (Ultracut UCT, 

Leica Microsystems, Wetzlar Germany). Cross sections were investigated by SEM (Zeiss Ultra 55, 

Zeiss, Oberkochen, Germany; Particles were sputtered with pure carbon prior to analysis) at 5 kV. 

Hot stage microscopy 

The drying process was studied by using an Olympus BH2 polarization microscope (Olympus Optical, 

Vienna, Austria) equipped with a Kofler hot stage (Reichert Thermovar, Vienna, Austria) at 120 °C. 

Aqueous mannitol solutions of 15 % (w/w) were studied. Photomicrographs were acquired using the 

Olympus BH2 and a stereomicroscope (Olympus SZX-12, Olympus Optical, Vienna, Austria) equipped 

with a ColorViewIII CCD camera using the software Cell-D (Olympus Optical, Vienna, Austria). 

Results and discussion 

Spray drying at lab and pilot scale 

Scale-up experiments were carried out using a lab and pilot scale spray dryer. Both spray dryers were 

operated with rotary atomizers, producing droplets with a mass mean diameter of ≈ 30µm and 

≈ 140µm respectively (towers and atomizers are shown in Figure 1).  
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Spray drying at lab scale 

Lab scale spray drying experiments were carried out on a Niro MOBILE MINOR™ spray dryer 

equipped with a rotary atomizer. As already described by Maas et al. [18] it was not possible to 

measure the droplet size of the atomizer spray due to the low feed rate of 0.84 l/h. At this feed rate a 

pulsating spray is generated disturbing the measurement of the droplet size by laser diffraction. 

Pulsation ceases when higher feed rates are employed as continuous feeding via the flexible-tube 

pump becomes possible. Therefore when using a feed rate of 10 l/h (see below, droplet size 

experiments at pilot scale) the droplet size can be determined by laser diffraction and will be 

discussed below. However, in order to get an idea about droplet sizes at the feed rate of 0.84 l/h the 

mean droplet size was calculated [18] as proposed in [29] and determined to 27 µm [18].  

Table 1 shows that the products spray dried at lab scale have a mass mean particle size between 

10.4 µm and 15.2 µm. The lowest value of 10.4 µm was observed for the product that had been dried 

at the lowest temperature (L65), whereas the highest value of 15.2 µm was measured for the 

product dried at the highest temperature. The increase in particle size with drying temperature had 

been described before by Vehring et al. [15] and can be explained by the drying history of a droplet 

in the spray-drying tower. As soon as the droplet enters the hot tower, evaporation of water at the 

droplet surface will take place. The increase in solute concentration at the droplet surface due to the 

evaporation of the solvent causes diffusion of the solute towards the droplet center [23, 15, 25]. If 

the diffusion is fast enough compared to the evaporation the concentration gradient of the solute 

along the droplet radius will be small. However if the diffusion is significantly slower than the 

evaporation, there will be a higher solute concentration at the droplet surface compared to the 

droplet center. The ratio of evaporation rate to diffusion is described by the dimensionless Peclet 

number (Equation 4). High Peclet numbers indicate a fast increase of the solute concentration at the 

surface. Peclet numbers below 1 indicate that the concentration remains more evenly distributed 

along the droplet radius during drying. As soon as the concentration at the surface exceeds the 

solubility or even a certain supersaturation of the solute, crystallization will take place and a shell will 

form. With higher temperatures, hence higher Peclet numbers, the increase in surface concentration 

will be much faster and shell formation will take place at an earlier instant when the particle volume 

is still large and thus, larger and hollow particles will be obtained at higher temperatures.  

As a dimensionless number the peclet number is the same for all droplet sizes. Consequently also at 

pilot scale the particle size should increase with increasing Peclet numbers. However this was not 

observed for the products dried at pilot scale (Table 1). The reason for this might be that during 

drying the surface area decreases linearly with time (Equation 1). Consequently smaller droplets 

show a comparably larger relative change in size for a given drying temperature and for a given time 
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interval than larger droplets. Therefore the influence of drying temperature can easier be observed 

at the smaller the droplets. Additionally at pilot scale at higher temperatures the spray dried 

products lose their spherical shape (see below) which leads to changes in the mean particle size 

determined. 

Maas et al. [18] did not observe any influence of outlet temperature on the mean particle size when 

they performed experiments at lab scale. Drying at 60 °C resulted in particles of 13.5 µm. At 90 °C the 

particles exhibited a mean diameter of 13.6 µm and at 120 °C a mean diameter of 13.2 µm was 

observed. One possible reason of the different findings by Maas et al. is that the temperature range 

they studied (90 °C to 120 °C) was smaller with respect to the one covered in the present study (65 °C 

to 140 °C). Especially towards higher temperatures (L140) the increase in particle size is comparably 

large.  

The morphology of spray dried products will now be discussed with respect to the shape and the 

surface roughness of the particles. 

Figure 2 shows that the particle morphology is highly dependent on the drying air temperature. The 

influence of drying air temperature on the morphology of products prepared from aqueous solutions 

had been described before [20, 18]. At the drying air outlet temperature of 65 °C (L65, corresponding 

inlet temperature: 117 °C (Table 2)) nearly perfect spheres with a smooth surface are obtained 

(Figure 2, left). Despite the rather smooth looking surface the products are crystalline [20, 18], 

indicating that the surface consists of rather small single crystals which are too small to be seen at as 

individual crystals at the given resolution. With higher temperatures (L114, corresponding to inlet 

temperature: 177 °C and L140, corresponding to inlet temperature: 207 °C (Table 2)) the particles are 

still spherical, however a hole in the shell of some particles can be seen (Figure 2, middle and right). 

Such “blow holes” have already been described by Walton [27] and Vehring [25]. Like the particle size 

this phenomenon may be explained by the drying history of the droplet in the spray drying tower. At 

first water will evaporate from the droplet surface. Due the evaporation of the water, the droplet has 

a much lower temperature than the drying air (Equation 10, i. e. a temperature close to the so-called 

wet bulb temperature. However after the formation of the shell a lower amount of water is 

evaporated and the temperature of the droplet increases. The higher the drying temperature the 

higher is the temperature of the solidifying droplet. As soon as it is high enough the liquid trapped 

inside particle reaches the boiling temperature of the solution and bubble nucleation will occur. Due 

to the rapid volume expansion caused by the phase transition from liquid to vapor the sudden 

increase in pressure finally breaks the particle shell at its weakest point leaving a so-called “blow 

hole”. 
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At lower drying temperatures the liquid trapped inside the particle after the formation of the shell 

does not reach boiling temperature. The vaporizing water will then leave the particle by diffusion or 

capillary transport through the shell. Although at lower temperatures a certain pressure might built-

up inside the particle as well. Due to the restriction of the shell the increase in pressure will not be 

high enough to cause a visible rupture of the particle shell.  

With higher temperatures not only “blow holes” occur, but also surface roughness increases due to 

the emergence of large single crystals that form the particle shell (Figure 2, right). This behavior is 

somehow unexpected as usually slow crystallization, expected when drying at comparably lower 

temperature should result in the formation of larger crystals (see below, spray drying at pilot scale). 

For low temperatures the supersaturation is expected to be comparably low and usually the lower 

the supersaturation, the larger is the critical size of the thermodynamically stable nuclei. 

Consequently fewer crystals, which then grow larger, are expected to form. However larger crystals, 

which form the particle shell, are observed at higher temperatures and not as expected at low 

temperatures. Maas et al. [18] explain this behavior to be caused due to the progressive evaporation 

of the solvent and the formation of a highly concentrated viscous solution or even a melt at the 

droplet surface during drying. The high viscosity might hinder crystal nucleation. For this reason 

fewer crystals, which however are larger in size, can be found at higher temperatures.  

Figure 3 shows the crystallization of a droplet placed on a hot stage at 120 °C roughly simulating the 

conditions at high drying temperatures. At the beginning the size of the droplet decreases due to the 

evaporation of water (image not shown). After the evaporation of the water is complete, the droplet 

remains liquid and forms a highly viscous liquid that then crystallizes instantaneously upon 

mechanical stressing or lowering the temperature of the hot stage. Large single, laminary growing 

crystals can be seen. 

Figure 4 shows SEM micrographs of cross sections of products spray dried at lab scale. The figure 

gives insight into the inner structure of the spray dried products. As already stated the images reveal 

that the particles consist of a shell and a hollow or porous core. Due to the emergence of “blow 

holes” at higher temperatures most of the particles of L114 and L140 are filled with epoxid resin that 

had been used for particle embedding. Via the hole the epoxid resin entered the particles and 

solidified there. Interestingly, the largest magnification of L65 (Figure 4, left) shows that the 

outermost layer of the shell consists of very small crystals. However the inner shell is formed of 

larger crystals. The reason for this shape may be the preceding shell formation, consisting of very 

small single crystals causing the evaporation rate to decrease because of the constraint the shell 

presents to evaporation. Due to the decrease of evaporation rate the increase in concentration is 



 

89 

slower and the crystals are given more time to grow. The same structural composition is also found 

at pilot scale (Figure 9). 

At even higher temperatures (L150, Figure 5) most of the particles have lost their spherical shape and 

compact particles without a hollow or porous core are found [20]. At higher temperatures 

evaporation is so fast that there is no time for crystal nucleation and all the water vaporizes, before a 

shell could have formed. As long as there is evaporation of water, the temperature of the droplet is 

far below the surrounding air temperature. This temperature is close to the wet bulb temperature 

and can be estimated using Equation 10. Once the water is evaporated the temperature of the 

particle will rise, eventually above the melting point of mannitol (166 °C, [1]), leaving a droplet 

consisting of molten mannitol. This melt will then crystallize instantaneously when arriving at cooler 

regions of the spray dryer or when colliding with other particles or the tower wall giving rise to 

mechanical stress forming a single mannitol crystal. 

Spray drying at pilot scale 

At pilot scale the feed rate was increased (10 l/h vs. 0.84 l/h) as well as the droplet size by using the 

LAMROT rotary atomizer instead of the NIRO rotary atomizer. The droplet sizing of the spray [10] 

showed that at an atomizer rotation speed of 7200 rpm leads to mean droplet sizes of approximately 

140 µm. Products spray dried at pilot scale have a mean particle size of 80 µm (Table 1), a proper size 

to be used as a carrier in dry powder inhaler formulations. Table 3 shows the temperature profile at 

the pilot drying tower. 

As already described by Littringer et al [10] the surface roughness of the spray dried products at pilot 

scale decreases with increasing temperature (Figure 6). This was somehow unexpected at first sight 

as the opposite was observed at lab scale where higher temperatures led to rougher surfaces (Figure 

2) [18] obviously due to the formation of a highly viscous liquid at higher temperatures. Figure 6 (left) 

shows that at 67 °C (P67) outlet temperature, the particle shell is made-up of single, rod shaped 

crystals which are approximately 3 µm in length. With increasing temperatures the size of the 

crystals decreases and the surface appears smoother (P92, Figure 6, right). However, this behavior is 

also expected from a theoretical point of view as slow drying favors crystal growth, whereas fast 

drying results in the formation of smaller crystals.  

Calculations of the drying time of droplets of 140 µm and a 40 µm at a drying temperature of 120 °C 

were performed, in order to understand the different crystallization processes at different spray 

dryer and particle size scales i.e. anticipated crystallization from a highly viscous liquid at higher 

temperatures in the lab scale and crystallization from a solution at the pilot scale, as a reason for 

different particle morphologies. For droplets of 140 µm a droplet drying time τ of 1.567 s was 

approximated. A much shorter drying time of 0.128 s is required to theoretically dry droplets of 
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40 µm. Figure 7 shows the calculated mannitol concentration at the droplet surface. Due to the 

different surface-to-volume ratio, the surface concentration increases faster for smaller droplets. 

This fast increase in concentration (high supersaturation rate) might be the reason why a highly 

viscous liquid is able to form on the droplet surface at high temperatures at lab scale. The 

supersaturation rate is so high that there is simply not enough time for the formation of crystal 

nuclei. Another difference is that the atomizer at lab scale rotates with a much higher speed of 

23000 rpm, whereas at pilot scale a rotation speed of 7200 rpm is used. For this reason there are 

much higher relative velocities between the droplets leaving the lab scale atomizer and the 

surrounding drying air resulting in a smaller drying boundary layer and consequently faster drying 

and a higher supersaturation rate. There might also be differences due to the used spray towers, 

having different drying capacities, air flow pattern and temperature profiles. In order to exclude the 

influence of the spray tower, atomizers shaping droplets of different size were operated with the 

same feed rate in the same pilot spray dryer (see droplet size experiments below) leaving the airflow 

conditions also unchanged. 

Besides the changes in surface morphology, Figure 6 shows that the particle shape also changes with 

increasing outlet temperature. At 67 °C inlet temperature (P67, corresponding inlet temperature: 

120 °C, Table 3) perfect spheres are obtained (Figure 6, left). At intermediate temperatures (P80, 

corresponding to inlet temperature of 130 °C, Table 3) most of the particles show a single 

indentation at the particle surface. This morphology was described by Walton as mushroom cap-

shaped [27]. At even higher temperatures, (P92, corresponding inlet temperature of 153 °C, Table 3) 

the particle surface contains several indentations giving the particle a raisin like appearance, see p92. 

In contrast to the experiments at lab scale no “blow-holes” were found when increasing the 

temperature at pilot scale. 

Also at pilot scale, collisions with other particles, particle wall collisions, the presence of submicron 

dust or even air friction might initiate shell formation. As already discussed above (see results and 

discussion, spray drying at lab scale) at higher temperatures bubble nucleation will then lead to a 

pressure increase followed by expansion and rupture of the shell which will after pressure release 

collapse, giving the particles a mushroom cap-shaped or raisin like appearance. The higher the 

temperature, the more violent is the surface distortion, leading to larger morphological changes. At 

lab scale the particle shell is more stable, due to the smaller size of the particles. Additionally a 

comparably lower amount of water in relation to the particle surface is trapped. Upon bubble 

nucleation the shell breaks at its weakest point leaving a “blow hole”. However, unlike at pilot scale, 

the shell has enough strength to keep the initial spherical shape and does not collapse. Products 

dried at 67 °C keep their spherical shape as the shell allows sufficient diffusion of vapor.  
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In order to mimic bubble nucleation and the impact on particle morphology crystallization 

experiments of a droplet on a hot stage at 120 °C were performed. In order to prevent water 

evaporation and the formation of a highly viscous liquid (as described above, Figure3) crystal seeds 

were added to the solution. Figure 8 shows the crystallization process. In the presence of crystal 

seeds a shell is immediately formed. It can be seen that inside the droplet vapor bubbles are 

generated. The bubbles then expand and disrupt the particle shell (Figure 8, right). This violent 

particle structure distortion by internal bubble nucleation was also observed by Walton and 

Mumford [28] for crystalline particles during levitation experiments. At pilot and lab scale a similar 

process is likely to take place at higher temperatures resulting in either irregularly shaped particles at 

pilot scale or surfaces with “blow holes” at lab scale. 

As already described above the SEM micrographs of cross sections of pilot scale spray dried products 

reveal that also these particles consist of a shell and a porous inside (Figure 9). Similarly the shell 

outside consists of smaller crystals than at the core of the particle. Interestingly also the inner 

particle crystal size decreases with increasing temperature due to the higher drying rate. In contrast 

to the lab scale particles (Figure 4) the core of the pilot scale particles is not filled with epoxid resin, 

verifying that “blow holes” are not present at pilot scale. 

Droplet size experiments at pilot scale 

In order to study the influence of droplet size on the morphology of spray dried mannitol particles 

irrespective of the size and drying capacity of the used dryer three different atomizers, the LAMROT, 

the Niro rotary atomizer as well as a Caldyn pneumatic nozzle, were operated at the same feed rate 

(10 l/h) in the pilot scale spray dryer at two drying outlet temperatures, i. e. at 70 °C and at 100 °C. 

Additionally the influence of feed temperature (20 °C and 70 °C) on particle morphology was studied. 

Figure 10 shows the experimental set-up. 

The droplet size of the three atomizers was analyzed by laser diffraction. The largest mean droplet 

diameter of 130.2 µm was measured with the LAMROT atomizer (Table 4). Due to the slightly higher 

rotation speed of 7400 rpm the mean droplet size is smaller compared to the first pilot scale 

experiments which are described above (7200 rpm, 140 µm). Higher rotation speeds result in 

stronger thinning of the threads leaving the atomizer. Thinner threads will subsequently disintegrate 

into smaller droplets (Rayleigh break-up) [10]. 

As mentioned above, the feed rate used for the droplet size experiments was higher (10 l/h) than the 

feed rate at lab scale (0.84 l/h). This increase in feed rate made it possible to determine the droplet 

size of the Niro atomizer by laser diffraction. In contrast to the calculated value of the mean droplet 

diameter of 27 µm for the spray generated at lab scale [18] the mean diameter determined in the 

present experiments was 48.9 µm. Although the calculation model is based on simplified 
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assumptions, the increase in droplet diameter when operating the Niro atomizer at 10 l/h is a result 

of the higher feed rate. When higher feed rates are used the ligaments that leave the atomizer have 

a larger diameter and will subsequently disintegrate into droplets of larger size [10]. The smallest 

droplets were generated by the pneumatic nozzle (mean drop size: 19.1 µm, Table 4). 

The largest droplet sizes and consequently the largest mean particle sizes (73.8 µm – 78.6 µm) were 

measured for products generated with the LAMROT atomizer (Table 4). Spray generation with the 

Niro atomizer resulted in particles with a smaller mass mean diameter of 11.6 µm – 13.4 µm. The 

smallest mass mean diameters of the solidified droplets were observed with the Caldyn nozzle 

(8.9 µm - 9.8 µm). In Table 5 the dryer outlet temperatures, the feed temperatures and the resulting 

particle sizes are given. The surface morphologies of the corresponding dry products are shown in 

Figure 11 and Figure 12. 

Figure 11 verifies the findings of the lab and pilot scale experiments that irrespective of the size of 

the used dryer the particle roughness depends on the initial droplet size. For large droplets 

(≈ 130 µm) an increase in the air outlet temperature leads to a decrease in surface roughness of the 

mannitol particles and vice versa for smaller initial droplets (≈ 50 µm and ≈ 20 µm). 

The 50 µm Niro droplets dried in the pilot scale spray dryer show the same dependence of the shell 

surface roughness on the outlet temperature as the ones dried at lab scale. However, there is a big 

difference concerning the particle shape. The SEM images reveal that most of the particles are 

broken-up (Figure 11). Particle rupture might have taken place due to a higher pressure caused by 

the higher amount of water compared to the smaller lab scale droplets and subsequent vapor 

expansion. However in relation to the larger pilot scale particles, the shell is more stable and does 

not collapse. The shape of the LAMROT based particles is the same as described above for the former 

pilot scale products. At 70 °C outlet temperature perfect spheres are obtained whereas at higher 

temperature raisin-like structures are found. Also the Caldyn nozzle based particles have the 

expected spherical shape.  

Because of the fact that crystallization, and consequently particle morphology, is highly dependent 

on temperature, the influence of feed temperature was also studied. Therefore the feed was heated-

up to 70 °C prior to spray drying. All the other experiments described above had been carried out at a 

feed temperature of 20 °C. 

For the LAMROT particles an increase in feed temperature leads to larger single crystals building up 

the shell of the particles. The surface appears rougher. No influence of feed temperature on surface 

roughness was found for the smaller Niro and Caldyn particles.  

The mechanism for larger droplets might be that with higher feed temperatures the solubility of 

mannitol is increased. Therefore the supersaturation at the droplet surface during drying is smaller 
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than for lower feed temperatures for the initial drying stage. However the smaller the 

supersaturation the larger is the critical size of thermodynamically stable nuclei. Therefore fewer 

crystals, which then can grow larger, will form.  

Conclusion and outlook 

This study shows that particle morphology of spray dried mannitol, especially surface roughness, 

largely depends on the initial drop size. Due to the fact that large droplets can only be dried in large 

spray drying towers, the scale of the used spray dryer implicitly influences the drying result. 

Depending on the droplet size, two different crystallization regimes of aqueous mannitol solutions 

can be observed; either crystallization from a solution or delayed crystallization from a highly 

supersaturated viscous liquid or even water-free melt. For small droplets in lab scale trials and low 

outlet temperatures crystallization from a solution is observed, leading to smooth surfaces composed 

of numerous small crystals at the surface. At higher outlet temperatures crystallization obviously 

takes place within a highly supersaturated viscous liquid and crystals at the surface become larger 

giving the surface a rougher appearance. When drying larger droplets at pilot scale no viscous liquid 

is formed due to slower increase in concentration (lower supersaturation rate). For that reason for all 

temperatures studied at pilot scale, crystallization of mannitol takes place from solution, where 

usually drying at low temperatures results in the formation of larger crystals due to low nucleation 

rates. In contrast, drying at higher temperatures leads to higher nucleation rates and then to 

smoother surfaces. For large droplets it could be also demonstrated that higher feed temperatures 

result in comparably rougher surfaces. 
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Appendix A: Calculation of the droplet surface concentration 

In order to calculate the mannitol concentration profiles of droplets of 140 µm and 40 µm in 

diameter of an aqueous mannitol solution (15 % w/w) during spray drying at 120 °C (393.15 K) a 

simplified analytical treatment was chosen [25, 15]. Equation 1 [11, 25, 15], also called d2-law, can be 

used to calculate the droplet size d at a certain time t depending on the initial droplet size d0, the 

drying time t and the evaporation rate of a single droplet κ. 

 

Equation 1 
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This equation shows that the droplet surface area decreases linearly with the drying time. With this 

equation the time τD that is required to completely evaporate a droplet of a certain size d0  can be 

estimated [25]: 

  

Equation 2 

The mean solute concentration of a drying droplet at a certain time can be calculated by dividing the 

mass of the solute by the volume of the droplet at the time t. The volume of the droplet is calculated 

using Equation 1. Several rearrangements lead to the following equation where cm is the mean solute 

concentration, c0 the initial solute concentration (15 % w/w), t the drying time and τD the time that is 

required to completely evaporate a droplet of an initial droplet size d0. 

 

Equation 3 

In order to describe, if there is an enrichment of the solute at the droplet surface the Peclet number 

(Pe), which is the ratio of the evaporation rate (κ) and the diffusion coefficient of the solute (Ds) can 

be used [15, 25]: 

 

Equation 4 

For drying of a droplet at 120 °C, which exhibits the evaporation rate κ of 0,012509 mm2/s (see 

calculation evaporation rate below) and the diffusion coefficient of the solvent (see below, Equation 

5) of 4,59-06 cm2/s a Peclet number of 3.4 is obtained. 

 

Equation 5 

The diffusion coefficient of the solute is calculated by using the Stokes-Einstein equation where kB is 

the Boltzmann constant, T the temperature (here the calculated wet bulb temperature, see below), η 

the dynamic viscosity of the solution (0.00121 Pa*s) and r0 the hydrodynamic solute radius (4.1 Å). 

The surface enrichment (E), which is defined as the ratio of the concentration of the solute at the 

surface (cs) and the mean solute concentration (cm), can be approximated by using the following 

formula (Pe<20) [15, 25]: 
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Equation 6 

With a Peclet number of 3.4 the surface enrichment E of 1.8 is obtained. 

In reality the calculation or measurement of the evaporation rates of droplets in a spray dryer is 

complex due to a variety of unknown and changing process parameters and physical properties of 

the liquid mixture. However it can be estimated with Equation 7 [9]: 

 

Equation 7 

Here we see that the evaporation rate (κ) depends on the diffusion coefficient in the gas phase (Dg, 

see below), the density of the gas (ρg) and the liquid (ρl = 1050 g/dm3) phase, the mass fraction of 

solvent in the gas phase at the droplet surface (YS, see below) and the mass fraction of the solvent far 

from the surface (  = 0). The density of the gas at 120 °C was calculated with the ideal gas law 

(0.8976 g/dm3). 

The required diffusion coefficient of vapor within the gas phase can be estimated at low pressures 

according to Fulder [10], where T is the temperature of the drying gas (in Kelvin), Mi the molar mass 

of solvent (here H2O), Mj the molar mass of the drying air, (∑Δvi ) the diffusion volume of the solvent 

and (∑Δvj ) the diffusion volume of the drying air, p the atmospheric pressure.  

 

Equation 8 

At 393.15 K (120 °C) a Dg of 0.43188648 cm2/s was calculated. 

In order to calculate the mass fraction of the water vapor at the surface Equation 9, with ps being the 

vapor pressure of the solvent at the corresponding equilibrium temperature (Te in Kelvin) was used: 

 

Equation 9 

The vapor pressure of the solvent (0,06459252 bar) at the corresponding equilibrium temperature of 

310,73 K (37.58 °C, Te, see below) can be calculated by using the Clausius- Clapeyron relationship. 
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In order to approximate the equilibrium temperature, an empirical correlation [21] of the wet bulb 

temperature (Twb in Kelvin) , which is the temperature that establishes at the droplet surface during 

evaporation, as a function of the boiling temperature of the solution (Tb in Kelvin) and the gas 

temperature (Tg in Kelvin) was used: 

 

Equation 10 

Assuming a boiling temperature of the solution (Tb) of 373.57 K and a gas temperature (TG) of 

393,15 K the wet bulb temperature (Twb) of 31.,73 K (37.58 °C) is obtained.  
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Table 1. Particle size distribution of the products spray dried at lab scale at 65°C (L65), 114 °C (L114) and 140 °C (L140) outlet 

temperature (T2) determined by laser diffraction and of the products spray dried at pilot scale at 67°C (P67), 80 °C (P80) and 

92 °C (P92) outlet temperature (T4) determined by sieving. 

  X10.3 / µm X50.3 / µm X90.3 / µm 

Lab L65 3.5 10.4 20.4 

 L114 4.9 11.9 23.8 
 L140 7.6 15.2 26.9 

Pilot P67 54.8 84.0 123.7 

 P80 60.2 84.4 118.8 
 P92 56.4 77.4 110.9 

 

Table 2. Temperature profile of the products spray dried at lab scale at 65°C (L65), 114 °C (L114) and 140 °C (L140) outlet 

temperature (T2, location of temperature points T see Figure 1). 

 T1 / °C T2 / °C 
L65 117 65 

L114 177 114 

L140 207 140 

 

Table 3. Temperature profile of products spray dried at pilot scale at 67°C (P67), 80 °C (P80) and 92 °C (P92) outlet 

temperature T1 to T4, (location of temperature points T see Figure 1). 

 T1 / °C T2 / °C T3 / °C T4 / °C 
P67 120 78 78 67 
P80 130 92 92 80 

P92 153 110 110 92 

 

Table 4. Droplet size distribution of the spray generated by the three different atomizers obtained from offline drop size 

measurements by laser diffraction. 

 X10.3 / µm X50.3 / µm X90.3 / µm 
LAMROT / 7400 rpm 104.1 130.2 164.8 
Niro / 4.1 bar 24000 rpm 33.4 48.9 71.1 

Caldyn / 1.9 bar 9.1 19.1 39.3 

 

Table 5. Particle size distribution of the spray dried products generated by the three different atomizers studied in the 

droplet size experiments and determined by laser diffraction. 

 T4 / °C Feed temp. / °C X10.3 / µm X50.3 / µm X90.3 / µm 

LAMROT 70 20 33.5 78.6 161.9 

 100 20 47.0 78.1 121.7 

Niro 70 20 4.1 11.6 24.0 

 100 20 2.7 11.6 22.8 

Caldyn 70 20 3.0 8.9 18.4 

 100 20 2.3 9.3 19.6 

LAMROT 70 70 31.3 74.1 134.8 

 100 70 40.0 73.8 126.4 

Niro 70 70 4.2 12.3 25.8 

 100 70 3.4 13.4 27.5 

Caldyn 70 70 3.0 9.3 21.0 

 100 70 2.2 9.8 21.4 



 

Figure 1. Schematic of lab and pilot scale spray drying.

Figure 2. SEM micrographs of the products spray dried

temperature (T2). 

 

cale spray drying. 

SEM micrographs of the products spray dried at lab scale at 65°C (L65), 114 °C (L114) and 140
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°C (L114) and 140 °C (L140) outlet 



 

Figure 3. Polarized light micrographs of the progress of crystallization from a highly viscous liquid at the hot stage at 120

(droplet size approximately 2 mm). 

Figure 4. SEM micrographs of cross sections of

(L140) outlet temperature (T2). 

Polarized light micrographs of the progress of crystallization from a highly viscous liquid at the hot stage at 120

SEM micrographs of cross sections of products spray dried at lab scale at 65°C (L65), 114 °C (L114) and 140

100 

 

Polarized light micrographs of the progress of crystallization from a highly viscous liquid at the hot stage at 120 °C 

 

°C (L114) and 140 °C 



 

Figure 5. SEM micrograph of a product spray dried at lab scale at 150

 

Figure 6. SEM micrographs of the mannit

outlet temperature (T4). 

 

 

a product spray dried at lab scale at 150 °C (L150) outlet temperature (T2).

mannitol particles spray dried at pilot scale at 67°C (P67), 80 °C (P80) and 92
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°C (L150) outlet temperature (T2). 

 

°C (P80) and 92 °C (P92) 



 

Figure 7. Calculated mannitol concentration 

drying temperature of 120 °C. 

Figure 8. Polarized light micrographs of bubble nucleation (left) and subsequent shell distortion (right) at the hot stage at 

120 °C. 

 

concentration profiles at the droplet surface when drying a droplet of 140

Polarized light micrographs of bubble nucleation (left) and subsequent shell distortion (right) at the hot stage at 
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Polarized light micrographs of bubble nucleation (left) and subsequent shell distortion (right) at the hot stage at 



 

Figure 9. SEM micrographs of the cross sections of 

(P92) outlet temperature (T4). 

Figure 10. Schematic of the droplet size experiments.

hs of the cross sections of products spray dried at pilot scale at 67°C (P67), 80

roplet size experiments. 
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at 67°C (P67), 80 °C (P80) and 92 °C 

 



 

Figure 11. SEM micrographs of spray dried d

20°C). 

 

SEM micrographs of spray dried droplets of different size dried at 70°C and 100 °C outlet temperature
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Figure 12. SEM micrographs of spray dried d

  

SEM micrographs of spray dried droplets of different size dried at 70°C and 100 °C (feed temp. 
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roplets of different size dried at 70°C and 100 °C (feed temp. 70°C). 
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3.4. Outlook- API morphology and size optimization 
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Abstract 

In order to prepare spherical salbutamol sulfate particles of adjustable size the Nano Spray Dryer B-

90 was employed. A 33 full factorial design was used to investigate the influence of process 

parameters (mesh size, feed concentration and drying air temperature) on the particle size (median 

size and width of the particle size distribution), the amount of product produced per time and the 

product yield. The median particle size was significantly influenced by all three factors of the 

statistical design. Within the design space studied particle sizes of 1.01 µm to 6.39 µm were 

obtained. The width of the particle size distribution (span) increased with increasing mesh sizes. All 

particles with a particle size above 2.39 µm showed a bimodal particle size distribution. Generally 

larger mesh sizes as well as larger concentrations led to an increase in the amount of product 

prepared per time. The corresponding values observed were from 0.44 mg/min to 75.83 mg/min. 

The product yield was independent of the process parameters studied. All products were amorphous 

after spray drying and were stable up to a relative humidity of 60 %.   

Introduction 

Dry powder inhalers (DPI) are widely used in the treatment of respiratory diseases like asthma 

bronchiale and chronic obstructive pulmonary disease (COPD). In such formulations, which usually 

comprise an excipient that ensures sufficient flowability and the active pharmaceutical ingredient 

(API), the dry powder is directly administered to the lung. However in order to reach the targeted 

regions of the lung, the bronchioles, the API must have an aerodynamic particle size in the range of 

1 µm to 5 µm [14, 7, 17]. Particles that are too large cannot follow the air stream. They will impact in 

the throat and will have no access to the bronchiolar region. However if the particle size is below 
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1 µm the particles will travel deeper into the lung during inhalation and will be deposited mainly in 

the alveolar region.  

Usually the preparation of particles in the low micrometer range involves micronization. The 

disadvantages of this procedure are the need of high energy input and the high variability of the 

morphology of the obtained single particles leading to unpredictable dry powder inhaler (DPI) 

performance. For this reason narrowly size distributed, isometric, preferably spherical particles 

would be desirable. A rather easy and widely used technique to prepare spherical particles with 

narrow size distribution is spray drying where a liquid feed is dispersed into small droplets which 

subsequently are dried in a heated tower. There are several studies which show the suitability of 

spray drying for the preparation of API particles for pulmonary drug delivery [16, 4, 18]. Therefore 

the aim of this work is the preparation of spherical salbutamol sulfate particles as a model API with 

adjustable particle size. 

Instead of a conventional spray dryer the recently launched Nano Spray Dryer B-90 was used in the 

present study. The droplet generation as well as the particle collection of this spray dryer differs from 

a conventional one. A vibrating mesh, that is piezoelectrically driven, enables droplet generation. 

Further, instead of using the cyclone technology, particles are collected with an electrostatic particle 

collector [8, 1]. Several studies have been performed using this novel spray dryer already. For 

example protein solutions were dried by Bürki et al. [2] and Lee et al. [8]. Cyclosporin A and 

dexamethasone were encapsulated by Schafroth et al. [13]. Also potential wall materials for 

encapsulation (arabic gum, whey protein, polyvinyl alcohol, modified starch and maltodextrin) were 

investigated [9]. However to the knowledge of the authors there are no studies on the thorough 

investigation of the impact of process parameters of the Nano Spray Dryer B-90 on the particle size 

(median, width of the particle size distribution), the mass of product generated per time and yield of 

a low molecular weight compound, here salbutamol sulfate, spray dried from aqueous solutions 

available. 

The obtained salbutamol sulfate particles may be used finally to study the complex interplay of API 

size and carrier surface roughness in dry powder inhaler formulations as optimizing carrier surface 

roughness (spacing distance, see [11, 10]) and API size might be a useful approach to optimize the 

performance of carrier-based inhalates. 

Materials and methods 

Materials 

Salbutamol sulfate (USP25 quality) was provided by Selectchemie (Zuerich, Switzerland). Aqueous 

salbutamol sulfate solutions used for spray drying were prepared with purified water (TKA Micro 
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Pure UV ultra pure water system, TKA Wasseraufbereitunssysteme GmbH, Niederelbert, Germany) 

equipped with a capsule filter (0.2 µm). 

Spray drying 

The spray dried products were prepared on a Nano Spray Dryer B-90 (Buechi Labortechnik AG, Flawil, 

Switzerland) equipped with the long version of the drying chamber. Drying air flow rate (110 l/h) and 

spray rate (30 %) were constant and the same for all experiments. Atomizer mesh size, feed 

concentration and drying air temperature were varied according to the experimental design (see 

below and Table 1). Products were stored desiccated after spray drying until further required. 

Statistical design 

The influence of atomizer mesh size (4.0 µm, 5.5 µm, 7.0 µm), feed concentration (1.0 %, 7.5 %, 

15.0 %; (m/m)) and drying air temperature (80 °C, 100 °C, 120 °C) on median particle size, the 

amount of product spray dried per time and product yield was studied using a full-factorial 33 design 

(Table 1, Table 2). The statistical analysis was carried out using Modde 9.0 software (Umetrics AB, 

Umeå, Sweden). In order to get normally distributed data the responses median particle size and 

amount of product spray dried per time were logarithmically transformed prior to statistical analysis. 

Only significant terms were considered in the model. A significance level of 0.05 was used.  

Particle size distribution 

The particle size distribution of the spray dried products was determined by laser light diffraction 

(Helos/KR, Sympatec, Clausthal-Zellerfeld, Germany). A dry dispersing system (Rodos/L, Sympatec, 

Clausthal-Zellerfeld, Germany) and a vibrating chute (Vibri, Sympatec, Clausthal-Zellerfeld, Germany) 

were used for powder dispersion. A dispersing pressure of 2.0 bar was applied. Evaluation of the data 

was performed using the software Windox 5 (Sympatec, Clausthal-Zellerfeld, Germany). The 

volumetric median particle size and particle span (span=(X90.3-X10.3)/X50.3) were obtained from the 

analysis. 

Amount of product produced per time 

The amount of product spray dried per time was calculated by dividing the mass of product collected 

after spray drying by the time that was required to produce the product. 

Product yield 

Product yield was determined as the ratio of spray dried mass by the initial mass of salbutamol 

sulfate used for the preparation of the feed solution.  
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Particle surface investigations 

The powder samples were examined using a scanning electron microscope (SEM) (Zeiss Ultra 55, 

Zeiss, Oberkochen, Germany) operating at 5kV. The particles were sputtered with gold-palladium 

prior to analysis. 

Water sorption analysis 

The moisture sorption isotherms were recorded with a SPS-11 moisture sorption analyzer (Projekt 

Messtechnik, Ulm, Germany) at a temperature of 25°C ± 0.1°C. The measurement cycle was started 

at 0% relative humidity (RH), increased in two 5% steps to 10% RH, further increased up to 90% RH in 

10% steps and from 90% to 95% RH in one step. Subsequently the RH was decreased again to 90% 

RH, further decreased in 10% steps to 10% RH and in two 5%-steps to 0% RH. The equilibrium 

condition for each step was set to a mass constancy of ±0.001 % over 60 min. 

X-Ray powder diffraction analysis 

The powder X-Ray diffraction patterns (PXRD) were obtained with a X’Pert PRO diffractometer 

(PANalytical, Almelo, The Netherlands) equipped with a theta/theta coupled goniometer in 

transmission geometry, programmable XYZ stage with well plate holder, Cu-Kα1,2 radiation source 

(wavelength 0.15419 nm) with a focussing mirror, a 0.5° divergence slit, a 0.02° soller slit collimator 

and a 0.5° anti-scattering slit on the incident beam side, a 2 mm anti-scattering slit, a 0.02° soller slit 

collimator, a Ni-filter and a solid state PIXcel detector on the diffracted beam side. The patterns were 

recorded at a tube voltage of 40 kV, tube current of 40 mA, applying a stepsize of 0.013° 2Θ with 40s 

per step in the angular range of 2° to 40° 2Θ. 

Results and discussion 

In order to study the influence of mesh size, feed concentration and drying air temperature on the 

median particle size, the width of the particle size distribution (span), the product produced per time 

as well as the product yield when spray drying aqeous mannitol solutions using the Nano Spray Dryer 

B-90 a full-factorial 33 design was used. Table 1 shows the three factor levels of the statistical design. 

The mesh sizes used (4.0 µm, 5.5 µm and 7.0 µm) were the three sizes which are available for the 

Nano Spray Dryer. The high level of the drying air temperature (120 °C) is the highest temperature 

the Nano Spray Dryer can be operated at. In order to allow complete drying of the aqueous solutions 

the lower level was set to 80 °C. The high level of the feed concentration was 15.00 % (m/m), which 

is close to the solubility of salbutamol sulfate at room temperature (≈ 18.00 % (m/m)).  

In order to keep the number of experiments at a reasonable level and as the main target was to 

study the influence of process parameters on particle size, drying air flow rate (110 l/h) and spray 

rate (30 %), which are both expected not to impact particle size, were kept constant.  
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For a conventional spray dryer a change of the drying air flow rate might alter the deposition 

efficiency of the cyclone. Via this mechanism particle size could change. However this is not expected 

for the Nano Spray Dryer as particle collection relies on electrostatic deposition.  

When using conventional atomizers (rotary as well as nozzle) a change of the atomizing conditions 

(e.g. spray rate) influences the droplet size and consequently the particle size. However for the novel 

vibrating mesh spray technology an increase in the spray rate increases the oscillation frequency of 

the mesh. The higher oscillation frequency results in the formation of more droplets per time. 

However the size of the droplets should not change.  

Drying air flow rate as well as spray rate impact the drying temperature. Via a change of drying 

temperature the two factors might impact particle size. However preliminary experiments showed 

that the change of drying air temperature was small compared to the temperature range studied 

within the experimental design (80 °C-120 °C). 

Particle size 

Within the design space studied particles with a median size of 1.01 µm to 6.39 µm (Table 2, see also 

Figure 9) were observed. All of the three factors studied significantly influenced the size of the spray 

dried products. Besides the three main factors the quadratic terms concentration*concentration and 

mesh size*mesh size as well as the interaction term mesh size* concentration significantly impacted 

particle size (Figure 1). The complex interplay of these terms and their effect on particle size at 

intermediate temperature (100 °C) is graphically displayed in Figure 2. In this contour plot factor 

settings where particles of the same size are obtained are displayed by regions of equal color. 

Because of the fact that the influence of drying air temperature was only small the impact of this 

factor is not graphically displayed.  

For all mesh sizes studied an increase in feed concentration from 1 % to 12 % led to an increase in 

particle size. The correlation between feed concentration and particle size had already been 

described by Masters [12] and was explained by Elversson and Millqvist-Fureby [5] for a spray drying 

process with a conventional spray dryer. Lee et al. [8] observed the same impact, albeit less 

pronounced, when spray drying protein solutions using the Nano Spray Dryer B-90. Although the 

Nano Spray Dryer relies on atomization and particle collection principles different from the 

conventional ones and is therefore a novel spray dryer, the mechanism of drying of the droplets once 

generated is the same. A liquid feed is dispersed into small droplets. Those droplets then are dried in 

the tower and are collected after drying at the bottom of the dryer. In order to understand the 

influence of feed concentration the progress of drying of the droplet should be understood. As soon 

as the droplet enters the tower evaporation of water at the droplet surface takes place. Due to the 

evaporation of water the concentration of salbutamol sulfate at the droplet surface increases. When 
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the concentration exceeds the solubility solidification starts. With higher concentration the 

concentration where solidification starts is reached at an earlier point of time when the droplet is 

comparably larger. Therefore larger feed concentrations lead to larger particle sizes.  

Figure 2 shows that the increase in particle size is more pronounced the larger the mesh size, hence 

the larger the droplets generated. Although the ratio of the solid salbutamol sulfate content of 

droplets with a concentration of 1 % and 12 % is independent of the droplet size (e.g. for a droplet of 

10 µm: (10*4/3*π) /(120*4/3*π), for a droplet of 1 µm: (0.01*4/3*π) /(0.12*4/3*π); ratio=1/12) the 

subsequent change of size of the solidified particle (assuming a solid particle) is larger, the larger the 

size of the initial droplet (e.g. for a droplet of 10 µm: (10)1/3 /(120)1/3; droplet of 1 µm: 

(0.01)1/3  /(0.12)1/3).  

A further increase in feed concentration from 12 % to 15 % did not increase or even slightly 

decreased particle size. One explanation for this might be that the impact of feed concentration on 

particle size is more pronounced at comparably lower concentration. For example a change of feed 

concentration from 1 % to 2 % leads to a larger change of particle size than an increase from 14 % to 

15 %. This correlation was also described by Elversson and Millqvist-Fureby [5] when spray drying 

carbohydrate solutions. Therefore the higher the concentration, the sooner the solidification will 

start and the change of volume and hence in size is comparably smaller. Additionally the particles of 

larger size exhibit a corrugated surface (Figure 9), that may result in a slightly lower particle size 

detected with laser diffraction. 

For all concentrations studied an increase in mesh size resulted in the formation of larger particles. 

This is not much of a surprise as with larger mesh sizes the size of the droplets generated increases 

[1]. Consequently the larger the droplets, the larger the size of the solidified particles.  

Also drying air temperature was found to significantly influence the median particle size, although 

the impact was only small compared to the one of the mesh size and the feed concentration. Vehring 

et al. [15] describe this phenomenon with the help of the Peclet number, which is the ratio of the 

evaporation rate to the diffusion coefficient of the solute. During drying the increase in solute 

concentration at the particle surface causes a diffusion of the solute towards the droplet center. If 

the diffusion is equal to the evaporation rate there will not be any concentration gradient along the 

radius of the droplet. However if the evaporation is faster than the diffusion the concentration at the 

particle surface will be higher than in the center of the droplet. With higher drying air temperatures 

the evaporation rate rises and larger Peclet numbers are observed leading to comparably higher 

concentrations at the particle surface. Therefore shell formation takes place at an earlier point of 

time, when the droplet volume is still larger resulting in larger particles. 
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Chawla et al. [4] who studied the influence of process parameters when spray drying aqueous 

mannitol solutions using a conventional Mini Spray Dryer B-190 on particle size observed that none 

of the single process parameters studied (pump speed, aspirator level, inlet temperature, feed 

concentration) impact particle size. However they reported that the interaction term of feed 

concentration and aspirator level was significant. When both factors were at their highest level, the 

largest particles were obtained. The authors further reported that the spray dried particles had a 

median diameter of 4.4 µm. In contrast to the study performed by Chawla et al. [4] on the Mini Spray 

Dryer B-190 this work shows that by using the Nano Spray Dryer B-90 particle size can be successfully 

adjusted by controlling the process parameters. A larger change of particle size with the Mini Spray 

Dryer might have been achieved by varying the atomizer settings. 

In order to get an idea about the influence of process parameters on the width of the particle size 

distribution the span values were evaluated too. A change of mesh size significantly altered particle 

span (Figure 3). Figure 4 shows that the particle span significantly increases with increasing mesh 

sizes. The change was even larger the larger the mesh size (mesh size*mesh size). Exemplarily the 

particle size distribution of the sample with the highest (Sample 2) and the lowest (Sample 26) 

median particle size is displayed in Figure 5. Interestingly all samples with a median particle size 

larger than 2.39 µm showed a bimodal particle size distribution. 

The increase in particle span with increasing mesh size, and the change from a mono- to a bimodal 

distribution, could be a result of secondary droplet break-up or the generation of satellite droplets 

during atomization, especially when larger mesh sizes are used.  

Amount of product spray dried per time  

In order to get an idea about the time that is required to produce a certain amount of product the 

influence of process parameters on the amount of product spray dried per time was investigated. 

Values from 0.44 mg/min to 75.83 mg/min were observed (Table 2).  

Figure 6 shows that two factors, mesh size and feed concentration as well as their quadratic terms, 

significantly impact the amount of product that is produced per time. The drying air temperature had 

no influence on the response studied. Generally larger mesh sizes as well as larger concentrations led 

to an increase in the amount of product prepared per time. With larger mesh sizes there is an 

increase in the size of the droplets generated [1]. Due to the higher volume those droplets contain a 

higher amount of dissolved salbutamol sulfate finally leading to a higher amount of product 

produced per time. Also higher concentrations mean a higher amount of dissolved salbutamol sulfate 

and consequently a higher value of the effect studied. 

Interestingly there was a minimum of the product produced per time at a mesh size of approximately 

4.7 µm and a concentration of 9.5 %. Further at large mesh sizes and high concentrations the mass 
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prepared per time slightly decreased. These findings are unexpected and should be further 

investigated. 

Product yield 

Product yields from 41.21 % to 90.38 % (Table 2) were observed. The statistical analysis of the 

experimental design revealed (data not shown) that there was no correlation between the process 

parameters studied and the product yield. Although the result that product yield is independent on 

process parameters is primarily positive the high scatter of values observed needs further 

understanding and will be the focus of further work. 

Initially the idea was to use the same initial mass of salbutamol sulfate for all the experiments 

studied. However the experiments showed that especially with a low feed concentration and small 

mesh size the time to spray the whole feed prepared was too long. When comparably lower initial 

masses are used the yield is expected to be lower due to comparably higher losses e.g. during 

particle collection after spray drying. In the case of losses which are attributed to the different initial 

masses of spray dried salbutamol sulfate the statistical analysis of process parameters on product 

yield would be invalid. In order to exclude this, the influence of initial mass on the product yield was 

studied. Figure 8 shows that there is no correlation between the initial mass and the product yield 

indicating that the analysis of the influence of process parameters on product yield is valid. 

Particle shape 

The SEM micrographs of the products reveal (Figure 9) that all products are of spherical shape. 

Although the overall particle shape is spherical, the particles of larger size exhibit a corrugated 

surface whereas the smaller particles show no corrugation.  

The drying history of the droplets will explain the different morphologies of the small and large 

particles. As already described above (see particle shape) water will evaporate at the droplet surface 

as soon as the droplet enters the tower. Due to the evaporation of water there is a continuous 

increase in the surface concentration at the droplets surface and once the concentration is high 

enough a shell will form. After the formation of the shell there is still water trapped inside the drying 

particle. Due to the high temperature the water trapped inside the solidifying particles continues to 

vaporize and a pressure will form inside the particle. The increase in pressure leads to particle 

inflation. Due to the fact that the stability of the shell is higher the smaller the particles the shell of 

the smaller particles has sufficient mechanical stability to remain spherical whereas the shell of the 

larger particles will collapse after inflation, giving the particles a corrugated surface.  
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Powder crystallinity 

As already shown by Chawla et al. [4] spray drying of aqueous salbutamol sulfate solutions results in 

the formation of amorphous products. Exemplarily the XRPD pattern of sample 10, which is a sample 

with an intermediate particle size (see Table 2), is shown (Figure 11). 

Water vapor sorption 

In order to get an idea about the stability of the amorphous spray dried products upon storage at 

elevated relative humidities water vapor sorption experiments were carried out. 

In Figure 10 the moisture induced change of mass of the spray dried salbutamol sulfate versus 

relative humidity of sample 10 (see also powder crystallinity) is shown. In the experiment the relative 

humidity was increased from 0 % to 95 %. It can be seen that there is a continuous increase in mass 

attributed to the sorption of water in the RH range of 0 % to 60 %. Suddenly at 60 % RH the mass 

decreases, which is ascribed to crystallization. The water absorbed acts as a plasticizer and reduces 

the glass transition temperature (Tg) of the amorphous salbutamol sulfate. Once the temperature of 

the experiment is higher than the glass transition temperature the molecules have sufficient mobility 

to crystallize and vapor is expelled from the crystal lattice that forms [3, 6]. After the transformation 

of the amorphous material the RH was further increased and the final water uptake at 95% RH was 

measured to be 4 % for the crystalline material. Subsequently the humidity was reduced back to 0 % 

again resulting in the decrease of the water content. 

In order to prove that there is a change from the amorphous to the crystalline state XRPD 

experiments before and after the moisture sorption were performed. Figure 11 shows that after 

moisture sorption diffraction peaks appear verifying the transition from amorphous to crystalline. 

Moisture sorption experiments indicate that as long as the RH is below 60 % spray dried salbutamol 

sulfate products are stable and can be used in order to study interparticle interactions in dry powder 

inhaler formulations. 

Conclusion 

This study shows that particle size can be successfully modified by changing the process parameters 

of the Nano Spray Dryer B-90 when spray drying aqueous salbutamol sulfate solutions. The particle 

size can be tailored by adjusting the mesh size, feed concentration as well as drying air temperature. 

Although termed “Nano” Spray Dryer all products were in the micrometer range (1.01 µm to 

6.39 µm) and had an appropriate size to be used in pulmonary drug delivery. Small particles had a 

monomodal size distribution whereas for particles with a mean size above 2.39 µm there was a shift 

to bimodal distributed sizes. The width of the particle size distribution (span) increased with 

increasing mesh sizes. The changes in particle size distribution might be a result of the formation of 
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satellite droplets or secondary droplet break-up during atomization. A thorough characterization of 

the spray generated with the novel vibrating mesh technology seems therefore necessary and will be 

the focus of further research. The amount of product prepared per time was observed to be from 

0.44 mg/min to 75.83 mg/min. Mesh size as well as concentration significantly impacted the amount 

of product prepared per time. No correlation between product yield (41.21 % to 90.38 %) and spray 

drying process parameters was observed. Further studies are suggested to identify the reasons for 

the high variability in product yield. Consistent with the findings of Chawla et al. [4] who spray dried 

aqueous salbutmol sulfate solutions on a conventional Mini Spray Dryer B-190 all products were 

amorphous after spray drying. There was a change from the amorphous to the crystalline state at a 

relative humidity of 60 %.  
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Table 1. Process parameters used in the 3
3
 full-factorial design. 

Parameter  
Factor level 

Unit 

1 2 3 

Mesh size 4.0 5.5. 7.0 µm 

Feed concentration  1.0 7.5 15.0 % (m/m) 

Drying air temperature 80 100 120 °C 

 

Table 2. Design matrix of the 3
3
 full-factorial design and the data collected from the analyses. 

Sample 

ID 

Factor Response 

Mesh size 

/ µm 

Conc. / % 

(w/w) 
Temp. /°C Size / µm Span Mass per time / 

mg/min 

Product 

yield / % 

1 7 15 120 6,36 1,79 75,84 90,38 

2 7 15 100 6,39 1,99 36,67 70,34 

3 7 15 80 5,41 2,08 20,31 72,98 

4 7 7,5 120 5,43 2,13 42,00 83,79 

5 7 7,5 100 4,86 1,98 15,12 72,15 

6 7 7,5 80 3,97 1,94 3,71 75,44 

7 7 1 120 2,04 1,96 2,27 46,37 

8 7 1 100 2,33 2,01 0,00 0,00 

9 7 1 80 2,25 2,06 1,76 57,07 

10 5,5 15 120 3,37 1,68 3,17 86,07 

11 5,5 15 100 3,53 1,69 4,86 51,42 

12 5,5 15 80 3,07 1,71 7,47 70,80 

13 5,5 7,5 120 2,94 1,78 4,37 82,69 

14 5,5 7,5 100 2,84 1,68 4,03 48,34 

15 5,5 7,5 80 2,74 1,64 6,77 65,17 

16 5,5 1 120 1,44 1,59 3,94 49,59 

17 5,5 1 100 1,55 1,67 0,61 59,05 

18 5,5 1 80 1,17 1,76 0,73 78,14 

19 4 15 120 2,39 1,66 0,79 71,73 

20 4 15 100 2,31 1,59 4,12 41,21 

21 4 15 80 2,37 1,59 4,56 73,82 

22 4 7,5 120 2,3 1,54 6,14 61,91 

23 4 7,5 100 2,3 1,58 4,39 61,21 

24 4 7,5 80 1,93 1,48 9,05 63,12 

25 4 1 120 1,17 1,65 3,01 72,16 

26 4 1 100 1,01 1,86 0,55 56,03 

27 4 1 80 1,09 1,72 0,44 57,16 
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Figure 1. Effect plot displaying the influence of process parameters on the median particle size. 

 

Figure 2. Contour plot of the influence of feed concentration and mesh size on the median particle size (µm) of the spray 

dried products.  

 

Figure 3. Effect plot displaying the influence of process parameters on particle span. 



 

 

Figure 4. Contour plot of the influence of feed concentration and mesh size on particle span of the spray dried products. 

Figure 5. Particle size distribution of sample 26 and sample 2.

Figure 6. Coefficient plot displaying the influence of process parame

 

Contour plot of the influence of feed concentration and mesh size on particle span of the spray dried products. 

 

distribution of sample 26 and sample 2. 

 

Coefficient plot displaying the influence of process parameters on the product produced per time

119 

Contour plot of the influence of feed concentration and mesh size on particle span of the spray dried products.  

ters on the product produced per time. 



 

Figure 7. Contour plot of the influence of feed concentration and mesh size on the spray dried product p

(g/min).  

Figure 8. Correlation between the initial mass of salbutamol sulfate spray dried and the corresponding product yield.

Figure 9. SEM micrographs of the products with the largest (Sample 1, left) and smallest (Sample 27, right)

 

Contour plot of the influence of feed concentration and mesh size on the spray dried product p

 

Correlation between the initial mass of salbutamol sulfate spray dried and the corresponding product yield.

SEM micrographs of the products with the largest (Sample 1, left) and smallest (Sample 27, right)
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Contour plot of the influence of feed concentration and mesh size on the spray dried product produced per time 

Correlation between the initial mass of salbutamol sulfate spray dried and the corresponding product yield. 

 

SEM micrographs of the products with the largest (Sample 1, left) and smallest (Sample 27, right) particle size. 



 

Figure 10. Sorption isotherm of spray dried 

Figure 11. XRPD pattern of Sample 10 (see 

  

 

Sorption isotherm of spray dried salbutamol sulfate (Sample 10, see Table 2).  

(see Table 2) before and after the moisture sorption experiments.
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) before and after the moisture sorption experiments. 
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