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Pe  Peclet number 

Qaa  atomizing air flow rate 
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T  temperature 
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1 General Introduction 

Spray drying of proteins, including enzymes is done for three main reasons: for drug 

administration through inhalation; needle-free injection as a non-invasive 

immunization technique; and as a possibility to produce bulk protein powders as 

alternative to a classical freeze-drying process.  
 

The first inhalative application of a drug substance is described 4000 ago[1]. The 

smoke of burned leaves of Atropa belladonna was used as antitussiv. The first 

propellant-based inhaler was developed in the year 1956[2], intended to have only a 

local effect. The lungs can also be an appropriate absorption organ especially for 

biological substances[3]. Hence the pulmonary delivery of proteins is a viable 

alternative for drug substance application. Dependent on their size, particles can be 

deposit in different regions of the respiratory tract. To reach the bronchioles the 

particle size has to be between 1 and 5 µm. This corresponds to the particle size that 

is achievable via spray drying on a laboratory-scale machine. O’Hara and Hickey 

showed that spray drying is a superior method to obtain inhalable microparticles[4]. 

Maltensen et al. described the basic process parameters influencing the spray drying 

process for producing inhalable insulin particles[5]. Exubera® was the first dry powder 

inhaler for pulmonary protein administration. Although it is not on the market any 

more, its development is an example for the formulation of a protein product for 

inhalative use[6]. It was manufactured by spray-drying.  
 

Vaccines consist of microbiologic particles or macromolecules and are unable to 

penetrate the skin. The standard for vaccination today is intramuscular or 

subcutaneous injection with a syringe and needle[7]. Recently some interest has 

focused more on non-invasive techniques like administration through the mucosa or 

the skin[8, 9]. In 1998 the WHO recommended that only conventional needles and 

syringes should be applied for immunization until independent safety studies of 

needle-free administration are completed. In 2010 Ziegler et al. listed spray drying as 
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method for powder manufacturing for needle-free injectors[10]. Wolf produced 

biodegradable microparticles for vaccinal application. A vaccine against tuberculosis 

was successfully formulated on a lab-scale spray dryer[11].  
 

The most used method for the production of biopharmaceuticals, such as 

monoclonal antibodies, insulin, interferon and hormones, is the lyophilization. This is 

a multistage process and therefore time-consuming[12, 13]. The raising interest in 

biopharmaceuticals causes the demand for alternatives. Spray drying seems to be a 

potent option, since it is a continuous process with a protective character on the 

conformal protein structure due to fast solvent removal. The spray dried protein 

powder has to be stable and flowable with a yield as high as possible. This means 

that the particles should have a uniform shape with particles sizes larger than 50 µm. 

Flowability is a basic requirement for further processing in pharmaceutical 

manufacturing. The task is not too difficult for spray dryers on a production scale. 

But in the early stage of development there is only a small amount of powder 

available, usually less than 1 g. This requires the application of small lab-scale spray 

dryers. Their residence time after atomization is very short, usually in the range of 

< 2 seconds. Droplets large enough to result in solid particles with a size of 50 µm 

and above cannot therefore be dried sufficiently within this time. Because of that 

they hit the inside chamber wall in a still wet and therefore sticky condition. The 

usual turbulent motion of the inlet air stream favours this effect. Consequently the 

particles adhere to the inner surface and build deposits[14].  
 

The idea for this project was to change the design of a lab-scale spray dryer. The new 

device from ProCept provides factory-set a larger drying chamber length compared 

to other bench-top units. The residence time of the droplets in the hot air is 

therefore elongated and larger particles should be obtained. Furthermore, a laminar 

provided flow rate of the inlet air reduces the affinity of the droplets to the inside 

chamber wall. The drying chamber can also be extended to increase the 

droplet/particle residence time. In the current work a monodisperse atomizer in the 

ProCept device is examined with the possibility to adjust the size of the generated 
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droplets to desired values. Both two-fluid and ultrasonic atomizers are also 

characterised.  
 

In a second part of the project the validity of the Arrhenius equation for a spray-

drying process is examined. The energy of activation is calculated and used as a 

measure of the stabilizing effect of various excipients.   



4 THEORETICAL BACKGROUND  
 

 

2 Theoretical Background 

2.1 The Spray Drying Process 

Spray drying is the rapid evaporation of solvent from a mixture of liquid feedstock 

and a sufficient volume of hot gas. The feedstock can be a solution, suspension or 

emulsion. In many industries the process is an economic way of drying liquids to 

solid powders for subsequent processing. It avoids expensive transport, simplifies 

handling and storage and conserves the quality of sensitive products[15]. One of the 

advantages compared to other drying methods is the easy control of product 

specifications like residual moisture content, particle shape, size and density[16]. 
 

Spray drying is a multi-stage process comprised of atomization of the liquid, spray-

gas mixing, droplet drying and collection of the dried particles[17]. Figure 2-1 shows 

the setup of a conventional spray dryer for industrial applications. The liquid 

feedstock is delivered to a nozzle, most usually a two-fluid or a pressure nozzle or an 

atomizing wheel. 
 

Most spray dryers operate in an open-cycle mode. That means that air is utilized as 

drying gas and exhausted to the atmosphere. This is the approach for aqueous liquid 

feedstocks. In some cases the process must be done in closed-cycle mode, e.g. when 

organic solvents are used or oxygen-sensitive products. The drying medium is an 

inert gas like nitrogen or carbon dioxide and recirculates after passing the drying 

chamber. The evaporated liquid leaves the drying chamber as vapour to be 

recovered in a condenser [15]. The manufacturing of hazardous substances is also 

possible in this system as dust explosions are avoided[18].  
 

With the co-current design the droplets and the drying gas pass through the spray 

dryer in the same direction. Conversely the spray dryer operates in counter-current 

mode. For the drying of heat-sensitive products like proteins the first design is 

preferred. The dry air gets in contacts the atomized droplets giving fast evaporation 
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of the moisture and substantial cooling[19]. The dried particles therefore are exposed 

only to the already cooled down gas. 

 

Figure 2-1: Flow diagram of a typical spray dryer with in co-current mode. Taken from 
Masters [15] 

The co-current mode is therefore considered to be a mild process. The major use of 

counter-current spray drying lies in the combination of unit operations like drying 

and granulation. It is also the preferred method for the production of large batches 

of heat-resistant substances[15].   
 

The drying time of a droplet in the drying tower depends on the coupling of heat and 

mass transfer and decreases linearly with the droplet surface area as expressed  

by[20, 21]:  
 

𝑡𝑑 =  
𝑑𝑝

2

𝜅
 Equation 2-1 

 

 

where td [s] is the drying time for a droplet, dp  [m] is the particle diameter and 𝜅 the 

evaporation rate [m²/s]. According to Zhang et al.  𝜅 can be defined as product of the 
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Peclet number, Pe, and the diffusion coefficient[21]. That means, that Pe behaves 

inversely proportional to the drying time. A decrease in droplet size increases the 

specific surface area available for heat and mass transfer and td is shorter (see Table 

2-1)[22]:  
 

 

droplet diameter [µm] surface area of 1.0 l [m²] droplet drying time [s] 

1 6000 0.0001 

10 600 0.01 

100 60 1 

1000 6 100 

Table 2-1: Relationship between droplet diameter, surface area and drying time[22] 

 

2.1.1 Atomization 

Several nozzle types are available for conventional spray drying. Droplet size, surface 

area and therefore drying time are determined by the kind of nozzle[15].  

 

2.1.1.1 Conventional Nozzle Types 

The atomization effect can be achieved using several nozzle types. The most 

common are: 

 

 Rotary atomizers 

 Pressure nozzles 

 Pneumatic nozzles 

 Ultrasonic nozzles 

 

In rotary atomizers centrifugal energy is used for atomisation. The liquid feed is 

applied centrally onto a horizontally spinning wheel or disc (see Figure 2-2). The 
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liquid film is accelerated due to centrifugal force and discharged into the gas 

atmosphere. Velocities of up to 300 m/s of the droplets can be reached when 

flowing outwards over the edge of the wheel[15].  Friedman et al. found that there 

was no indication that special designs of the wheel, like radial tubes, influenced the 

properties of the sprays formed by them[23]. They believed that a simple disk would 

be adequate for almost all applications. Rotary nozzles are easy to operate and have 

a negligible potential for clogging. One of the most important advantages is the 

handling of large liquid feeds. From 10 l/h in laboratory application it is possible to 

atomise up to 200,000 l/h in production scale[24].  
 

Droplet/particle size can simply be controlled by adjustment of the wheel speed. 

Spray patterns typically show a size distribution between 15 – 250 µm[15, 24]. This type 

of atomiser gives a more uniform spray than all other conventional types for very 

low liquid feed rates. Increased rates gave wider droplet size distributions[25]. This 

kind of nozzle is not suitable for the use in bench-top spray dryers due to the high 

horizontal acceleration of the droplets. The drying chamber of a bench-top spray 

dryer is too small. Large wall deposits would be formed.  

 
 

  

Figure 2-2: Schematic illustration with straight radial vanes (left, taken from Krzysztof[26]) 

and spray pattern (right, taken from GEA[27]) of rotary atomizer 
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Pressure nozzles convert high pressure into kinetic energy. The liquid feed is forced 

through a small nozzle orifice. Correspondent to the principle of Bernoulli the 

volume of the liquid expands greatly after escaping the nozzle due to the immediate 

reduction of the pressure and forms a spray. A swirl chamber inside of the nozzle 

puts the liquid in rotational motion[28]. This leads to a cone-shaped spray pattern. 

Pressure nozzles produce a very broad distribution of the powder particles between 

20 and 250 µm[29]. The orifice of this nozzle kind tends to undergo erosion and shows 

the highest risk of being clogged[26].  
 

Pneumatic atomisation is the process of producing sprays by the disruptive action of 

a high velocity gas upon a liquid stream[30]. As usually two streams are involved 

(liquid and gas), these atomisers are known as two-fluid nozzles[31]. Within these 

nozzles there are two concentric tubes. The liquid feed is transported through the 

inner tube, while the atomising gas is supplied through the other with a pressure of 

about 1,5 – 10 bar[24]. The mean droplet size mainly depends on the relationship of 

the applied gas and liquid flows. Other parameters are the orifice diameter and the 

viscosity, the surface tension and the density of both the liquid and the gas. 

According to Kim and Masters all of these parameters influence the particle size 

according to the following equation[31]:  
 

 

𝐷 =
𝐴

�𝑉𝑟𝑟𝑟2𝜌𝑎�
𝛼 + 𝐵 �

𝑀𝑎𝑎𝑟

𝑀𝑟𝑎𝑙
�
−𝛽

 Equation 2-2 

 

 

The droplet size (D) varies with the relative velocity between air and liquid at the 

nozzle orifice (𝑉𝑟𝑟𝑟), the spray gas density (𝜌𝑎) and the mass ratio of air to liquid 

(Mair/Mliq). The exponents α and β are constants resulting from both the liquid 

properties and the nozzle design. The combination of the liquid feed and the gaseous 

medium can be either within the nozzle (internal mixing) or when the liquid emerges 

the orifice (external mixing).  
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Figure 2-3: Schematic presentation of a two-fluid nozzle (left) and spray pattern 

(right)[30, 32]  

 

The liquid break-up of two-fluid nozzles produces relative uniform droplets. Two-

fluid nozzles work well with most feedstocks. The disadvantages are the costs of 

compressed gas, the danger of orifice clogging or erosion and the reduction of 

evaporation capacity due to the cold atomizing gas that enters the drying chamber. 

The entire process of pneumatic atomisation depends upon shear forces. The 

associated damaging potential for labile substances can be an issue for peptides and 

proteins when they are spray dried[33].   
 

According to Hede et al. external mixing nozzles enable a better control of 

atomisation due to independent control of both the liquid and the air stream[30]. The 

disintegration of a liquid is considered to occur in two phases: First, it begins with the 

formation of a liquid sheet that breaks up into filaments. In a second step, these 

ligaments break up into smaller and smaller droplets (see Figure 2-4[34]). 
 

The term “liquid sheet” is used for both flat and cylindrical jets[30]. Two-fluid nozzles 

may have different designs which produce different spray patterns such as hollow 

cone, full cone and flat spray(see Figure 2-5[30]).  
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Figure 2-4: Droplet formation after two-fluid atomisation according to Spray Drying 

Systems Co.[34] 

 

 

 

 

 
Figure 2-5: Spray patterns of two-fluid nozzles. (a) flat-spray (b) hollow-cone  

(c) full-cone, taken from[30] 
 

 

 

 

Ultrasonic nozzles generate a low-velocity, so-called “soft-spray”. Droplet formation 

is pressureless. The atomisation principle utilizes high frequency vibration. A smooth 

surface is forced to vibrate through electrical excitation. Liquid on the surface 

adsorbs some of the vibration energy and forms a rectangular vibrating grid pattern 
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of standing waves, known as capillary waves. At a critical point of vibration, the 

capillary waves collapse and droplets are ejected from the peak of the wave. 

 

 

 

Figure 2-6: Schematic illustration of ultrasonic atomisation, taken from Sonotek 
Corp.[35] 

 

 

Ultrasonic nozzles convert electrical energy into mechanical energy. Since the wave 

length is a function of the vibration frequency, the droplet size is determined by the 

frequency. Peskin et al. assessed a direct proportionality between wavelength and 

droplet size[36]. Therefore lower excitation frequencies result in larger droplets and 

vice versa. In Figure 2-7 a presentation of an ultrasonic nozzle is shown. A high-

frequency electric signal is applied to two electrodes placed between two disc-

shaped piezoelectric transducers, causing vibrations that are further transferred and 

amplified by a titanium nozzle tip. The size distribution of ultrasonic nozzles can be 

very narrow. Disadvantages of the ultrasonic nozzle are possible cavitation effects 

and the direct influence of ultrasound on the liquid feed. This may cause stability 

problems in spray drying of protein formulations[37].  
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Figure 2-7: Schematic presentation of an ultrasonic nozzle (left) and of the device 

used in this work (right) 
 

 

 

2.1.1.2 Alternative Approaches 

In the literature there are various alternatives described which in general are 

suitable for implementation in spray dryers[38, 39], such like the windmill, the vibrating 

capillary or the flashing liquid jet[39]. To produce a flowable powder it might be 

advantageous to use an atomiser that generates a monodisperse spray of droplets 

might be necessary. Conventional nozzles generate broad distributions. There are 

two options which address may be useful[26]:  

 

 Electro hydrodynamic nozzles 

 Jet nozzles 

 

Electro hydrodynamic nozzles are described in detail by Ijsebaert et al. (2001)[40]. The 

energy source for the atomisation process is an electric field which is generated 

between the nozzle and a counter-electrode. When the electrical stress on the 

supplied liquid overcomes the surface tension of the liquid a cone is formed, from 

which a thin jet emerges. This jet breaks up into monodisperse droplets. Due to the 

small generated droplet size of only a few µm this nozzle type is suitable for the 

manufacturing of fine powders but not for larger flowable particles.   
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Jet nozzles generate larger droplets with a defined diameter. A promising approach is 

the droplet formation via Rayleigh-breakup of a laminar liquid jet. Rayleigh showed 

in 1879, that the breakup of a liquid is the consequence of a hydrodynamic 

instability[41]. Neglecting the ambient fluid, the viscosity of the liquid and the gravity, 

he demonstrated, that a circular cylindrical liquid jet is unstable with respect to 

disturbances of wavelengths larger than the jet circumference[41, 42]. 
 

 

𝜆 = 𝜋 ∗ 𝐷 Equation 2-3 
 

 

Equation 2-3 is called the Rayleigh instability criterion, where λ is the wavelength of 

the perturbation and D the jet diameter[43]. The effect can be used to force a defined 

liquid stream to break up through the influence of a circular vibration. A disturbance 

on a liquid stream leads to uniform droplets when the dimensionless wavelength k 

lies in the range between 0.3 and 0.9 (see equation 2-4)[43]. 

 

𝑘 =
𝜋 ∗ 𝐷 ∗ 𝑓𝑔

𝑢𝐷
 Equation 2-4 

 

The parameter fg is the frequency of the vibration and uD is the velocity of the jet 

stream. The minimum and the maximum vibrational frequencies to generate uniform 

droplets out of a liquid jet at given values for jet diameter and velocity can be 

calculated. Dependent on the jet velocity, vibrations with the frequency fg can 

produce disturbances with the wavelength λ according to  equation 2-5[43]. 

 

𝜆 =  
𝑢𝐷
𝑓𝑔

 Equation 2-5 

 

The velocity of the liquid jet uD can be calculated through equation 2-6[43]. 

 

𝑢𝐷 = �
2 ∗ ∆𝑝
𝜌

 Equation 2-6 
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Thus with known jet diameter and velocity the droplet diameter d can be calculated 

through equation 2-7. 

 

𝑑 = �
3 ∗ 𝑢𝐷 ∗ 𝐷2

2 ∗ 𝑓𝑔
� Equation 2-7 

 
 

That means that it is possible to generate droplets with defined diameters. 

Monodisperse droplet generators consist of a tube with a surrounding piezoelectric 

ceramic ring. A constant flow of liquid through a reversible aperture inside of the 

orifice creates a defined jet. Setting fg to a suitable value forces the jet to break up 

into a droplet chain comprised of identical units.  

There are only a few publications of this application in spray drying on laboratory 

scale[42, 44]. It might be a useful approach for the preparation of flowable powders 

through spray drying. 
 

Another special designed nozzle classified here is the so-called LAMROT. The basic 

principle of the LAMROT is a rotary atomiser that contains several channels. In these 

channels the liquid flow is kept in a laminar mode. At the channel exit, it changes 

into free jets which disintegrate according to the Rayleigh type giving a narrow size 

distribution. The LAMROT is discussed in detail by Schröder and Walzel[45, 46].  

 

2.1.2 Spray-Gas Mixing 

This stage of the process is to obtain intense mixing of the atomised liquid and the 

hot gas. Atomisation can be classified in vertical or horizontal. In the former case the 

air flow is invariably co-current, while in the latter case the air flow can be co- or 

counter-current[17]. Chaloud et al. suggested that a high degree of turbulence is 

necessary in spray dryers to ensure good mixing and hence sufficient drying rates[47]. 

Newton lists some literature in respect of techniques to investigate the air flow in a 

spray dryer[17].  
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Spray dryers can operate in co-current, counter-current or mixed-flow mode. Figure 

2-8 shows the three flow modes.  

 

 

Figure 2-8: Schematic presentation of the three flow modes usually used in spray drying, 
adapted from Filkowa et al.[38] (left: co-current, middle: counter current, 
right: mixed flow mode) S: Spray, F: Feed, G: Gas, P: Product 

 

2.1.3 Droplet Drying 

Drying is the removal of water or organic solvent from the feedstock until it is 

completely or almost moisture-free. Moisture can be bound, e.g. as adsorbed, 

capillary-retained or chemically-bound moisture or unbound. Only free moisture can 

be readily removed by evaporative drying.  
 

During evaporation of a droplet two simultaneous processes occur: heat is 

transferred from the environment to the colder droplets, and the mass of the 

vaporized moisture is transported into the air through the saturated barrier layer 

surrounding each droplet. The drying rate can be expressed by the following 

equation[48]: 
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𝑑𝑑
𝑑𝑡

= −𝑘𝐴�𝜌𝑣,𝑑 − 𝜌𝑣,𝑎� Equation 2-8 

 

where dm/dt refers to the rate of the mass loss of the droplet, k is the water 

diffusion coefficient and A is the droplet surface area; ρv,d and ρv,a are the vapour 

concentrations at the droplet surface and in the surrounding medium, respectively. 

ρv,d is a time-dependent parameter. The vapour pressure from solutions of dissolved 

solids is reduced compared to the pure liquid. Hence, the driving force for mass 

transfer is also reduced. The evaporation rate of solutions therefore is decreased 

compared to pure liquids.  
 

The amount of transferred heat and mass also depends on the velocities of the 

droplets and of the air, and the temperature and humidity differences between the 

droplet and the drying gas[33]. To keep drying rates at a high level, cooled humid air 

has to be replaced by hot air with a low humidity. The temperature difference can be 

estimated by the logarithmic mean temperature difference (LMTD) as defined by 

Masters[33]. ∆T0 and ∆Tl are the temperature differences between droplet and air at 

the beginning and the end of the evaporation period.  
 

 

 

 

𝐿𝑀𝐿𝐷 =
∆𝐿𝑜 − ∆𝐿𝑟

2.303 ∗ 𝑙𝑙 �∆𝐿0∆𝐿𝑟
�

 Equation 2-9 

 

 

 

 

Depending on the moisture form (bound or unbound) that is removed during spray 

drying, the surface temperature of the droplet/particle changes with respect to time 

through a four-phase process (see Figure 2-9).  
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Figure 2-9: Temperature profile for the inside and the outside of a droplet/particle 
during spray drying (according to Maa and Hsu[49]) 

First (in phase 1), the droplet is heated up by the drying gas until its surface reaches 

the wet bulb temperature (Twb). The latter is the temperature of the droplet surface 

at 100% relative humidity. During the second phase the droplet surface stays at the 

constant level of Twb as long as diffusion of unbound moisture from the droplet 

interior keeps a saturated surface humidity. During this step the droplets shrink 

while the remaining liquid concentrates[50]. Evaporation takes place with a constant 

rate during this “constant rate” period. The majority of the moisture is eliminated in 

phase 2. According to Masters[33] the drying rate of solution droplets can be 

calculated by: 
 

 

 

𝑑𝑑
𝑑𝑡

=
2 ∗ 𝜋 ∗ 𝐾𝑑 ∗ 𝐷𝑎𝑎 ∗ ∆𝐿

𝜆  Equation 2-10 

 

Kd is the thermal conductivity of a gaseous film surrounding the evaporating droplet, 

Dav the the average droplet diameter between t = 0 and the end point of the 

constant rate period, ∆T the temperature difference between the surrounding drying 

gas and the droplet or particle surface, and λ is the latent heat of vapourization. The 

constant rate period ends when the moisture content of the droplet falls to a critical 

value. This critical point is reached when the moisture content is too low to maintain 

saturated conditions at the droplet surface.  
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During the third phase a first solid crust is formed at the surface of the droplet. The 

dried shell contains some residual moisture while the core has the same moisture 

content as at the end of the constant drying period. However, evaporation 

continues, but from this point on it depends on the capillary flow and the rate of 

moisture diffusion through the shell. The mass transfer becomes less, owing to the 

increasing resistance caused by the solid phase[51]. This happens under the 

assumption that the liquid inside does not reach its boiling temperature. The crust 

could raise the pressure inside of the particle which may lead to rupture or 

disintegration, when the vapour cannot be released through the pores of the curst. 

The average rate of evaporation during this period can be described by[33]:  

 

𝑑𝑚
𝑑𝑡

=
−12 ∗ 𝐾𝑑 ∗ ∆
𝜆 ∗ 𝐷𝑐2 ∗ 𝜌𝑠

 Equation 2-11 

 

 

Dc is the droplet/particle diameter at the critical point and ρs the density of the solid. 

The crust formed is a substantial obstacle for moisture evaporation and its thickness 

around the liquid core increases with time. The consequence is a continuous 

decrease in the evaporation rate in this “falling rate” period. During this period the 

rate of the heat transfer inside of the particle exceeds the mass transfer rate. Hence, 

the temperature rises until it reaches the dry bulb temperature (Tdb) of the drying 

gas[50]. Higher inlet temperatures lead to earlier crust formation and therefore higher 

heat strain on the particle. Spray drying at lower inlet temperatures otherwise leads 

to lower drying rates and maintains the wet-bulb temperature for a longer time.  
 

In phase 4 the drying is completed and the particles stay at the outlet temperature 

Tout of the drying system. They attain the residual moisture content in equilibrium 

with the surrounding gas[49].  
 

The constant rate period is therefore where the droplet surfaces are saturated and 

cool. Hence, there is limited danger of heat damage for the product[33]. The surface 

temperature is substantially lower than Tout due to heat dissipation by evaporation. 

The temperature of the particle in general stays at least 15-20°C below Tout
[52]. 
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Figure 2-10: stages of drying of a solid containing droplet according to Farid et al.[50] 

 

A large-enough residence time in the spray dryer is necessary for sufficient removal 

of moisture. In a single-stage co-current spray dryer the minimum residence time of 

a droplet/particle can be estimated to be the same as the residence time of the hot 

air. The latter can be calculated by dividing the chamber volume Vch by the air flow of 

the drying air Qda. To achieve the preferred low moisture contents of the dried 

product, Qda has to provide enough heated air for sufficient drying. But it must not 

be so high that the droplet/particle residence time within the chamber becomes too 

short. The moisture level decreases as long as the particle stays inside the spray 

dryer. Tout has to be high enough, hence, to continue the drying process. The true 

product residence time is higher than the calculated air residence time. Particles can 

be entrapped in recirculating air-flow regions or can be deposited at the chamber 

inside wall. Finally they can be transported through the chamber at lower velocities 

because the air velocity in the chamber can be reduced in certain regions[33]. 
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2.1.4 Particle Collection 

Following the drying process, the dried particles are collected by appropriate 

devices. This can be a collection vessel directly below the chamber. The particles may 

also leave the chamber together with the outflowing air. In this case, the separation 

takes place afterwards in appropriate devices like cyclones, bag filters or 

electrostatic precipitators. In the latter two cases a scraper device is necessary to 

obtain the dried product. Expensive or toxic products require a separation rate close 

to 100%, whereas for cheap and uncritical products lower rates can be accepted[33].   
 

The most commonly used powder collection devices are cyclones. They separate the 

particles from the air via centrifugal forces created by setting air into a fast rotational 

motion (see Figure 2-11)[26]. Air carrying powder particles from the drying chamber 

enters the cyclone tangentially through an opening which ends in a cylindrical body. 

The air stream therefore follows a strong vortex movement whereby a spiral pattern 

arises. The cylindrical body is followed by a conical section where the gas velocity 

and therefore the centrifugal force on the particles increase. The larger and denser 

particles are to slow to follow the gas stream, strike the glass wall and fall down into 

the product collector vessel at the bottom of the cyclone. The direction of the vortex 

changes when it reaches the bottom. The air which still contains the smallest 

particles leaves the cyclone on the top side. Maury et al. showed that the dimensions 

of a small cyclone strongly influence the particle collecting efficiency[53]. Cyclones can 

have a special coating on the inner side of the cyclone wall to reduce powder build-

ups[54]. 
 

Two parameters are necessary to describe the particle size that can be removed by a 

cyclone, the critical particle diameter and the cut-off size. The first is the minimal 

particle size that can be completely removed from the gas flow. For any cyclone 

there is no sharply defined particle size which is either 100 % removed or 100 % 

exhausted. As shown by Masters the grade efficiency curve for real conditions (AED) 

differs from the theoretical line (ABC) as shown in Figure 2-12. 
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Figure 2-11: Inner and outer vortex in a cyclone, taken from Büchi[32] 

 

The theoretical critical particle diameter lies between 10 and 20 µm. However, in 

practice a 100 % separation is achieved for particles which exceed a diameter of 105 

µm[33]. 

 
Figure 2-12: Theoretical and actual grade efficiency curves, according to Masters[33] 
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The cut-off size, d50, is more suitable to describe separation. It is defined as the size 

for which 50 % collection efficiency is achieved. Shaw et al. described in 2003 the 

calculation of the cut-off size as presented in equation 2-12 [55]: 

 

𝑑50 = 𝐾𝑐�
9 ∗ 𝜂 ∗ 𝑄

𝜋 ∗ 𝜌𝑝 ∗ 𝑍0 ∗ 𝑉𝑎𝑖2
 Equation 2-12 

 

𝞰 is the air viscosity [Pa*s], Q the volume flow rate through the cyclone [m³/h], ρp is 

the particle density [kg/m³], Z0 is the outer vortex length [m] and Vin represents the 

cyclone inlet velocity. Kc is a correction factor for the influence of the particle size 

distribution and varying cyclone design. 

  

2.1.5 Particle Size and Morphology 

The size of spray dried particles depends on the conditions of atomization and drying 

conditions. Table 2-2 shows a summary of the most important parameters of a two-

fluid nozzle: 
 

 

 feed rate nozzle orifice size nozzle pressure feed concentration 

particle size 

( + )  

more fluid 

to disperse 

( + ) 

larger formed 

droplets 

( - ) 

more energy and 

higher shearing  

( + ) 

earlier formation 

of solid crust 

Table 2-2: Process parameters that influence the spray dried particle sizes, according to 
Anish et al.[56] 

(+) means an increase, (-) a decrease in average sizes with increasing value 

 

Maa et al. described a relationship between droplet and particle size is given in 

equation 2-13[57]. 
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𝐷𝑠 = �
𝐶
𝜌𝑝
�

1
3
∗ 𝐷𝑑  Equation 2-13 

 

 

Ds and Dd are the diameters of the solid particle and the droplet respectively. C is the 

total solid concentration in the liquid feed [kg/m3] and ρp is the particle density 

[kg/m3]. Elversson et al. found an almost linear correlation between droplet and 

particle diameters[58].  
 

During evaporation the droplets suffer size and morphological changes. Since 

atomizers in spray drying generate droplet distributions the influence on single 

droplets is different. Some particles expand, while others collapse, rupture or form 

holes. Some particles can also disintegrate or form agglomerates. Every droplet is 

dried under slightly different rate conditions of temperature and humidity gradients, 

air velocities or the degree of mechanical stress.  
 

According to Walton there are three different kinds of particle morphology[59]: 

 

 Skin-forming: Particles consist of a non-liquid phase. This may be a polymer 

or submicron primary particles or crystals.  

 Crystalline: Particles consist of large individual crystal nuclei, bound together 

by a continuous microcrystalline phase. 

 Agglomerate: Particles are composed of smaller individual grains, bound 

together by sub-micron fines, e.g. material less than 1 µm. 

 

This classification is inconsistent. Beyond these three types particles can also vary in 

several different other ways, such as hollow or solid, collapsed, cracked and with or 

without cavities, craters or fractures.  
 

Masters defines phase 1 of particle formation as the contact of the droplet with the 

hot air. Phase 2 is the formation of a dry crust. Finally, phase 3 is the differentiation 

in various shapes and structures, like (1) solid, (2) shrivelled, (3) hollow, (4) 

cenospherical and (5) disintegrated (see Figure 2-13).  
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Figure 2-13: Particle shapes formed during spray drying. Taken from Masters[15]. 

 

Vehring published a more detailed description of spherical spray dried particles[20].  A 

core is the innermost part of a sphere surrounded by one or more layers. A shell is a 

firm outer layer which determines the morphological structure. In contrast, a coat is 

only a thin layer without structural hardness. Figure 2-14(a) and Figure 2-14(b) show 

idealized spheres obtained through spray drying, with or without a core. 
 

Figure 2-14(c) and Figure 2-14(e) can be characterised as solid foams. In contrast to a 

gas filled void, cells are defined by a surrounding layer. In the case of a closed cell 

structure (c) the membranes remain intact, while in an open cell structure (e) the 

membranes have ruptured. Figure 2-14(d) and Figure 2-14(f) show schematic 

examples where the dispersed phase consists of smaller particles, usually 
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nanoparticles. Either they form a composite shell or they remain dispersed in the 

continuous phase. The latter case (g) is called a dry emulsion[60, 61].  

 

 
Figure 2-14: Schematic representation of particle morphologies according to Vehring[20] 

 

 

Spray drying of colloids often results in doughnut-shaped or wrinkled particles. The 

mechanism of formation is described by Tsapis in 2005[62]. Since proteins form 

colloidal solutions, spray dried protein powders may have issues in respect to 

flowability due to the irregular particle morphology.   
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2.2 Proteins in Spray Drying 

2.2.1 Protein Properties 

Several heat-sensitive proteins have been successfully spray dried[19]. Nevertheless, 

the spray drying of pure protein-containing solutions leads to substantial worries 

about inactivation[63] as a result of damage to its structure elements.  

 
 

2.2.1.1 Primary structure 

 The primary structure of a protein is the most basic structure. It corresponds to the 

amino acid sequence. Human proteins are composed of L-configured amino acids 

only. The condensation of the amino-group and the carboxyl-group of the two amino 

acids results in a dipeptide. On the ends there again are both one free amino and 

one free carboxyl group. Further condensation leads to an oligopeptide with 10 to 30 

amino acids and later on to a polypeptide. In the usual scientific perspective a 

protein is a polypeptide that consists of at least 100 amino acids. Some disulfide 

bridges may exist which are also considered as part of the primary structure[64].  

 

 
Figure 2-15: Example of a protein primary structure 
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2.2.1.2 Secondary structure 

Interactions between individual amino acids lead to the formation of an intra-chain 

specific steric conformation.  According to Kabsch et al.[65] these interactions are due 

to hydrogen bonds between amino and carbonyl groups of the peptide bonds. There 

are only a few conformal structures observable, known as secondary structure 

elements of a protein. Three main types can be distinguished:  
 

 

 α-helix 

 β-sheet 

 random coil 

 

 

Figure 2-16: Secondary structure elements, taken from Cozzone[66] 

 

Both α-helices and β-sheets are formed by folding the amino acid chain. The natural 

environment for proteins is aqueous. Therefore hydrophobic side chains are directed 

to the core. For neutralization of the highly polar NH- and CO- groups hydrogen 

bonds are built[65, 67]. The β-sheets can be either parallel or anti-parallel, which 

influences the dimensional arrangement of the protein. Beyond these two structures 
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proteins contain regions without specific arrangement, called random coil. They have 

a major physiological importance since they are involved in the conformational 

formation of specific structural elements. They can participate in binding sites and 

active centres of enzymes[67]. In 1988 Richards et al. identified secondary structure 

elements that form so-called motifs by organization in a certain geometric 

arrangement[68]. These motifs are not further classified but can be found frequently 

in proteins. 

 
 

2.2.1.3 Tertiary structure 

Pharmaceutical relevant proteins are of a globular shape. This appearance is caused 

by interactions between different amino acids that are located at a great distance 

from each other. Hydrophobic regions are directed to the centre to minimise the 

interaction potential with the hydrophilic environment of the protein. Since these 

intramolecular interactions are mainly determined by the chain sequence, the 

tertiary structure is predefined for every protein. Chothia et al. discussed the 

similarities between different proteins that are known to consist of similar amino 

acid sequences[69]. Simons et al. showed the similarity in tertiary structure of a 

natural protein and the structure of a synthetic built amino acid chain of the same 

composition[70]. Of all theoretically possible foldings, the protein finds the 

thermodynamically lowest energetic and therefore most stable conformation [71].   

 
 

2.2.1.4 Quaternary structure 

A protein can be built either of one single polypeptide chain or be composed of 

several identical or different chains that are associated with each other. The specific 

arrangement of the chains is called quaternary structure. In Figure 2-17 the three 

dimensional appearance of catalase is shown.  
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Figure 2-17: 3D-view on the quaternary structure of bovine catalase, consisting of four 
identical sub-units. Taken from the Protein Data Bank Europa (PDBE)[72] 

 

 

The polypeptide chains are held together through non-covalent forces like hydrogen-

bonds or ionic and hydrophobic interactions. In most cases the protein can 

accomplish its physiological task only when all sub-units are associated together[73]. 

Sometimes the sub-units can still work on their own[74].  

 

2.2.2 Enzymes 

Two types of proteins have to be distinguished; structural proteins like keratin, or 

collagen filaments. Enzymes are proteins with a globular shape with biocatalytic 

function in living cells[75].  As catalysts they lower the activation energy of 

biochemical reactions. The first description of the function of an enzyme was 
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established by Emil Fischer in 1894[74]. In his publication he discussed the lock-and-

key-model, an analogy that a substrate molecule binds the enzyme like a key in a 

lock. In 1944 the induced-fit-theory was put forward[76]. In this hypothesis it is stated 

that enzymes have to undergo conformal changes to bind to a substrate. Later it was 

adapted by Koshland, who claimed the flexibility of enzymes[77]. For the conversion 

of a substrate, it first binds to the active site of the enzyme. The flexibility of the 

enzyme allows the change of its conformation for performing its enzymatic activity.  

 

2.2.3 Protein Structure and Inactivation 

During spray drying the rapid changes in droplet temperature and moisture content 

influence an enzyme directly in its conformation. Lee illustrated how the spray drying 

of pure peptide solutions can lead to substantial damage[63]. Possible stress factors 

that the protein experiences during spray drying are illustrated in Figure 2-18. 

 

 
Figure 2-18: Schematic representation of possible stresses on a protein during spray 

drying, taken from Lee[63]. 
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2.2.3.1 Influence of Surface Adsorption 

 

In 1999 Millqvist et al. investigated the adsorption of trypsin on the surface of spray 

dried particles[78]. Although only 5.0 % of the total solid amount in the liquid feed 

was trypsin, they found an over-representation at the surface. It covered 65.0 % of 

the surface area. That suggests that proteins are adsorbed at the droplet surface 

during the drying process. Maa et al. asserted that proteins tend to the interfaces 

due their amphiphilic nature[79]. These interfaces are generated during the 

formulation of proteins, e.g. filling of vials, mixing, filtration processes or spray 

drying. This can result in unfolding or the molecule. Hydrophobic regions which are 

normally directed to the core of the protein become exposed and therefore may 

interact with chains of other molecules. That can lead to the formation of 

aggregates[79, 80].  
 

Proteins can be distinguished in “hard” and “soft”. Hard proteins are considered to 

be resistant against conformational changes due to their rigid structure. They have a 

high resistance against denaturation which in some cases is explained by 

intramolecular covalent disulfide bonds. Soft proteins are highly hydrophobic and 

show a high degree of flexibility which makes it easy to rearrange their tertiary 

structure. Therefore they tend to greater foam formation upon shaking due to their 

higher affinity to interfaces[80].  
 

According to Landström et al. there may be several reasons for the adsorption of a 

protein on the surface[81]. It is assumed that it is a process which is controlled by the 

diffusion rate and the surface activity of the protein. It is considered to be a three-

step process; first, there is the diffusion of the protein to the subsurface region, 

followed by adsorption to the air/liquid interface. Finally conformational 

rearrangement of the adsorbed molecule at the surface occurs. Tripp et al. 

investigated the surface activity of proteins. For globular proteins approximately 50.0 

% of the monolayer surface concentration must be achieved before a decrease in 

surface tension can be observed[80] (see Figure 2-19).   
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The diffusion rate should influence the adsorption. But Landström et al. studied 

competitive adsorption between bovine serum album and β-lactoglobulin which 

have different diffusion coefficients (6.7*10-11 m2/s and 9.7*10-11 m²/s)[81]. They 

showed that the adsorbed fraction of each protein at the surface was nearly the 

same as the protein fraction in solution. That means, that the protein adsorption 

during spray drying is not rate-limited by the diffusion rate and the surface activity 

alone.  
 

Millqvist et al. explain that adsorption at the surface may lead to two kinds of 

inactivation. First, the thermal influence is increased because the droplet 

temperature is the highest at the surface. Secondly, interactions between the 

protein and the surface lead to some inactivation[78]. They also suggest that 

inactivation during spray drying due to adsorption is independent of the protein 

chosen.  

 
Figure 2-19: Idealized diagram of dynamic surface tension-coverage relationship[80] 

 

1. Induction time, low to half monolayer surface coverage 
2. Rapid surface tension decrease, half to full monolayer coverage 
3. Mesoequilibrium surface tension, slow further decrease in surface tension, due 

to conformational changes (unfolding) and packing rearrangements 
4. Equilibrium (steady-state) surface tension 
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2.2.3.2 Influence of the Shear Stress 

 

During the spray drying process proteins are exposed to several shear stresses: 

shaking, pumping and atomisation through the nozzle. Shear stress can cause 

structural changes and inactivation of proteins, although the effect is not completely 

explored. Freitas et al. indicated that shear forces increase the kinetic energy of the 

system[82]. Maa et al. showed that some shear stress alone during a typical spray 

drying process does not harm some proteins[83]. However, shear rates from 

atomisation usually are in the range of 104 -105 s-1. These shear rates increase the 

liquid/gas interface renewal and therefore enhance the interaction of proteins with 

interfaces[84].  

 

2.2.3.3 Influence of the Temperature 

 

The structure of proteins depends on hydrogen bonds for the maintenance of the 

secondary, tertiary and quaternary structures. It is known that increasing 

temperature weakens hydrogen bonding, while hydrophobic interactions are 

strengthened[85]. At some point the temperature disrupts these non-covalent forces, 

which leads to an increase in flexibility and therefore partial unfolding. With higher 

temperatures the collision frequency increases, resulting in a propensity to 

aggregation and therefore loss of biological activity. All peptides lose their native 

structure when exposed to sufficiently high temperatures[86]. This thermally-induced 

denaturation process can be either reversible or irreversible depending on the ability 

of the protein to return to its native structure when returning to ambient 

temperature[87]. The thermal denaturation of a protein includes several stages as 

shown in Figure 2-20. 
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Figure 2-20: Stages of protein unfolding (left) and energetic illustration (right), according 
to Brange[87] 

 

The first step is the transition of the molecules from the native state (N) to a molten 

globule (MG). The thermodynamic stability of the native form is only marginal with a 

difference in free energy of about 5 to 20 kcal/mole to the unfolded and 

physiological inactive state[86]. Molten globules are intermediates between the fully 

folded and the highly unfolded state. They contain extensive secondary structure but 

only loose and disordered tertiary structure without tight side-chain packing. Xie et 

al. showed that the fraction of all intramolecular hydrogen bonds which is broken is 

similar to that involved in tertiary structure[88]. This results in a higher molecular 

flexibility. More non-polar groups of the protein can be exposed to the outside. That 

leads to a more hydrophobic state resulting in a tendency to aggregate[89]. The total 

amount of hydrogen bonding may provide the most general explanation for the 

thermal stability of proteins[90].  
 

After atomisation during a spray drying process a protein comes into contact with 

the hot drying medium which may denature it. Although the temperatures in spray 

drying processes are high, the contact time between droplets and the hot air is very 

small[84]. The surface temperature of the droplet does not exceed Tout (see section 0). 

However, Adler and Lee showed a decrease of residual enzyme activity of spray dried 

lactate dehydrogenase with increasing Tout
[91]. Mumenthaler et al. demonstrated the 

importance of temperature and contact time on human growth hormone (hGH) and 
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tissue plasminogen activator (t-PA)[52]. For both proteins the exposure to 

temperatures of about 80°C resulted in a time dependent formation of aggregates.  
 

Operating the spray dryer at a lower inlet temperature, however, represents 

undesirable manufacturing conditions. The residual moisture content would be high, 

leading to poor storage stability[92, 93].  

 

2.2.3.4 Influence of Dehydration 

In the dried state products are more stable than in solution since degradation 

reactions are moisture dependent. Nevertheless, proteins need a certain amount of 

water to maintain their three-dimensional, native conformation[94]. In aqueous 

solution proteins are covered by a mono-layer of water molecules to interact with 

the hydrophilic residues. The removal of the water might lead to structural changes 

and protein denaturation[95].  
 

Apart from the protein the liquid feed may contain excipients like salts, organic 

compounds or buffers. Removal of water causes changes in the composition[96], e.g. 

salt concentration which may lead to an alteration in electrostatic interactions 

between charged amino acids. A change in buffer concentration may shift the pH of 

the solution. Both can cause or at least promote denaturation[96]. 

 

 

2.2.4 Principles of Protein Stabilization during Spray Drying 

Any activity loss during spray drying means a reduction in the quality of the final 

product. Although some proteins can successfully be spray dried without excipients, 

they are necessary in most the cases to improve the process and storage stability. 

Because enzymatic inactivation can be caused by a number of different mechanisms, 

the stabilizing principle must be adapted to retain the entire activity after 

rehydration.  
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2.2.4.1 Stabilising Effect of Surfactants 

The adsorption of proteins on the droplet surface during spray drying is a problem 

because of conformational changes of the protein at the air-liquid interface. To 

prevent the accumulation at atomisation newly-created surface, non-ionic 

surfactants like polysorbates or Brij®-type surfactants can be added to the liquid 

feed. Shoyele et al. suggest that surfactants are able to exclude the protein from the 

surface[97]. Therefore the protein is forced to stay in its bulk aqueous environment 

which protects its conformation. In several publications it was shown that the 

addition of polysorbates 20 can prevent the formation of insoluble aggregates during 

atomisation up to 50.0%[98, 99]. A further benefit of surfactant addition is an improved 

reconstitution of the powder[99]. 

 

2.2.4.2 Impact of Carbohydrates 

Selivanov examined the effects of several carbohydrates upon the activity of 

cellulase after spray drying[100]. Millqvist et al. discussed the stabilisation of trypsin 

when mixed with different polyols[78]. As suggested by Lee, the underlying 

mechanisms of preferential exclusion, water replacement and glassy immobilisation 

might be the same in spray drying[63].  
 

Preferential Exclusion is a concept established 1982[101].The authors suggested that 

sucrose as a negatively surface active compound is preferentially excluded from a 

protein’s surface, leading to an enrichment of water in the direct environment of the 

protein. The free energy of the system therefore increases. To minimize the surface 

from which water has to be excluded, the protein adopts the conformation where its 

surface area is minimal[102]. Hence, the barrier for inactivation is harder to overcome 

and the protein is protected against unfolding.  
 

In general there are two different mechanisms related to preferential exclusion. It 

can be due to steric hindrance, if the molecules are too large to get close to the 

protein surface. As a consequence water molecules contact with it. These substances 
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are called crowders in the literature[103]. In the second case, charging effects reject 

the adjuvant from the protein surface.  
 

Preferential exclusion is found for other carbohydrates apart from sucrose and 

moreover for glycerol, amino acids, polyols and polyethylene glycols[95, 103]. Some of 

these substances known to protect a protein via preferential exclusion were found to 

have no protective effect in a dried formulation, so that the protective mechanism in 

the dry state is a different one[104].  
 

Water Replacement is the second way of stabilizing a protein during drying. Since the 

natural environment of a protein is water, the loss of the water shell during the 

drying process is related to the unfolding of the molecule. It is known that some 

substances are able to substitute the hydrate shell around globular proteins and 

therefore stabilize the conformation[105]. The hydroxyl groups of carbohydrates and 

polyols can form hydrogen bonds at the protein surface when the water molecules 

are removed. There is a substantial difference in the stabilizing potential of various 

substances; disaccharides perform better than polysaccharides which is considered 

to be a steric problem[54, 96]. Water replacement is referred to as a thermodynamic 

stabilisation, where the equilibrium between the native and the unfolded state is 

shifted in favour to the native state. Chang found that there is a maximum of 

stabilisation for every additive due to limited numbers of hydroxyl binding sites 

offered by the protein[105].  
 

In the solid state carbohydrates can form a glass-like structure upon drying. This 

glass can act as rigid matrix which traps the proteins and kinetically immobilizes their 

conformation[105], a concept described as Glassy Immobilisation or Glass Dynamics 

Hypothesis. The glass-like state of an amorphous substance depends on the moisture 

content and the temperature. Therefore specific storage conditions for the dried 

product are necessary. The temperature where the state changes from the highly 

viscous glass-like state to a state of decreased viscosity, is called Tg. Temperatures 

over Tg have to be avoided since the protein may unfold. Good storage conditions 

should be 50 °C below the Tg
[106]. The most often used carbohydrates are sucrose or 
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trehalose, both of which are known to work proper and to be chemically inert[105]. It 

is assumed that the stabilizing mechanisms overlap and that one excipient can 

stabilize a protein in more than one way[63]. A well formulated mixture of more than 

one protective additive may be necessary for each protein since spray drying is a 

process with several process steps.  

 

 

2.2.5 Investigations of Inactivation Kinetics 

An overview of literature references containing relevant experiments on the 

enzymatic inactivation during drying processes is given by Sloth[64]. Wijlhuizen et al. 

assume that the inactivation of alkaline phosphatase may be described by a first-

order relationship[107]. Their theoretical simulations showed that the enzyme 

inactivation occurs primarily in the falling-rate period and is strongly dependent on 

both particle temperature and moisture content. Daemen applied the well-known 

Arrhenius relation[108] to describe the inactivation rate k in dependency on the 

temperature   

 

𝑘 = 𝐴 ∗ 𝑒�
−𝐸𝐴

𝑅∗𝑇� � Equation 2-14 

 
 

where the parameter A is a reaction rate coefficient which is dependent on process 

properties like the residual moisture concentration, EA is the activation energy of the 

process, R is the gas constant (= 8,31 𝐽 (𝑑𝑚𝑙 ∗ 𝐾)⁄ ) and T the temperature. It is 

possible to determine the activation energy of the enzymatic inactivation to describe 

the thermostability of a protein. It is also possible to compare the protective effect of 

different additives on protein activities.  
 

Etzel et al. suggest that the rate of inactivation also depends on the residual water 

content in the spray dried particles[109]. While solidification is considered to extend 
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the shelf life of a chemical product, it is important for a protein powder to contain a 

certain amount of water to maintain the native conformation. 
 

Researchers agree that the main inactivation occurs in the falling-rate period of the 

drying process[107, 110]. The constant-rate of drying removes most of the moisture. 

Nevertheless, the actual particle drying continues for the whole spray drying 

experiment. While the constant-rate drying time lies in the range of seconds, the 

entire residence time of the particle in the spray dryer including the collecting vessel 

can be up to half an hour. In this time period the protein particles are exposed to 

further thermal stress since they are in contact to the inside glass wall of the 

container. 
 

There is a third parameter that strongly influences the result of a spray drying 

experiment. Because of different particle sizes produced through a conventional 

atomiser, the individual drying time for each particle is different. Daemen showed 

that there is a linear relationship between particle size and the inactivation of 

phosphatase[108]. 
 

 

Figure 2-21: Phosphatase activity against solid content of the droplet which represents 
the drying time for different particle sizes (taken from Daemen[108]). 
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2.3 Flowability of Spray Dried Powders 

Powder flow is the relative movement of a bulk of particles among neighbouring 

particles or along a container surface. The forces involved are the internal friction, 

cohesion, adhesion and gravitation. The latter is the driving force for unaided flow. It 

can also cause compaction of the powder bed[111]. Flow means that there is a 

mechanical failure of the compacted powder bed. The most prominent flow criteria 

based on solid failure theories were first suggested and defined by Jenike[112]. Two 

cases have to be distinguished: 
 

Non-cohesive or free flowing powders are those in which inter-particle forces are 

lower than gravitation. Such forces may be developed under special conditions such 

as moisture adsorption, elevated temperature or static pressure[111]. However, as 

long as the powder is free-flowing the major restriction is the internal friction. It can 

be defined as[111]: 

 

 

𝜏 > 𝜇 ∗ 𝜎 Equation 2-15 

 

 

where τ is the shear stress, μ the internal friction coefficient and σ is the normal 

stress.  
 

Cohesive powders experience inter-particle forces which can lead to internal bridging 

(agglomeration)[111]. An analysis of these systems has to be more elaborated and has 

to include both the powder properties and the geometry of the system[112]. This is 

referred to be a caking problem which can vary from the formation of soft lumps to 

the total solidification of the powder bed[113]. 
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2.3.1 Flow Tests 

There are numerous experimental methods which describe the flowability of a 

powder. The most popular method is to let the powder flow through a laboratory 

funnel of different shapes. The flow can be spontaneous or aided by controlled 

vibrations. The flowability criterion is the mass flow rate. According to White et al. 

the powder flow can be described as follows:  

 

 

𝑀
𝑡

= 𝐾 ∗ 𝜓(𝜇) ∗ 𝜌𝑝 ∗ 𝑑0
2,5 ∗ 𝑙0,5 

Equation 2-16 

 

 

where M/t is the mass flow rate, K a constant, 𝜓(𝜇) a function of the friction 

coefficient, 𝜌𝑝the particles density, d0 the cone aperture and g the gravitational 

acceleration. The limitation of this equation, however, is that it cannot distinguish 

between different powders. When two powders do not flow, the method cannot 

provide a clear indication of the degree of cohesiveness or suggest different 

conditions under which flow may be possible.  
 

The simplest test from the technical point of view is the measurement of the angle of 

response. Several experimental designs are suggested in the literature[114, 115]. The 

angle the powders forms with the horizon is the measuring parameter. As a first 

approximation, powders with an angle of response below 40 degrees are free 

flowing, values above 40 degrees are likely to cause flow problems[111, 116]. There are 

two limitations for use in processing spray dried powders. The necessary amount of 

powder is around 100 grams and sticky powders cannot form a powder cone. 
 

An instrument to describe the cohesiveness of a powder is the flow factor tester 

designed by Jenike[112]. It provides shear force – displacement data. These can be 

used to calculate the cohesion force of a powder. This method is a reasonable option 

for pharmaceutical production scale. However, because of the large amounts of 
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powder necessary it is not always applicable in laboratory scale; especially for 

expensive proteins.  
 

According to White powders can be considered as free flowing when they are dry 

and when their particle size is above the level of 50 µm[117]. Spray dried powders 

usually are in size distribution range lower than this and tend to stickiness. 

Furthermore, Brown et al. showed that the results obtained with different 

techniques are significantly different and therefore incomparable[118]. 
 

Numerous other experiments have been evaluated in the literature, like the tensile 

strength tester[119], avalanche methods[120] and the vibrating capillary[121]. A promising 

approach for the laboratory scale is the Vibrating Spatula as described by Hickey and 

Concessio[122]. It combines the ability of using small amounts of powder and 

obtaining a factor for the flowability for both free flowing and sticky powders 

through fractal analysis.  

 

2.3.2 Fractal Analysis 

In some cases there is a degree of regularity in the organizational structure of a 

physical system’s behaviour. The flow of powders tends to present similar behaviour 

on different scales of observation[123] which can be represented with a parameter 

called the fractal dimension. A classical illustration of the fractal dimension is 

described by Mandelbrot[124]. A coastline seems very irregular. When measured with 

a certain spatial scale, ρ, the total length of the coastline L(ρ) is estimated as a set of 

N straight-line segments of the length ρ. Small details of the coastline therefore 

cannot be recognized at low spatial resolutions while they become apparent at 

higher spatial resolutions. Analytically, the relationship between the measuring scale 

ρ and the length L can be expressed as:  

 

𝐿(𝜌) = 𝐾 ∗ 𝜌 ∗ (1 − 𝐹𝐷) Equation 2-17 
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where K is a constant and FD is the fractal dimension. Its main use is to describe the 

irregularity of a given shape.  
 

Hickey et al. suggested that  the flowability of a powder can be described by its 

fractal dimension when the cumulative powder mass from a vibrating spatula is 

recorded against time[122]. This curve may have steps with different sizes depending 

on how irregular the powder flow is. Logarithms of the estimates of mass versus time 

line length can be plotted against the logarithms of characteristic stride lengths λ. 

This results in a straight line from which the slope ∆ can be calculated. The fractal 

dimension FD can be determined by: 

 
 

𝐹𝐷 =  1 − ∆ Equation 2-18 
  

 

The line length increases as the stride length λ is reduced which is a consistent 

consideration. Small stride lengths are necessary for irregularities in the flow pattern 

which cannot be detected by large stride lengths. Hence, a large value for the fractal 

dimension indicates a poor flowability and vice versa. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Proteins 

3.1.1.1 Catalase 

Catalase is tetramer with four identical sub-units with an overall molecular weight of 

250 kDa[125]. It was extracted from bovine liver and obtained by Sigma-Aldrich 

Germany. Each monomer contains a haem prosthetic group in the catalytic centre 

which is necessary for the catalysed reaction. Catalase does not require any 

activators, but it can be inhibited by e.g. cyanide, azide, hydroxylamine, 2-

mercaptoethanol and nitrate. About 60.0 % of the catalase structure is composed of 

regular secondary structure motifs, about 26.0 % count for α-helices and 12.0 % for 

β-structures[126]. The enzyme has a strong affinity for NADP.  According to Boon et al. 

the irregular structures play a major role in the formation of the quaternary 

structure[126]. Catalase is present in the peroxisomes of nearly all aerobic cells of all 

living organisms, with particularly high concentrations in the liver. A harmful 

byproduct of many normal metabolic processes is hydrogen peroxide which is 

considered to be damage cells and tissues. Catalase is used by cells to convert 

hydrogen peroxide into the less dangerous oxygen and water. In the literature the 

influence of a lack of catalase on type 2 diabetes is discussed[127]. Furthermore it 

contributes to the metabolism of alcohol in the body[128]. The temperature for 

catalase to work at an optimum is 45°C with a constant rate over a pH range of 4.0 –

 8.5[125]. The pure substance was obtained from Sigma Aldrich as lyophilized powder 

and used without further purification. The product was specified with 2.000 –

 5000 units/mg. One unit decomposes 1.0 µmol of H2O2 per minute at a pH of 7.0 at 

25°C what can be measured by a decrease in absorption at 240 nm using UV-

spectroscopy. The inactivation process of enzymes was investigated by Betancor et 
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al. in 2003. They demonstrated that the reversible dissociation to subunits is the first 

step, followed by conformational changes in the three dimensional structure of the 

monomers which results in irreversible inactivation[129].  

 

3.1.1.2 Lysozyme 

Lysozyme from chicken egg was purchased by Sigma-Aldrich Germany as a 

lyophilized powder with an activity of approximately 50.000 units/mg of protein. For 

the spray drying experiments it can be used without further purification. It is a small 

enzyme with a molecular weight of 14.3 kDa, comprised of 129 amino acids and 

classified as a glycosidase[130]. It preferentially hydrolyses the 1.4-glcosidic linkages of 

N-acetylmuraminic acid and N-acetylglucosamine, which are present in the cell wall 

structures of certain microorganisms. Therefore it is a valuable enzyme for the 

inherent immune system of all mammalians. It can be found in almost every human 

secretion. It is utilized for several economic purposes, e.g. as a cell-disrupting agent 

for the extraction of bacterial intracellular products, as a drug for the treatment of 

ulcers or as a food additive in milk products. Additionally it is used in research 

laboratories as model substance for biochemical or biophysical studies[131]. 

 

3.1.1.3 Phytase 

Phytase is classified as a phosphatase and catalyses the hydrolysis of phytic acid 

which is the major constituent of phosphorus in grains and oil seeds[132]. Phytic acid 

acts as storage form of phosphorus, but latter is indigestible. It is released as a usable 

form of inorganic phosphorus through phytase. The enzyme can occur in different 

species and has been found in animals, plants, fungi and bacteria[133]. It was obtained 

from Sigma-Aldrich Germany in analytical quality.   
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3.1.2 Excipients and Reagents 

Substances and reagents used in this work are summarized in Table 3-1. For all 

experiments water was double-distilled in an all-glass apparatus and filtered through 

a 0.2 µm filter (Sartorius RC, Sartorius Stedim Biotech GmbH, Goettingen, Germany) 

before use. Protein solutions were prepared directly before use and kept on ice at all 

times. Spray dried samples were stored in the fridge at -80 °C until they were 

analysed.  

 

Excipient Supplier Product number Lot number 

Proteins 

Lysozyme Sigma Germany L-7651 091K7021 

Catalase Sigma Germany C-9322 
010M7010V 

SLBB1797V 

Phytase Sigma Germany P-62970  

Buffer Substances 

Potassium phosphate 

monobasic 
Roth Germany P018.1 

38360681 

233201056 

Hydrochloric acid Sigma Germany 35328 SZE91400 

Sodium hydroxide Sigma Germany 35113 SZBC2430V 

Sodium phosphate 

dibasic 
Roth Germany 4984.1 441178153 

Glycine Sigma Germany 410225 K38127190801 

Sulfuric acid Sigma Germany 258105 BCBB4386 

Sugars/Polyols 

Lactose monohydrate Sigma Germany 61341 BCBJ2348V 

D-(+)-Trehalose 

dihydrate 
Sigma Germany T-5251 

SLBG7099V 

BCBC1189 

D-Mannitol Sigma Germany M-8429 086K01031 
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Catalase Assay 

Hydrogen peroxide Roth Germany 9681.1 421177452 

Potassium phosphate 

monobasic 
Roth Germany P018.1 

38360681 

233201056 

Potassium hydroxide Sigma Germany P-5379 052K0168 

Phytase Assay 

Ammonium molybdate 

phosphate 
Sigma Germany A-7302 MKBP6264 

Phytic acid Sigma Germany P-5681 109K5305 

Acetone Sigma Germany A-9421 BCBB4226 

Karl-Fischer Titration 

Hydranal Coulomat AG 

Oven 
Riedel-de-Haen 34739 3020B 

Hydranal Coulomat Riedel-de-Haen CG 34840 2151B 

Hydranal Humidity 

Absorber 
Riedel-de-Haen 34788 03390 

Nitrogen gas Linde - - 

Particle Size Determination 

Miglyol 812 Caelo Germany 3274 

12356904 

13317204 

13095303 

13177109 

13348505 

Sorbitane trioleate Caelo Germany 3459 13317204 

Other Substances/Materials 

Polysorbate 20 Sigma Germany P-1397 SZBA3190V 

0.22 µm Millipore filter Merck Germany GTTP03700 - 

Table 3-1: Substances used in this work 
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3.2 Methods 

3.2.1 Spray Drying 

Two spray drying devices were compared in respect of spray dried powder qualities 

and protein stability; a standard Büchi B209 (Büchi Labortechnik, Flawil, Switzerland) 

and a ProCept Formatrix 4M8 (ProCept Processing Equipment, Zelzate, Belgium). The 

4M8 was equipped with a HEPA air filter to remove any particles from the inlet air. 

The drying chamber could be elongated from the factory-set 1.4 m to 2.1 m. All 

experiments were done with the 2.1 m long unit unless noted otherwise. Some 

experiments were done on a further modified 4M8 device at the manufacturer’s site 

in Belgium. The entire chamber length was 5.6 m which could be heated up to 200°C.  
 

 

 

Figure 3-1: ProCept 4M8 spray dryer with elongated drying chamber 
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Figure 3-3: Detailed view on the standard parts below the drying chamber 

 

Figure 3-2: Nozzle types used in 
 the 4M8 device 

 
A: standard 2-fluid nozzle 
B: ultrasonic nozzle 
C: monodisperse droplet generator 



50 MATERIALS AND METHODS  
 

 

For sample preparation the adjuvants were dissolved in pure water, and the proteins 

in buffer, respectively. The solid concentrations varied from 5.0% to 40.0%, but in 

most cases it was 10.0% (w/w). Typically 10.0 ml of the liquid feed were spray dried. 

Both spray dryers were equipped with a collection vessel of glass. The liquid feed 

rate was at 1 ml/min. The inlet air was set to a flow rate of 500 l/min through the 

chamber for both spray dryers with an inlet temperature Tin in a range of 90°C to 

154°C. The liquid feed was delivered to the nozzles by a syringe pump (Lambda VIT-

FIT, Lambda Instruments, Brno, Czech Republic).  
 

A few experiments were performed on a Niro Mobile Minor (GEA, Copenhagen, 

Denmark).   
 

The spray dried samples were collected in Sarstedt tubes and stored in the fridge at  

-80°C.  

 

3.2.2 Nozzle types 

Both the Büchi and the ProCept device are delivered with standard two-fluid nozzles 

which were used for some experiments. The atomizing air pressure was usually set 

to 2 bar. For both spray dryers a 25 kHz ultrasonic nozzle (Sonotek, Milton, USA) was 

adapted and operated with an output power of 2 W. A 60 kHz unit was used for 

some experiments with the 4M8. For the experiments on the Mobile Minor a Schlick 

two-fluid nozzle (Düsen Schlick, Coburg, Germany) was used which was specially 

designed for producing large droplets.  It was operated with 2 bar and a liquid feed 

supply of 1 ml/min.  
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3.2.3 Monodisperse Droplet Generation 

For the generation of droplets as uniform as possible a Monodisperse Droplet 

Generator from FMP Technologies (Tennenlohe, Germany) was used. The 

atomisation theory is described in section 2.1.1.2 and the experimental setup is given 

in Figure 3-4. 
 

The liquid sample feed is supplied through a pressure tank. The adjusted pressure 

was at 2 bar which ensured a constant flow of liquid through the droplet generator. 

For most experiments only pure water or aqueous solutions of lactose or trehalose 

were used. A 2.0 µm Swagelok in-line filter was implemented to clear the liquid feed 

from any solid impurities to prevent orifice clogging.  
 

 

 

 

 

Figure 3-4: Monodisperse Droplet Generator; left: schematic view, right: picture  
of the device used in this project 
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The stream diameter was varied from 35 µm to 75 µm through different apertures in 

the nozzle tip. The adjusted frequencies for a stable droplet chain were in the range 

between 15 and 25 kHz, dependent on the liquid viscosity and the orifice diameter. 

Photos of the droplet chain were taken with a Canon EOS 60D reflex camera 

equipped with a close-up lens. For proper illumination a Fischer Nanolite 

stroboscope (Heinz Fischer, Belmont, USA) was applied. The frequency of the 

stroboscopic flash was synchronised with the exposure time of the camera. The 

experiments were performed by producing a stable droplet chain on the lab-bench 

before transferring the droplet generator into the spray dryer. 

 

3.2.4 Scanning Electron Microscopy 

For the characterisation of the particle morphology an Amray 1810T scanning 

electron microscope (Amray, Bedford, USA) was used, operated at 20 kV. The 

samples were fixed an aluminium sample stubs (Model G301, Plano) with Leit-C glue 

(Neubauer Chemikalien, Münster, Germany) and sputtered with gold in an argon 

atmosphere for approximately 1.5 minutes at 5 kV and 20 mA in a sputter unit 

(Hummer JR Technics, Munich, Germany).  
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3.2.5 Vibrating Spatula 

For the determination of the cohesiveness of the spray dried powders and 

flowability, a Vibrating Spatula (Gro-Mor Inc., Massachusetts, USA) was used. Figure 

3-5 shows the setup. 
 

  

 

Figure 3-5: Setup presentation of the Vibrating Spatula, connected to a Balance 

 

 

For each measurement 200 mg of spray dried sample was spread over the spatula. 

The measurement starts when the spatula is turned on to a defined vibration 

frequency and amplitude. A Sartorius LA 120 S (Sartorius, Göttingen, Germany) 

balance was connected to a PC and the powder mass flow over the time was 

recorded by software (SartoConnect, Sartorius, Germany; three measuring points per 

second). Every measurement was performed for maximal three minutes and 

repeated three times.   
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3.2.6 Particle Size / Droplet Size Distribution Measurement 

For the determination of the particle size distribution of the spray dried powders a 

MasterSizer 2000 laser diffraction which was connected to a Hydro measuring cell 

device was used (both Malvern Instruments Ltd., Worcestershire, United Kingdom). 

The dispersion medium was Miglyol in which sorbitane trioleate was admixed as 

wetting agent in a concentration of 1.0 %. An amount of powder of about 50 mg was 

filled in the measuring system directly in the Hydro cell. Every measurement was 

done in triplicate.  
 

The droplet size distributions of the atomising nozzles were also determined using 

the MasterSizer 2000, but the measuring cell was replaced by a self-constructed 

covering with a small hole in the top for insertion of the nozzles (see Figure 3-6).  
 

 

Figure 3-6: Housing for the MasterSizer 2000 measuring cell, for the droplet 
size determination of sprays 
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3.2.7 Wide-Angle X-Ray Diffraction 

The physical state of the spray dried powder samples was investigated with a Philips 

X’Pert MPD (Philips, Kassel, Germany) applying Copper Kα radiation (wavelength: 

0.154184 nm at 40 kV and 40 mA) in combination with a Ni-filter (thickness: 15 µm; 

that means, that Kα radiation is reduced by 48.0 % and Kβ radiation by 98.0 %). The 

measurements started at 0.5° and ended at 40.0° with a step size of 0.02° (time per 

step = 1 second). The diffractometer was equipped with a TTK-450 camera (Anton 

Paar, Graz, Austria) and the measurements were executed in a nitrogen atmosphere 

at ambient temperature. The spray dried powders were prepared on an aluminium 

sample holder (indentation width: 10.0 mm; length: 14.0 mm; width: 1.0 mm) and 

surface smoothened with a glass slide.  

 

3.2.8 Differential Scanning Calorimetry 

The thermal behaviour of the samples was determined by differential scanning 

calorimetry (DSC) in a Mettler-Toledo DSC 822e (Giessen, Germany; equipped with 

the STARe-software, Mettler-Toledo) with a liquid nitrogen cooler. About 5.0 to 10.0 

mg of powder was filled and sealed in 40 µl aluminium pans at ambient temperature. 

The measuring cell was purged with gaseous nitrogen (30 ml/min) to prevent 

oxidation in the inside. A second nitrogen flow was set to 100 ml/min to prevent 

condensation due to cooling. During the measurement all samples were kept at 25°C 

for 5 minutes, then heated up to 200°C (rate: 10°C/min) and kept there for 5 minutes 

again. After cooling down (with 10°/min), this heating step started all over again. For 

the determination of the melting point of the crystalline fractions in the spray dried 

samples the first heating step was taken. For the evaluation of the glass transition 

temperature, the midpoint of the glass transition during the second heating step was 

used to eliminate the interference from enthalpic relaxation.  
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3.2.9  Karl Fischer Titration 

The residual moisture contents of the spray dried powders were determined by Karl-

Fischer titration in a Methrom 831 Coulometer equipped with an Methrom 832 KF 

Thermoprep oven (both from Methrom, Filderstadt, Germany).  
 

Sample material of between 20 and 30 mg were weighed into glass-vessels and 

capped with a seal. The vessel was transferred in the oven and heated up to 130°C. A 

steel needle was pushed through the seal. Inside the needle there are two 

capillaries: from one a stream of dry nitrogen with a flow rate of 0.7 l/min is 

delivered. The nitrogen is mixed with the water vapour in the vessel; both can 

escape together through the second capillary. A tube transfers the gas mixture into 

the coulometric measurement cell. The measurement is automatically stopped when 

the amount of detected water falls under the level 10.0 µg/min. Before measuring 

the samples a blank value is determined as mean of three empty vials to eliminate 

the moisture content of the surrounding air. The result is calculated as percentage 

from the weighed portion. Every sample was measured at least three times. The 

mean value and the standard deviation were calculated and used for the evaluation.  

3.2.10  Enzymatic Assay of Catalase 

Catalase catalyses the enzymatic conversion of hydrogen peroxide to water and 

oxygen as shown in equation 3-1: 

 

2𝐻2𝑂2
          𝐶𝑎𝑡𝑎𝑟𝑎𝑠𝑟          
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 2𝐻2𝑂 + 𝑂2 Equation 3-1 

 

One unit of enzyme decomposes 1.0 µmol H2O2 per minute at pH 7.0 at 25°C, while 

the concentration of H2O2 decreases from 10.3 to 9.2 mM[125]. Since H2O2 absorbs the 

light at 240 nm, the decrease in adsorption can be measured by UV-spectroscopy 

and used for the concentration determination of catalase, as suggested by Beers and 

Sizer[134]. The measurements were performed with a PerkinElmer Lambda 25 UV/VIS 
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spectrometer connected to a PC with PerkinElmer UV WinLab software (PerkinElmer 

LAS GmbH, 63100 Rodgau, Germany). A 50 mM potassium phosphate buffer (reagent 

A) was prepared using potassium phosphate monobasic and demineralised water 

and adjusted to pH 7.0 using 1-M KOH solution. Reagent A acts as blank solution for 

the calibration of the spectrometer at 240 nm. A 0.0036% (w/w) hydrogen peroxide 

solution was prepared in reagent A and used as substrate solution for catalase. The 

absorbance of the pure reagent B has to be between 0.550 and 0.520, otherwise it 

cannot be used. A catalase sample solution (reagent C) containing approximately 50 

to 100 units enzyme per ml was prepared in cold reagent A. This corresponds to a 

portion of about 5 mg spray dried sample dissolved in a 100 ml volumetric flask. In a 

quartz cuvette 2.9 ml of the substrate solution (B) was mixed with 0.1 ml of enzyme 

solution (C) by inversion and immediately put into the spectrometer. The time tdec 

that is required for the A240nm to decrease from 0.45 to 0.40 absorbance units was 

recorded. Afterwards the activity of catalase can be calculated by equation 3-2: 
 

 

𝑈𝑈𝑈𝑡𝑈 𝑑𝑙 =
(3,45) ∗ (𝑑𝑓)
(min) ∗ (0.1)

�  Equation 3-2 

 
 

The factor 3.45 corresponds to the decomposition of 3.45 µmol of H2O2 in 3.0 ml 

reaction mixture producing a decrease in the absorbance from 0.45 to 0.40, df is the 

diluting factor, min represents the time in minutes required for the decrease in 

absorbance and the factor 0.1 stands for the volume in ml of the used enzyme 

solution. The activity in units/mg solid then can be calculated by equation 3-3: 
 

 

𝑈𝑈𝑈𝑡𝑈 𝑑𝑙 𝑈𝑚𝑙𝑈𝑑 =
𝑈𝑈𝑈𝑡𝑈 𝑑𝑙⁄

𝑑𝑙 𝑈𝑚𝑙𝑈𝑑 𝑑𝑙⁄�  Equation 3-3 

 
 

Untreated catalase was set to 100.0% and used as reference for all measurements. 

All measurements were performed in triplicate. 
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3.2.11  Enzymatic Assay of Phytase 

Phytase from wheat was obtained as a crude powder containing 0.01-0.04 units/mg. 

It was used in only one series of experiments to evaluate the stress of atomisation on 

the enzymatic activity. The assay was performed as suggested from Sigma, according 

to the method published by Heinonen and Lahti[135, 136]. The enzyme solution was 

prepared by dissolving enough powder in cold 200 mM glycine hydrochloride buffer 

(pH 2.8 at 25°C (adjusted with 1 M hydrochloric acid)) to yield an enzyme 

concentration of 0.5 to 2.0 units/ml. The assay bases on a colorimetric method, 

where liberated phosphate from phytic acid is detected as ammonium 

molybdatophosphate. A colour reagent solution (CRS) is prepared fresh every day. 

Therefore 25 ml of a 5.0 % (w/v) ammonium molybdate solution, 25 ml of a 5 N 

sulphuric acid solution and 50 ml acetone were mixed. A standard curve was made 

prior to the experiments. 0.50 ml of a 44.1 mM phytic acid solution was pipetted into 

glass vials and varying amounts of a 50 mM potassium phosphate solution were 

added (0.00 ml to 0.05 ml). Water was added to yield an entire volume of 0.55 ml in 

each vessel. The mixtures were incubated in a waterbath at 37°C for 30 minutes. 

Then 4.00 ml of the CRS were added, the solution mixed and transferred into a 

quartz cuvette. The adsorption was measured at a wavelength of 400 nm using the 

PerkinElmer UV/VIS-spectrometer described above. For the standard curve the 

absorbance values were plotted against the µmol phosphate. 
 

Samples were dissolved in glycine hydrochloric buffer and 0.025 ml of the enzyme 

solutions together with 0.050 ml 44.1 phytic acid solution were pipetted into glass 

vials. They were mixed and incubated at 37°C for 30 minutes. Then 4.00 CRS and 

0.025 ml water were added, mixed and measured immediately in the spectrometer. 

For the blank measurements the enzyme solution was replaced by the same volume 

of buffer. The amount of phosphate and hence the activity of phytase can be 

determined from the standard curve.   
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4 Results and Discussion 

4.1 Drying Capacity of the Spray Dryers 

The drying of droplets is limited by the evaporation capacity of the spray dryer. Large 

droplets are ejected from the nozzle and propelled through the drying gas passing 

through the drying chamber. If the droplet impacts the inside wall of the drying 

chamber before it has sufficiently dried to be non-sticky, the particle will adhere. The 

result is deposit formation in the drying chamber. This will limit the maximum 

droplet size that can be dried in any particular spray dryer and depends on chamber 

dimension, liquid feed flow rate, atomizing gas flow rate, and drying gas flow rate. 

With this experiment the highest possible liquid feed rate for any combination of 

inlet air temperature and flow rate and atomising intensity is determined for each 

spray dryer. Figure 4-1 and Figure 4-2 show the results for the ProCept 4M8 fitted 

with a 2-fluid nozzle with an orifice diameter of 0.8 mm for different process 

parameters. Figure 4-3 and Figure 4-4 show what is found for the 25 kHz ultrasonic 

nozzle. White areas stand for complete water evaporation with no visible deposition 

within any part of the unit. Grey means the first formation of droplets in any part of 

the spray dryer. Typically this is the inside chamber wall or the transit ducts directly 

below the chamber. 
 

For the experiments three parameters were evaluated. Two inlet air flow rates were 

compared, the inlet air temperature was varied from 120 to 180 °C, and the driving 

force for atomization was varied from 1.5 to 3.0 bar for the 2-fluid nozzle and from 

1 to 3 W for the ultrasonic nozzle, respectively.  
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Figure 4-1: Drying capacity of the ProCept 4M8 spray dryer equipped with the 

2-fluid nozzle for different atomising pressures and inlet air flow 
rates at a constant Tin of 150°C.  

 

 

 
Figure 4-2: Drying capacity of the ProCept 4M8 spray dyer equipped with the 

2-fluid nozzle for different inlet air temperatures at constant 
atomising pressure of 2.0 bar and different air flow rates.  
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Figure 4-3: Drying capacity of the 4M8 for the application of the 25 kHz 

ultrasonic nozzle for different output powers at different air 
flow rates and a constant Tin of 150°C. 

 
 

 
Figure 4-4: Drying capacity of the 4M8 equipped with the 25 kHz ultrasonic 

nozzle for different inlet temperatures at a constant nozzle 
power of 2 W and two different air flow rates.  
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Atomisation with the 2-fluid nozzle can be performed at higher liquid feed flow rates 

compared to the ultrasonic nozzle. This is consistent with data from the literature 

since the 2-fluid nozzle generates smaller droplet size distributions[137, 138]. This 

provides a higher total surface area for heat and mass transfer. According to 

Lefebvre a higher amount of atomizing energy results in smaller droplets[137]. This 

confirms the observation that for higher atomization energy a higher drying capacity 

is achieved. It is noted that the output power of the ultrasonic nozzle does not 

substantially influence the evaporation rate. This confirms the work of Lang who 

suggested that ultrasonic atomization only depends on the sound frequency of the 

nozzle but not on the amplitude[139].  
 

Increasing the drying air inlet temperature allows drying of higher liquid feed flow 

rates (see Figure 4-2 and Figure 4-4), as expected. The creation of large droplets from 

a 2-fluid nozzle necessitates a high liquid feed flow rate and a low atomising air flow 

rate[137]. The results with the ProCept 4M8 show that for a Vaa of 2 bar the maximum 

flow rate that can be dried is 4 ml/min at Tin = 150°C rising to approximately 

5.5 ml/min at 180°C with the 25 kHz ultrasonic nozzle the maximum dryable flow 

rate is 1.5 ml/min at Tin = 150°C rising to 3 ml/min at 180°C. These are the workable 

ranges with the ProCept to obtain as large droplets as possible.  
 

Figure 4-5 and Figure 4-6 show the results for the corresponding experiments with 

the Büchi B-290 unit equipped with the 2-fluid nozzle, Figure 4-7 and Figure 4-8 the 

results for ultrasound atomization. The same dependencies of maximum dryable 

liquid feed flow rate as seen with the ProCept are observed. But smaller amounts of 

water can be dried. With the 2-fluid nozzle the dryable range at 150°C/2 bar is 2.5 to 

3.5 ml/min. With the ultrasonic nozzle it is 1.5 to 2.5 ml/min. Contrary to the laminar 

air flow of the 4M8 unit, it was observed that the B290 creates a turbulent 

movement of the droplets which facilitates their wall deposition. 
 

To ensure sufficient drying, especially for large particles, a low liquid feed rate has to 

be preferred. The results of the experiments show that a feed rate has to be around 

1 ml/min to allow drying a Tin = 150°C. 
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Figure 4-5: Drying capacity of the Büchi B290 spray dryer equipped with the 

standard 2-fluid nozzle. The parameters were the same as for the 
ProCept 4M8 (here: constant Tin of 150°C). 

 

 
Figure 4-6: Drying capacity of the Büchi B290 spray dryer equipped with the 

standard 2-fluid nozzle. The parameters were the same as for the 
ProCept 4M8 (here: constant atomising pressure of 2.0 bars). 
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Figure 4-7: Drying capacity of the Büchi B290 spray dryer equipped with the 

25 kHz ultrasonic nozzle. The parameters were the same as for 
the ProCept 4M8 (here: constant Tin of 150°C). 

 

 
Figure 4-8: Drying capacity of the Büchi B290 spray dryer equipped with the 25 

kHz ultrasonic nozzle. The parameters were the same as for the 
ProCept 4M8 (here: constant atomising pressure of 2.0 W). 
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In Figure 4-9 the behaviour of the outlet temperatures for different atomising air 

pressures of the 2-fluid nozzle are given for the Büchi B-209 and in Figure 4-10 for 

the ProCept 4M8, respectively.  

 

  

Figure 4-9: Progress of the outlet temperatures in dependency on the inlet air 
temperatures for the Büchi B-209, equipped with a 2-fluid nozzle 

A: Vda = 500 l/min 
B: Vda = 750 l/min 

             

  

Figure 4-10: Progress of the outlet temperatures in dependency on the inlet air 
temperatures for the ProCept 4M8, equipped with a 2-fluid nozzle 

A: Vda = 500 l/min 
B: Vda = 750 l/min 
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The experiments were performed by supplying water to the nozzle with a constant 

feed rate of 1.0 ml/min. The inlet air temperatures were 120°C, 140°C, 160°C and 

180°C. After adjustment of the atomising pressure between 1.5 and 3.0 bar the 

system was equilibrated for a few minutes and the corresponding Tout was noted for 

each case.  
 

The graphs show an almost linear dependency. For all combinations of inlet air 

temperatures and atomising pressures it is observed that a higher pressure results in 

slightly lower values for Tout of between 2 and 5 degrees. A higher pressure generates 

smaller droplets from which water evaporation can happen in a shorter time which 

means that more energy is consumed in the earlier parts of the drying chamber. The 

experiments also show a distinct difference in Tout for different drying air velocities. 

Higher values result in higher outlet temperatures since the hot air is transported 

through the drying chamber in a shorter time. A similar effect can be seen when the 

results of the two spray dryers are compared. Since the ProCept 4M8 has a longer 

chamber height, the outlet temperatures show lower values for the same other 

conditions.  
 

In Figure 4-11 the results for a 25 kHz ultrasonic nozzle are summarised for both 

units.  
 

  

Figure 4-11: Outlet temperatures over Tin for a 25 kHz ultrasonic nozzle 
(left: ProCept 4M8, right: Büchi B-209) 
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The temperatures on the Büchi give higher values, which could be estimated after 

the results of the experiment series with the 2-fluid nozzle. There is no difference in 

the temperature for different power set-ups between 1 and 3 W. This is further 

evidence for the assertion of Lang[139]. For the ProCept 4M8 Tout is in the range 

between 69 and 91°C for a Vda of 500 l/min and between 82 and 101°C for a Vda of 

750 l/mi. These temperatures are higher than the corresponding values for the 

previous experiments with the 2-fluid nozzle. The 2-fluid nozzle provides additional 

air from atomising which contributes to the cooling of the inlet air. The same trend 

could be observed for the Büchi B-209 where the values ranged between 83 and 

119°C for a Vda of 500 l/min and 97 and 127°C for a Vda of 750 l/min. In general the 

values measured within the Büchi are again higher compared to the ProCept which is 

compliant to the corresponding results for the 2-fluid nozzle.  
 

In a co-current spray drying experiment the powder particles are exposed to the 

outlet temperature for most of the time. For heat sensitive materials like proteins 

the heat influence on the particles should be minimized. Therefore the outlet 

temperature should be kept at the lowest values possible and has to be evaluated 

for every spray drying experiment.   
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4.2 Influence of the Drying Conditions on Powder Properties 

The particle size is a main factor in the determination of the flowability. Part of this 

project was to investigate the consequence of various technical parameters on the 

particle size. Furthermore the residual moisture content of the generated powder 

may influence the flowability and the enzymatic activity of the spray dried samples. 

4.2.1 Influence of the Nozzle Type on Particle Size (Lysozyme) 

Lysozyme was spray dried at Tin = 130°C with the ProCept 4M8 using the 2-fluid 

nozzle, a 60 kHz ultrasonic nozzle, and 25 kHz ultrasonic nozzle. The enzyme was 

prepared as a solution with a solid content of 10.0 % in phosphate buffer at pH 3.5. 

In Figure 4-12 SEM photos of the spray dried powders are shown. 

 

  

 

 

Figure 4-12: SEM photographs of spray 

dried lysozyme samples 
 

A: 2-fluid nozzle 
B: 60 kHz ultrasonic nozzle 
C: 25 kHz ultrasonic nozzle 

 

 

 

A B 

C 
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Dependent on the applied nozzle type different shapes of particle morphology can 

be obtained despite the same drying parameters. The particles are shrivelled which 

is a known observation for polymers after spray drying due to their structural 

flexibility[140]. Spray drying with the 25 kHz nozzle generates more spherical particles. 

Most of them, however, were evidently ruptured during the drying step which leads 

to a shift to more fines in the powder. As proposed by Lang et al., for ultrasonic 

atomisation lower frequencies result in larger droplets[139]. The particle size 

distributions measured through laser diffraction are given in Figure 4-13, Figure 4-14 

and Figure 4-15 and summarised in Table 4-1. Spray drying with the 2-fluid nozzle 

results in very small particles with a d50-value of 6.8 µm. No single particle is larger 

than 20.0 µm. Through ultrasonic atomisation larger lysozyme particles could be 

obtained. The largest particles are obtained with the 25 kHz nozzle. The d90-value is 

at 45.6 µm despite the fracture of some particles which is visible in the fines fraction 

of the distribution curve (Figure 4-15).  

 

 

Figure 4-13: Spray dried lysozyme particle size distribution after atomisation with a  
2-fluid nozzle 
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Figure 4-14: Spray dried lysozyme particle size distribution after atomisation with a  
60 kHz nozzle 

 

 

 

Figure 4-15: Spray dried lysozyme particle size distribution after atomisation with a 
25 kHz nozzle 
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 d10 d50 d90 span 

2-fluid nozzle 3.6 µm 6.8 µm 12.1 µm 1.25 

60 kHz us nozzle 10.7 µm 19.4 µm 37.5 µm 1.38 

25 kHz us nozzle 10.9 µm 25.7 µm 45.6 µm 1.35 

Table 4-1: d10-, d50- and d90-values for spray dried lysozyme powders 

 

For the 2-fluid nozzle the particle sizes show an almost logarithmic distribution in a 

range from 2.0 to 20.0 µm. Both ultrasonic nozzles give distinctly greater values, for 

the 60 kHz nozzle between 10.0 and 60.0 µm and for the 25 kHz nozzle between 10.0 

and 70.0 µm.  
 

To produce a flowable powder the particles have to be large and dry. The residual 

moisture contents of the powders are shown in Figure 4-16. As expected, the 

moisture content increases with larger particles due to reduced heat and mass 

transfer. The 25 kHz nozzle results in the highest moisture of around 2.9%.  

 

 

 
Figure 4-16: Residual moisture content of the spray dried lysozyme samples 
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The experiments indicate that 2-fluid nozzles are not the best choice for the 

production of large particles. Ultrasonic generation is an alternative which results in 

larger particle distributions after spray drying. The 25 kHz nozzle produces the 

largest particles, but also the moistest.  
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4.2.2 Particle Sizes of different Spray Dryers (Lactose) 

Different spray dryers provide different conditions for droplet drying despite the use 

of the same adjusted parameters such as the flow pattern of the inlet air and the 

droplet to wall pressure or the drying time within the chamber. In this series of 

experiments the ProCept 4M8, the Büchi B-209 and the GEA Niro Mobile Minor were 

compared in respect of their particle morphologies and sizes and their residual 

moistures. The nozzle was always 2-fluid with a liquid feed supply of 1 ml/min and an 

atomizing pressure of 2.0 bar. Spray drying experiments were performed at 

Tin=130°C with a solution of lactose in a concentration of 10.0%.  
 

In Figure 4-17 SEM photos of the spray dried lactose powders are shown. The 

particles are spherical in all cases. The experiment on the 4M8 results in the largest 

visible particles.  
 

  

 

 
 

Figure 4-17: SEM photos of the spray 
dried lactose samples 

A: ProCept 4M8 
B: Büchi B-209 
C: Niro Mobile Minor 

 

 

A B 

C 
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In Figure 4-18, Figure 4-19 and Figure 4-20 the particle size distributions from the 2 

machines are shown.  

 

 
Figure 4-18: Particle size distribution and undersize curve of spray dried lactose 

powder in a ProCept 4M8 

 

 
Figure 4-19: Particle size distribution and undersize curve of spray dried lactose 

powder in a Büchi B-209 
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Figure 4-20: Particle size distribution and undersize curve of spray dried lactose 

powder in a GEA Niro Mobile Minor 

 

This measurement confirms that the particles obtained with the 4M8 are the largest. 

Apart from some fines below 1 µm (less than 5.0%) the sizes range from 1 to 70 µm. 

Half of the powder has a size larger than 15-20 µm. The same distribution can be 

seen for the powder spray dried with the B-209, but in this case it is distributed more 

broadly with a higher amount of fines (around 12.0%). The d50-value in this case is 

around 8.0 µm. Spray drying on the Mobile Minor results in the narrowest 

distribution (span around 1.6) which, however, is comprised of the smallest particles 

ranging from some hundreds of nm up to 40 µm. In Table 4-2 a summary of the d10-, 

d50- and d90-values and their spans is shown.  
 

 d10 d50 d90 span 

ProCept 4M8 2.17 µm 14.47 µm 33.53 µm 2.17 

Büchi B-209 0.89 µm 7.66 µm 22.16 µm 2.78 

Niro Mobile Minor 2.93 µm 8.72 µm 16.99 µm 1.65 

Table 4-2: Differences in particles sizes of lactose powders prepared with different 
spray dryers 
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There are therefore distinct differences in the results of the different spray dryers. 

Two basic conclusions can be derived. The dimension of a spray dryer basically 

influences the particle sizes that are obtained. Though the choice of the nozzle is 

important for droplet formation, the spray dryer limits powder separation due to its 

technical properties. Furthermore, the experiments indicate that 2-fluid nozzles are 

not suitable to produce flowable powders in these small machines due to their broad 

droplet distributions no matter what droplet sizes are achieved. The amount of fine 

particles is a basic hindrance for good powder flow.  
 

The residual moistures of the spray dried samples (Figure 4-21) are between 1.92 

and 2.83 %. Spray drying with the Niro Mobile Minor results in the lowest value 

which is consistent with the consideration that this unit provides the highest amount 

of hot air for water evaporation. For this reason the moisture is lower with the 4M8 

unit compared to the B-209.   

 

 

 

 
Figure 4-21: Residual moisture content of spray dried lactose powders 
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4.2.3 Influence of Temperature on Particle Size and Residual Moisture 

The temperature of the drying air directly influences the moisture content of the 

spray dried powder. High temperatures mean a high gradient for heat and mass 

transfer and therefore higher evaporation rates[57, 141]. But in contrast for some 

substances it is necessary to maintain minimal residual moistures. In this series of 

experiments the influence of Tin on the residual moisture content was evaluated. 

Catalase was dissolved in phosphate buffer in a concentration of 10.0 % and spray 

dried with the ProCept 4M8 at Tin= 90°C, 110°C, 130°C and 150°C. The 25 kHz 

ultrasonic nozzle was used at an output of 2 W.   

 

  

  
Figure 4-22: SEM photos of spray dried catalase samples at different temperatures 

A: Tin/Tout=90°C/49°C | B:110°C/59°C | C: 130°C/63°C | D: 150°C/75°C 

 

A B 

C D 
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The SEM photos (Figure 4-22) show that for the lowest inlet/outlet air temperature 

the particles are shrivelled, and their sphericity increases with the temperature. With 

higher temperatures the Peclet number Pe will be larger[141] and crust formation is 

promoted. This results in a more spherical particle shape, as observed. Higher 

temperatures lead to an earlier crust formation which may result in immobilisation 

of the protein.  Finney et al. indicate that spray drying with higher inlet air 

temperatures results in particle size distributions with a slight shift to larger 

values[142]. Shrivelled particles appear smaller than they are, which could be a 

contribution to this observation. Figure 4-23 shows the size distribution 

measurements of the four samples in comparison. 
 

 
Figure 4-23: Particle size distributions for spray dried catalase powders from 

different combinations of Tin/Tout 
 

The particle size distribution will depend on the droplet size distribution formed by 

the nozzle. Although all measured results show almost identical d50-values, the 

distribution becomes narrower with higher temperatures. This is due to a decreasing 

amount of particles between 10 and 15 µm. This could be a measuring artefact as a 

consequence of the increased sphericity.  
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The residual moistures are presented in Figure 4-24. 

 
Figure 4-24: Residual moisture contents of spray dried catalase samples,  

results given as average of n=3 measurements 

A: Tin/Tout=90°C/49°C | B:110°C/59°C  

C: 130°C/63°C | D: 150°C/75°C 
 

Higher drying temperatures lead to distinct differences in the residual moistures. The 

measured values run from 6.15 % for the lowest inlet/outlet temperatures to 2.88 % 

for the highest combination of Tin/Tout. Hagemann showed that the denaturation 

temperatures of various proteins increases when the water content is reduced to 

values below 10.0 % [g/g dry solid][143]. This was confirmed by Luyben et al. who 

published for catalase the observation that the inactivation rate at different 

temperatures drastically decreases due to structural immobilisation when dried to 

values below 20.0 % [g/g dry solid]. However, Klibanov noted that the removal of 

water alone is not sufficient to conserve protein structure, and additives like sugars 

are needed for conformal stabilisation[144].  In any case a rapid evaporation of the 

water is necessary.  
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4.2.4 Concentration of the Liquid Feed 

Some publications indicate that in order to generate large particles the total solids 

concentration of the liquid feed must be high[56]. Trehalose was therefore prepared 

as aqueous solutions in solid concentrations ranging from 10.0 % (m/V) to 40.0 % 

(m/V) and spray dried on the ProCept 4M8 with a 25 kHz ultrasonic nozzle. The liquid 

feed rate Qlf was 1 ml/min, Qda was set to 500 l/min and Tin was 120°C. The atomising 

power of the nozzle was set to 2 W.  
 

  

  
Figure 4-25: SEM photos of spray dried trehalose in different solid concentrations 

A: 10.0% | B: 20.0% | C: 30.0% | D: 40.0% 

 

In Figure 4-25 and Figure 4-26 the particle sizes of the spray dried trehalose particles 

are shown as SEM photos and the corresponding distribution measurements. Table 

4-3 summarises the d10-, d50- and d90-values of the powders. 

A 

C D 

B 
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Figure 4-26: Particle size distributions of the trehalose samples 

 

 d10 d50 d90 span 

10% trehalose 15.2 µm 25.5 µm 43.9 µm 1.125 

20% trehalose 19.1 µm 34.7 µm 68.8 µm 1.432 

30% trehalose 23.0 µm 37.2 µm 82.2 µm 1.591 

40% trehalose 26.7 µm 44.8µm 95.9 µm 1.545 

Table 4-3: Summary of the d10-, d50- and d90-values and the spans of the spray 
dried trehalose samples 

 

A shift to larger values can be seen for both figures. For the 10.0% concentration the 

particle sizes range from 10 to 70 µm with a d50 of around 25 µm. At higher solid 

concentrations the distribution shape does not alter. However, for the 40.0% 

concentration the d50 value has increased to around 45 µm. Elversson found a 

correlation for the particle size of various spray dried sugars over the solid 

concentration when spray dried with a 2-fluid nozzle[145]. This agrees with the 

present results performed with an ultrasonic nozzle. The observation can be 

explained with a faster attainment of the solubility limit during droplet drying 
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followed by precipitation and crust formation. At the higher concentrations the 

surface of the particles seems to become more rough and spotted with tiny grains. 

After formation of a solid shell the continued high surface temperature may facilitate 

crystallisation of trehalose. Since higher concentrations of the liquid feed result in 

earlier crust formation, the time for crystallisation will be elongated. If there is 

earlier crust formation, then the residual moisture content should increase with 

higher concentration since the solidification of the shell proceeds after the critical 

point. The diffusion barrier for water is therefore higher with earlier crust formation 

at the same time points of drying. In Figure 4-27 the residual water content is shown 

for all samples. As expected, the values show a slight increase from around 4.5 % to 

5.7 %. This corresponds also to the work of Elversson who found decreased values 

for the particle density after spray drying of more concentrated liquid feeds[145].  

 

 

Figure 4-27: Residual moisture content of the spray dried trehalose samples. Results 
as mean value of 3 single measurements 
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4.2.5 Influence of the Drying Time on the Residual Powder Moisture 

The drying step takes place mainly while the droplet is carried through the drying 

chamber with the drying gas. The total length of the drying chamber determines the 

residence time in the chamber and should therefore have an influence on the 

powder properties, especially on the residual moisture content. In a series of 

experiments both the 2-fluid (2FN) and the 25 kHz ultrasonic nozzle (USN) were used 

in the ProCept 4M8 for the spray drying of both lactose and catalase. Qlf 

was 1ml/min, Qda was 500 l/min and Tin was set to 140°C for all experiments. Spray 

drying was performed first with the original spray drying chamber which provides a 

total drying chamber height of 1.4 m. Subsequently the spray dryer was elongated to 

2.1 m and all experiments were repeated. The solid concentration was 10.0%. 
 

The residual moistures of all spray dried samples are given in Figure 4-28. 

 

Figure 4-28: Residual moisture values for sample materials spray dried with 
different retention times (all measurements were performed in triplicate). 
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For each combination of drying parameters the 2-fluid nozzle spray results in lower 

residual moisture values. This could be a consequence of the decreased particle size 

distributions, as already mentioned above. For each nozzle type spray drying with 

the elongated chamber results in lower residual moistures. With the drying 

parameters of this experiment series the lowest value of drying was around 4.3% 

with the factory-set shorter drying chamber. Spray drying of flowable protein 

powders requires a combination of the lowest possible temperatures for sufficient 

drying with preferably large particles. Elongation of the drying chamber to 

2.1 m distinctly decreases the water contents. The lowest value lies between 3.0% 

and 3.5%. That means that elongation of the drying chamber produces an improved 

product in terms of particle residual moisture. This may allow larger particles to be 

made. 

 

 

 

Figure 4-29: Particle size distribution for spray dried lactose samples 
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Figure 4-30: Particle size distributions for spray dried catalase samples 

 

 

In Figure 4-29 and Figure 4-30 the particle size distributions for the spray dried 

samples of lactose and catalase are shown. There is no substantial difference in the 

particle size distributions for any combination of chamber length with nozzle. The 

drying parameters in all experiments of this series were the same. It is concluded 

therefore that the chamber length affects the residual water content of the spray 

dried powders but not directly the particle size. This will be determined by the nozzle 

conditions and type, as clearly seen in Figure 4-29 and Figure 4-30. The USN gives the 

larger particles.  
 

In Figure 4-31 the SEM photos of the spray dried samples of lactose (A to D) and 

catalase (E to H) are shown. Lactose results in more spherical particles with a 

narrower size distribution. The shrivelled structure of the catalase particles leads to a 

broadening of the size distribution measurement.  
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Figure 4-31: SEM photos of spray dried lactose and catalase samples 
A: lactose, 2FN (short chamber) | B: lactose, 2FN (long chamber)  
C: lactose, USN (short chamber) | D: lactose, USN (long chamber) 

E: catalase, 2FN (short chamber) | F: catalase, 2FN (long chamber)  
G: catalase, USN (short chamber) | H: catalase, USN (long chamber) 

A B 

C D 

F E 

G H 
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4.3 Investigations of Droplet and Particle Size Distribution 

Various publications describe the relationship between droplet and particle sizes[57, 

58]. Compared to equation 2-13 a more simple approach is suggested by Elversson[145] 

through:  
 

𝑑𝑡ℎ𝑟𝑜 = 𝑑𝑑 �
𝜌𝑓𝑟𝑟𝑑
𝜌𝑡𝑟𝑡𝑟

𝐶�
1
3�

 Equation 4-1 

 

where dtheo and dd are the theoretical particle diameter and the droplet diameter, 

respectively. ρfeed and ρtrue are the densities of the feed solution and the true density 

of the solid solute, and C is the solid concentration of the liquid feed. Dtheo can 

therefore be estimated from dd. In these experiments initially pure water was 

atomised and the spray was measured in the Master-Sizer 2000. The nozzles used 

were the ProCept standard 2-fluid nozzle with different orifice diameters Dn of 

0.15 mm, 0.4 mm and 0.8 mm, the Schlick 2-fluid nozzle, and the 25 kHz ultrasonic 

nozzle. Several atomising pressures for the Schlick 2-fluid nozzle and powers for the 

ultrasonic nozzle were examined. Subsequent spray drying experiments were 

performed on the ProCept 4M8 with a 10.0% lactose solution at Tin = 130°C and Qda = 

500 l/min at 2.0 bar for both 2-fluid nozzles and 2.0 W for the 25 kHz us-nozzle. The 

particle size distributions of the powders were measured and correlated with the 

droplet size distributions and compared to their calculated theoretical values.  
 

The difference in the droplet size distributions for different orifice diameters Dn of 

the ProCept 2-fluid nozzle is seen in Figure 4-32. The measured droplet sizes are 

strongly dependent on the fitted orifice. As expected, the widest orifice diameter 

results in the greatest portion of large droplets around 60.0 to 100.0 µm. However, 

each of the droplet distribution covers almost the whole range between 1.0 to 100.0 

µm and above. In all cases there is a second peak of very fine droplets around 1.0 µm 

and smaller. Drying of such a heterogeneous size distribution is estimated to 

generate non-uniform particles. 
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Figure 4-32: Droplet size distributions of three different orifice diameters Dn for the 
ProCept 2-fluid nozzle at a constant atomising pressure of 2.0 bar 

 

The portions of fines seem small in Figure 4-32, but this is the volume distribution. In 

Figure 4-33 the same droplet size distributions are presented as number 

distributions. Around 90.0 % of the spray in the number distribution is comprised of 

droplets smaller than 1.0 µm. There is also no difference in the number distributions 

for the three orifices.  
 

With the 2-fluid nozzle from Schlick the influence of different atomising air flow 

pressures Paa on the droplet distribution was determined. The results are presented 

in Figure 4-34. With higher pressure the volume distributions (columns) shift to 

smaller sizes. Although the Schlick nozzle generates larger absolute droplet sizes 

compared to the ProCept 2-fluid nozzle, the size distributions cover again a broad 

range down to a few µm. At 2.5 bar the distribution splits into two peaks which leads 

to the most inhomogeneous volume distribution. 
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Figure 4-33: Droplet sizes of the same sprays as in Figure 4-32 presented as number 

distributions 

 
Figure 4-34: Droplet size distributions of sprays from Schlick 2-fluid nozzle 

generated with air pressures from 1.0 to 2.5 bars. Columns show the volume 
distributions, lines represent the number distributions. 
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The number distributions (curves) are also presented in Figure 4-34 and show a 

similar result to the ProCept nozzle. The large majority of droplets is again in the 

range of only some few µm/diameter. In summary, the 2-fluid nozzles produce only a 

small number proportion of large droplets. The vast majority of droplet number lies 

well below 10 µm in diameter. The resulting spray-dried powder can only reflect this 

distribution of the droplets and is expected to comprise only a small number of 

larger particles and a very large number of small particles. This may be 

disadvantageous for flow properties. If this is shown to be the case, than a 2-fluid 

nozzle is not suitable for producing large, flowable particles on the lab-scale spray-

dryer. 
 

The results of the measurements of the spray patterns of the 25 kHz ultrasonic 

nozzle are shown in Figure 4-35. Three power levels PW between 1 and 3 W were 

employed on the nozzle. The volume distributions again are presented as columns 

while the curves present the number distributions. There is in all cases a narrow 

distribution of droplet sizes which is in agreement with publications on this issue[138, 

146]. The different power applied on the piezo-element does not alter the shape and 

position of the distribution. The droplets are located between 25.0 and 110.0 µm 

with d50-values around 60.0 µm. If the droplet volume distribution of, for example, 

the 25 kHz nozzle is compared to that from the ProCept 2-fluid nozzle with 0.8 mm 

orifice (Figure 4-32), then similar distributions are seen. However, the number 

distribution curves show a large difference (Figure 4-33 and Figure 4-35). The 

ultrasonic nozzle’s similarity of volume and number distributions may be of great 

advantage for producing large particles via spray drying.  
 

The particle size distributions of the spray dried powders produced by the different 

nozzles are shown in Figure 4-36. The ProCept 2-fluid nozzles all result in volume 

distributions which cover a wide range of sizes with a large amount of fines 

< 10.0 µm. The Schlick nozzle seems more advantageous at first sight. 
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Figure 4-35: Droplet volume distributions of sprays generated with the 25 kHz 
ultrasonic nozzle (columns) and droplet number distributions (lines) at 
different atomising powers of 1W, 2W and 3W. 

 

 
Figure 4-36: Particle sizes measurements of spray dried lactose powders using 

different atomising nozzles operated at 2.0 bars. Columns stand for volume and 
lines for number distributions.   
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However, all of the 2-fluid nozzles give number distributions with almost no particles 

> 2.0 µm. Only the 25 kHz ultrasonic nozzle gives both volume and number 

distributions that approach the values where flowability possibly can be achieved. 

The lack of fine particles < 10.0 µm is the decided advantage of the 25 kHz nozzle in 

respect of producing large spray dried particles.  
 

In Table 4-4 an overview is given for both the measured and calculated[145] d10-, d50- 

and d90-values for the lactose powders when spray dried with the nozzles evaluated 

above.  
 

Nozzle type calculated sizes [µm] measured sizes [µm] 

 d10 d50 d90 d10 d50 d90 

Schlick 2-f nozzle 8.2 19.3 35.2 10.3 22.1 46.2 

ProCept 2-f nozzle 0.15 mm 0.7 2.9 11.5 1.4 5.5 21.6 

ProCept 2-f nozzle 0.4 mm 0.7 3.5 11.6 1.4 6.5 21.8 

ProCept 2-f nozzle 0.8 mm 1.1 7.7 17,8 2.2 14.5 33.5 

25 kHz us nozzle 23.1 32.7 46.7 16.1 21.9 31.8 

Table 4-4: Particle sizes of spray dried lactose powders. Measurements were 
performed with the MasterSizer while the calculation was done according to 
Elversson[145] 

 

With the 2-fluid nozzles the measured values are around twice as large as calculated. 

As seen above the 2-fluid nozzles generate sprays with a high portion of fines. The 

optimal recovery of the ProCept standard cyclone is reported for particles at a size 

between 5 and 9 µm[147]. That means the much of the fine particles leaves the spray 

dryer with the outlet air and therefore the measured particle size distributions 

appear larger than predicted. The larger particles obtained with the 25 kHz nozzle 

cannot reach the cyclone container and the measured size values therefore appear 

smaller than estimated. These form deposits on the inside chamber wall. An 

important conclusion for these results is that the droplets of the atomised spray 

should be preferably uniform. The 25 kHz nozzle seems to be advantageous in 

relation to the 2-fluid nozzles.  
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4.4 Monodisperse Droplet Generation 

The observations described above indicate that suitable atomisation is the essential 

step in the production of flowable powders through spray drying on the laboratory 

scale. According to the literature the Rayleigh breakup of a liquid jet allows accurate 

control of the droplet diameter[141]. Part of this work was therefore examination of a 

monodisperse droplet chain generator into the ProCept spray dryer to obtain large 

powder particles as uniform as possible.  

4.4.1 Studies of Droplet Formation 

The monodisperse droplet generator (MDG) used in this work is equipped with 

different orifices in the tip. Water is supplied under pressure. Under pressure the 

liquid feed forms a jet stream with defined diameter. By adjustment of the piezo-

element, the stream disintegrates into droplets. According to Walzel[148] the jet 

diameter dj is corresponding to the orifice diameter dorf and the droplet diameter dd 

can be estimated by: 

 

 

Initial experiments were performed on the lab-bench for precise observation of 

droplet formation. Four orifices were used with the diameters 20.0 µm, 35.0 µm, 

50.0 µm and 75.0 µm. The pressure in the water tank was set to 2.0 bar which was 

found to be the lower limit for stable stream formation with all orifices. A low 

droplet velocity was aimed for to maximise residence time in the drying chamber. 

With the reflex camera the stream could be observed directly. Adjustment of the 

frequency to values around 20.0 to 30.0 kHz allowed the formation of a droplet 

chain.  
 

In Figure 4-37A an example is shown for the largest applied orifice diameter. 

  

𝑑𝑑 = 1,9 ∗ 𝑑𝑗 Equation 4-2 
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Figure 4-37:  
A: Droplet formation out of the MDG equipped with a 75 µm orifice. On the left the 
water stream is shown without piezo electric stimulation, on the right with a 
frequency of 20.9 kHz 
B: Droplet chains generated with different generator orifices. 

left: 20.0 µm, middle: 35.0 µm, right: 50.0 µm 

A B 
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Without stimulation via the piezo-element the water stream disintegrates to 

droplets of inhomogeneous sizes. A frequency of 20.9 kHz leads to a much more 

regular break-up into relatively uniform droplets. The formation of droplets starts 5 – 

10 cm below the generator outlet. This depends, however, on the orifice diameter 

(Figure 4-37B). For the smaller orifice diameter of 20.0 µm a uniform droplet chain is 

not observed and this therefore is not suitable for the current work. Homogenous 

droplets are obtained for both the 35.0 µm and the 50.0 µm orifices. A uniform 

distance between the droplets is only seen from the 50.0 µm orifice.  
 

The droplet sizes measured with the Master-Sizer device are given in Table 4-5. Pure 

water was atomised with different pressures of the supply tank to ensure a feed flow 

of 1 ml/min for every orifice. 

 

orifice diameter d10 [µm] d50 [µm] d90 [µm] span 

20.0 µm 104.8 128.3 149.4 0.42 

35.0 µm 108.7 132.5 163.6 0.39 

50.0 µm 113.2 135.6 175.2 0.36 

75.0 µm 119.7 146.8 181.5 0.29 

Table 4-5: Droplet distributions for different applied orifices in the MDG 

The droplet sizes increase with larger orifices as expected from equation 4-2. 

According to the National Institute of Standards and Technology the droplets 

generated are not monodisperse (“a distribution may be considered monodisperse if 

at least 90% of the distribution lies within 5% of the median size“[149]). To describe 

the droplet uniformity, the span is defined as 

 

𝑈𝑝𝑎𝑈 =
𝑑90 − 𝑑10

𝑑50
 Equation 4-3 

 

Lower span values indicate are more narrow distribution. It has already been shown 

above that the span for the 2-fluid nozzle is 1.25 and that for the 25 kHz nozzle is 



96 RESULTS AND DISCUSSION  
 

 

1.35. The MDG clearly improves the uniformity of the atomised droplets (Table 4-5). 

With larger orifice diameters the span decreases which corresponds to the 

impressions given by the photographs obtained with the reflex camera.   
 

The volume and the number distributions for the droplet chains from the MDG are 

displayed in Figure 4-38. 

  

 

Figure 4-38: Volume (columns) and number distributions (lines) for the four 
orifices of the MDG measured with the Master-Sizer 2000 

 

As is visible in Figure 4-38 some fine droplets are produced with the 20.0 µm orifice 

and the number distributions shows these. For the other orifices the two distribution 

types are fully congruent. Compared to 2-fluid and us-nozzles the MDG can be 

considered suitable for the production of large particles through spray drying. With 

particular orifices the droplet size can be adjusted to desired values. The question to 

be answered is if the laboratory-scale spray dryer can dry the large droplets 

produced by the MDG even at its lowest flow rate.  
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4.4.2 Spray Drying of Mannitol with the MDG 

A stable droplet chain could be obtained for a solution of 10.0% mannitol in water 

with the 35.0 µm orifice at a liquid feed rate Qlf of 1 ml/min. A first spray drying 

experiment was performed on the ProCept 4M8 at a Tin of 150°C and a Qda of 

500 l/min.  This experiment illustrates a basic difficulty of the MDG. A high ratio of 

the droplets obtained is deposited in the T-shaped transit piece below the drying 

chamber. Some powder could be obtained in the cyclone container with a yield of 

< 5.0% and residual moisture content of 2.4%. In Figure 4-39 SEM photos of the 

powder are seen. Figure 4-40 shows the particle size distribution.  
 

 

  

Figure 4-39: SEM photos of spray dried mannitol with the MDG equipped with the 
35.0 µm orifice 

 

The shape of the mannitol particles is needle-like with no spherical geometry. This 

indicates that the droplets could not be dried sufficiently within the chamber. After 

deposition in the lower parts of the spray dryer, the deposits are crystallized and 

thereupon transferred to the cyclone container within the drying air flow. The 

particle size distribution ranges from <0.5 µm to values >200.0 µm with a span of 

3.18.  
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Figure 4-40: Particle size distribution of the spray dried mannitol sample obtained 

with the MDG equipped with a 35.0 µm orifice 

 

Tin was not at the highest possible value for this particular spray dryer and should be 

increased for further investigations. Furthermore, Qda should be decreased to 

prolong the retention time of the droplet within the chamber. In general the result 

suggests that droplet deposition occurs because of the large droplet sizes generated 

by the MDG. The finding that the mannitol has crystallised to needle-shaped 

geometrics strongly suggests that adequate droplet drying has not occurred on the 

drying chamber.  
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4.4.3 Spray Drying of Lactose with the MDG 

Spray drying experiments with lactose were performed with all orifices at 

parameters that should ensure the most effective drying possible in the spraying 

chamber. The inlet air stream Qda was set to 200 l/min with Tin = 180°C. The liquid 

feed flow Qlf was 1 ml/min and the solid concentration was 20%. However, for each 

orifice it was not possible to obtain a dry powder. The droplets were not dried 

sufficiently by the time they reached the transit piece below the drying chamber.  

Water was therefore formed, as is seen in Figure 4-41. Moisture was also observed in 

the lower conical part of the drying chamber.  

 
 

 
Figure 4-41: Deposition of the liquid feed solution in the spray dryer 

 

The length of the spraying chamber is evidently too short to provide sufficient time 

for droplet drying. For the 20.0 µm orifice some few particles could be collected in 

the cyclone container with a powder yield of around 6%. In Figure 4-42 the SEM 

photo and the particle size distribution measurement are presented.  
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Figure 4-42: Spray dried lactose particles from the 20.0 µm orifice 

 

The particle size distribution is narrow with values that range from 40 to 90 µm. 

There are no fine particles in the powder. Recall that the d50 of the droplets 

generated by the 20 µm orifice is approximately 130 µm (Table 4-5). There is 
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therefore substantial droplet shrinkage up to the critical point of drying to produce a 

d50 of the particles of 53 µm. The low yield is unlikely to be caused by loss of larger 

droplets/particles, since the droplet size distribution is narrow (Table 4-5). Most 

droplets impact in the T-shaped transit piece before the critical point of drying and 

form the observed liquid pool at this point. This would then trap many of the 

particles passing through the T-shaped transit piece and cause the low yield. The 

narrowness of the particle size distribution (Figure 4-42) suggests that this particle 

size can be dried, but the particles fail to reach the cyclone. For the production of 

such uniform, large particles the MDG seems therefore to be suitable. However, the 

spray dryer must be further elongated to improve drying and therefore increase the 

powder yield and obtain larger particles. The design of the transit piece should also 

be reviewed.  
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4.4.4 Further Extension of Drying Chamber 

The drying chamber of the ProCept 4M8 spray dryer was elongated to a chamber 

length of 5.60 m was done by the manufacturer in Belgium. The top section was, as 

before, of glass and the lower sections of steel clad in heatable mats. The 

temperature of the inlet air Tin could therefore be kept higher over the whole length 

of the drying chamber. The subsequent transit piece connecting to the cyclone is 

seen in Figure 4-43. The experiments described above showed that this is a critical 

part of the spray dryer. Large droplets and not-sufficiently dried particles cannot 

follow the air stream through the acute angle and form a liquid pool. The transit 

piece was modified by adding a second container directly below the drying chamber 

outlet where the droplets should be captured.  

 

 
 

 
Figure 4-43: Modified transit piece with a second container for the uptake of water 

below the drying chamber and standard cyclone 
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The first experiments were performed with lactose in various concentrations of 

between 5.0% and 20.0% with all MDG orifices at a constant drying inlet 

temperature of 200°C with Qda = 200 l/min.  

 

  
Figure 4-44: SEM photos of the spray dried trehalose sample obtained with the MDG 

(equipped with the 35.0 µm orifice) 
 

 
Figure 4-45: Particle size measurement of the spray dried trehalose sample 
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However, no powder could be collected in these experiments. Trehalose was then 

chosen as a solute due to its higher solubility which means that the amount of water 

in the liquid feed could be decreased. A concentration of 68.9% (w/w) trehalose was 

used. With the 35.0 µm orifice it was possible to obtain a dry powder in the cyclone 

container with a yield of 65% and a residual moisture of 1.12 %. The SEM photos and 

the particle size measurement are shown in Figure 4-44 and Figure 4-45.  
 

In this experiment almost all of the particles are larger than 100 µm by volume with a 

broad distribution. The latter is not expected from the observed uniform droplet 

sizes as seen in Figure 4-37 and measured in Figure 4-38. Also the d50 for water 

droplets is 133 µm (Table 4-5). The high trehalose concentration will certainly give 

less droplet shrinkage to the critical point of drying. The wide distribution suggests 

possible droplet coalescence before the critical point is reached.  
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4.4.5 Drying of Trehalose with High Feed Concentration 

The previous experiments in Belgium indicated that it may be possible to obtain a 

dry powder with the MDG in the 2.1m chamber length provided the solid 

concentration in the liquid feed is large enough, Tin is at the highest possible value, 

and the droplet chain is generated with the smallest orifice. Three experiments were 

performed on the ProCept 4M8 unit with a trehalose solution in the above 

mentioned concentration of 68.9% (w/w). The 2FN, the 25 kHz USN and the MDG 

with an orifice of 20.0 µm were used. In Table 4-6 the parameters and results of the 

experiments are summarised.  

 

 
Tin  

[°C] 

Qaa/Power 

[bar/W] 

Qda  

[l/min] 

Qlf  

[ml/min] 

Tout  

[°C] 

powder yield 

[%] 

2FN 200 2 200(a) 1 58.2 70.2 

USN 200 2 200(a) 1 66.4 63.6 

MDG 200 - 200(a) 1 55.1 (b) 

Table 4-6: Summary of the spray drying experiments with a concentrated trehalose 
solution on the ProCept 4M8  
(alowest adjustable value, chosen for the minimal possible droplet 
velocity in the drying chamber | bcould not be determined) 

 

In Figure 4-46 the SEM photos of the powder samples obtained are seen. The 

application of the 2FN and the USN resulted in a dry powder, as expected, with 

residual moistures of 2.1% for the 2FN and 2.5% for the USN. After one hour of 

continuous spray drying with the MDG the experiment was stopped. Most of the 

liquid feed was deposited in the spraying chamber with only a very few particles 

obtained in the cyclone container. This again leads to the conclusion that the 

droplets partially coalesce while only the finest can be recovered. The SEM photo 

does not show a monodisperse distribution of particles, but larger absolute particle 

sizes achievable compared to both the 2FN and the USN. The total amount of sample 

was unsufficient for further analytical investigation. Therefore conclusions can only 
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be drawn from the SEM photos. The particle sizes in the powder obtained with the 

USN are only slightly smaller compared to the MDG generated powder. It is apparent 

that the largest droplet size which can be dried in the ProCept 4M8 is exceeded by 

the droplet chain from the MDG. These experiments therefore confirm that the MDG 

is inappropriate for application in the bench-top scale spray dryers used in this work.  

 

 

  

  
Figure 4-46: SEM photos of spray dried trehalose samples from a highly concentrated 

liquid feed 

A: 2FN | B: USN | C/D: MDG (in different augmentation) 

 
 

The particles size distributions of the samples obtained with the 2FN and the USN are 

seen in Figure 4-47. In comparison with the results seen in Figure 4-26 a narrower 

size distribution of the trehalose particles can be observed for the USN (spans: 

here = 0.975, and for the 40% trehalose solution = 1.545).  

A B 

C D 
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Figure 4-47: Particle size measurement of the trehalose samples obtained 
with the 2FN (A) and the USN (B). Columns represent the 
volume distributions, lines the undersize curves. 

 

The d10- and d50-values remain almost the same, while the d90-value is decreased 

compared to the results seen in Figure 4-26 (74.8 in this experiment, and 95.9 µm for 

the 40% trehalose solution). That means that the particle formation is more uniform 

for a higher Tin.  
 

For the 2FN this effect is not observed. Similar distributions are determined for 

lactose and lysozyme in a 10% concentration (Figure 4-13 and Figure 4-18). It can be 

concluded that a change in the particle size distribution as dependency of Tin is more 

important for larger particles.   
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4.4.6 Coalescence of the Droplet Chain 

All of the droplets which are generated by the MDG fall in a vertical oriented chain 

(Figure 4-37). Because of the applied pressure they are accelerated when they come 

out of the orifice and then entrained by the ambient air. The droplets therefore are 

slowed down, while from behind further droplets with a higher velocity approach. To 

demonstrate this assumption the MDG was suspended vertically at a height of 

1.50 m. A stable droplet chain was generated with water at a liquid flow of 1 ml/min 

with the 75 µm orifice. At various vertical distances from the MDG orifice photos of 

the droplets were taken. The schematic setup is seen in Figure 4-48, and the 

corresponding photos are shown in Figure 4-49.  

 

 
Figure 4-48: Observation of the droplet chain at different photo points 
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Figure 4-49: Droplet chain generated with the 75.0 µm orifice at different distances 

Despite an initial homogenous droplet chain, at a distance of around 40.0 cm the 

droplets start to coalesce. After 80.0 cm the droplets have changed in their sizes to a 

visible broader distribution. The result is the broad size distribution of the trehalose 

particles produced with the 5.6 m drying chamber. Since the droplets coalesce first 

after some 80 cm it appears that no complete particle formation has occurred up to 

this point. This confirms the importance of a sufficiently-long drying chamber to give 

a yield of powder.  
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4.5 Protein Inactivation through Spray Drying (Catalase) 

In a further part of this work the enzymatic stability of catalase during a spray drying 

experiment is examined. The comparability of the Büchi B-209 and the ProCept 4M8 

is investigated. Catalase was chosen because of its known thermolability[150]. The 

influence of various excipients on the enzymatic activity is furthermore investigated. 

Some experiments on the lab-bench were performed with phytase.  

 

4.5.1 Temperature Influence on Catalase (Waterbath) 

Catalase was dissolved in a 50mM phosphate buffer pH 7.0 in a concentration of 

10.0%. 10.0 ml were transferred into five 15.0 ml Sarstedt tubes. The tubes were 

inserted in a waterbath which was adjusted to 30°C, 40°C, 45°C, 50°C and 55°C. After 

every 5 minutes 100.0 µl were removed from the tube and diluted to 100.0 ml with 

phosphate buffer. In Figure 4-50 the results of the measurements are shown. As 

expected, there is a higher loss of the enzymatic activity for higher temperatures and 

extended times.  At 30°C the activity of catalase decreases only around 10%, there is, 

however, a considerable reduction of around 65% for the highest temperature 

examined. According to Switala et al. the dependency of the residual catalase activity 

on the temperature shows a sigmoidal curve with an inflection point at 56°C[151]. At 

60°C catalase was found to be complete inactivated. This corresponds with the 

observations of this experiment.  Assuming that the process follows a rate-limited 

thermally-induced first order kinetic, the Arrhenius relation can be applied. The 

Arrhenius plot is seen in Figure 4-51 of the natural logarithm of the slopes of the 

activity losses for each temperature versus the reciprocal of the corresponding 

temperatures in Kelvin.  
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Figure 4-50: Residual activities of catalase stored in the waterbath at various 

temperatures for different time points. A measurement was performed 
after every 5 minutes for each sample and repeated three times.  

 

 
Figure 4-51: Arrhenius plot for the slopes of the inactivation curves of the residual 

catalase activity as a function of the inverse waterbath temperatures 
(error bars too small to be clearly visible). 
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The plot is very close to linear. That indicates that the structural perturbation of the 

catalase structure is a rate-limited temperature induced process. The activation 

energy EA of the process can be calculated from the slope ∆ as 72.8 ± 9.2 kJ/mol 

according to: 

 

𝐸𝐴 = −∆ ∗ 𝑅 Equation 4-4 

 

where R is the gas constant.  
 

EA describes the quantitative relationship between the reaction rate and the 

temperature. According to Reynolds et al. for most drug substances EA is between 50 

and 100 kJ/mol[152]. Several publications deal with the kinetics of thermal inactivation 

of proteins. Demers et al. showed an increase in Ea after a drying process for 

galactosyltransferase from 54 kJ/mol for the dissolved state to 124 kJ/mol for the 

solid state[153]. Toth found an Ea = 115 kJ/mol for the thermally induced inactivation 

of the glucocorticoid-receptor protein[154]. Both authors explain these values to be 

small for thermal inactivation of proteins. Illeova observed a high thermal stability of 

urease with an activation energy of 373 kJ/mol[155]. D’Souza found catalase to be very 

sensitive to heat inactivation in solution, and heat-resistant in the immobilized 

form[156]. This agrees to the results of this series of experiments. The determined Ea 

can be considered as low, which therefore stands for high inactivation rates with 

increasing temperatures. A 50% loss of activity is observed for the incubation of 

dissolved catalase at 55°C for around 20 minutes. Catalase therefore can be 

considered as ordinary in respect of its thermostability and can act as good surrogate 

for studies concerning the stabilisation during spray drying.   
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4.5.2 Concentration of Catalase in the Liquid Feed 

Finke et al. found that a higher concentration of a protein in solution increases its 

aggregation due to increased chances of intermolecular collisions[157]. Refolding of 

proteins at very low concentrations is not, however, efficient due to surface 

adsorption. Loss or denaturation of the protein may therefore become more 

pronounced[158].  
 

In this series of experiments catalase was dissolved in concentrations of 0.5%, 1.0%, 

2.0%, 5.0%, 10.0% and 15.0% in 50mM phosphate buffer pH 7.0. For each 

concentration 10.0 ml were spray dried on the Büchi B-209. The nozzle used was 2-

fluid with an applied air pressure of Paa = 2.0 bar, Qda was set to 500 l/min at a Tin of 

150°C, and the liquid feed rate was 1.0 ml/min. In Figure 4-52 the activity loss of 

spray dried catalase as a function of the concentration in the liquid feed is seen.  

 

 

Figure 4-52: Activity losses of catalase spray dried with different liquid feed 
concentrations (n = 3 measurements).  
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The inactivation rate initially increases at the lowest concentrations in the liquid 

feed. This corresponds to the assumption of van den Berg[158]. Further increase of the 

catalase concentration results in a decrease in the inactivation rate and reaches a 

plateau value of around 25% for concentrations of 5% catalase and above. This 

indicates that a fixed mass of protein is inactivated independent of the solution 

concentration of the protein. 
 

The residual moistures are seen in Figure 4-53. 

 

Figure 4-53: Residual water content of the spray dried catalase samples (n = 3) 

 

The moisture content increases with catalase concentration in the liquid feed. This 

agrees with the observations described for trehalose in Figure 4-27. The drying rate 

will be lower after the critical point of drying.  
 

In Figure 4-54 SEM photos of the obtained powders are shown. With a higher liquid 

feed concentration the amount of large particles increases. This agrees to the 

observations discussed above for trehalose. A former crust formation and a 

therefore stronger diffusion barrier cause a greater water retention and higher 

residual moisture of the powders.  
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Figure 4-54: SEM photos of the spray dried powder samples obtained from different 

concentrations of catalase in the liquid feed 

A: 0.5% | B: 1.0% | C: 2.0% | D: 5.0% | E: 10.0% | F: 15.0% 

 
  

A B 

C D 

E F 
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4.5.3 Inactivation of Catalase through Atomisation 

Various publications indicate that the atomisation of a protein solution can lead to 

aggregation and loss of enzymatic activity[159, 160]. A solution of 10% catalase in 50mM 

phosphate buffer pH 7.0 was prepared and sprayed on both the 2-fluid nozzle at 

2.0 bar air pressure and the 25 kHz us-nozzle at 2.0 W electrical excitation output 

power. The sprays were collected in beakers without drying. The activities of catalase 

before and directly after spraying were determined by the colorimetric assay 

described above. In Figure 4-55 the results are seen which are given as mean of three 

separately performed experiments.  
 

For the 2-fluid nozzle the activity remains almost equal and is not significantly 

different to the untreated catalase solution on a significance level of 0.05 (p-value = 

0.106). Note that this may be valid for this particular enzyme but is not observed in 

general. There are various publications that report considerable inactivation rates for 

enzymes when atomized with a 2-fluid nozzle[161, 162].  
 

Spraying with the 25 kHz us-nozzle results in a significant loss of activity (p = 3.3*10-5 

on a significance level of 0.05). This extends the work of Rochelle et al. who found an 

inactivation of around 6% on catalase when atomised with a 60kHz us-nozzle[163]
 

under the same conditions. The 25 kHz us-nozzle used here gives, however, a higher 

inactivation of 8.5%. This suggests that us amplitude is not the relevant factor. 

Nozzle heating may be more important. Kashkooli et al. suggested that ultrasonic 

atomization leads to acoustic microstreaming effects[164]. This may either cause 

convection-induced surface-inactivation or be the result of shearing-stresses which 

are present in the boundary layers of the fluid flow. Further publications indicate 

that both the rapid self-heating of us-nozzles and liquid bubble forming due to 

cavitation and subsequent bubble implosion lead to structural perturbations to 

proteins[165, 166].  
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Figure 4-55: Catalase activity after atomisation with different nozzles 

 
As described above, the 25 kHz us-nozzle is suitable to generate a spray of large 

droplets. The enhanced loss of enzymatic activity is, however, a limitation when 

labile molecules like proteins shall be spray dried. The ultrasonic nozzle is the only 

one of the three nozzle types examined here (USN, 2FN, MDG) that give large 

particles with the small spray dryers. The inactivation in the ultrasonic nozzle could 

possibly be reduced by cooling, although not examined here.    
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4.5.4 Inactivation of Phytase through Atomisation 

In this experiment the influence of atomisation on phytase was evaluated. This 

enzyme liberates phosphate from phytic acid according to: 
 

 

Phytic Acid  +  H2O   
𝑃ℎ𝑦𝑡𝑎𝑠𝑟
�⎯⎯⎯⎯�  D-myo-inositol 1,2,3,4,5-Pentakisophosphate  +  Pi 

Equation 4-5 

 

The amount of liberated inorganic phosphate can be determined colorimetrically as 

described under “Methods”. 

 

 
Figure 4-56: Phytase activity after atomisation with different nozzles 

 

 

A solution of 1.42 units/ml phytase in 200 mM glycine buffer pH 2.8 was prepared 

and atomised with both the 2-fluid nozzle at 2.0 bar and the 25 kHz us-nozzle at 

2.0 W. The sprays were collected in beakers without drying. The experiments were 
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performed threefold. Colour-reagent solution (CRS) was added to each beaker 

before incubation of the solutions in a waterbath at 37.0°C for 30 minutes. In Figure 

4-56 the results of the activity measurements are seen.  
 

Again there is almost no decrease in the activity of the sample atomised with the 2-

fluid nozzle. Atomisation with the 25 kHz ultrasonic nozzle results in a large activity 

decrease of around 15.5%. This is further evidence for the observation made with 

catalase that enzymatic stability is a critical point when an ultrasonic nozzle is used in 

a spray drying process.  
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4.5.5 Considerations of the Activity of Spray Dried Catalase   

Compared to the well-known Büchi B-209, the ProCept 4M8 is a new device for spray 

drying purposes. As described above it can be used for the production of large, 

uniform particles. The enzymatic stability of a spray dried protein, however, is 

another important requirement.  
 

A series of experiments was performed on both spray dryers to evaluate the 

differences and similarities of the ProCept 4M8 compared to the Büchi B-209. 

Catalase was dissolved in 50mM phosphate buffer pH 7.0 in a concentration of 

10.0%, and spray dried on the B-209 and the 4M8 with both a 2-fluid and 25 kHz 

ultrasonic nozzle. The atomising air flow pressure Paa was 2.0 bar and the piezo 

electric excitation frequency was 2.0 W, respectively. The liquid feed rate Qlf was 

1 ml/min and the drying air flow rate Qda was 500 l/min for all experiments. The inlet 

air temperature Tin was increased gradually from 90°C to 158°C in steps of 17°C each. 

The powders obtained were removed from the cyclone container and stored at -80°C 

in a Sarstedt tube until the residual activities were determined by the colorimetric 

assay described above. Thus, the activity losses of catalase at each temperature can 

be displayed as a function of the outlet temperatures Tout. This is chosen instead of 

Tin because the droplets/particles are mostly exposed to this during the process. Tout 

is different in the two evaluated spray dryers, despite the same Tin, because the heat 

loss over the varying dimensions of the drying chambers is different. Every single 

experiment was performed in triplicate and the results given as average of all 

measurements. Bearing in mind that the thermal inactivation of catalase follows a 

first-order relationship (Figure 4-50 and Figure 4-51), the Arrhenius plot can be 

employed to calculate the activation energies for the total inactivation taking place 

during the process. The activity loss of catalase during spray drying is a combined 

process of the inactivation due to the thermal energy and that due to the 

atomisation (Figure 4-55). The latter value therefore is subtracted from the 

measured results, and taken therefore to be independent of Tout.   
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In Figure 4-57 and Figure 4-58 the activity losses for both spray dryers are shown. 

The activity of untreated catalase was measured prior to the spray dried samples and 

used as 100% reference for the results.  

 

 

Figure 4-57: Activity decrease of catalase spray dried in the Büchi B-209 as a 
function of Tout. All experiments were performed thrice. 

 

For the Büchi B-209 the activity for both atomisers shows an almost linear decrease 

with Tout. The ultrasonic nozzle results in greater inactivation with a residual activity 

of 36.9% at a Tin of 158°C. For the 2-fluid nozzle the values for Tout are lower than 

with the ultrasonic nozzle, despite the same Tin. This is caused by the additional cool 

atomizing air supply. In Figure 4-59 the values for Tout of all experiments are seen. For 

the conservation of the enzymatic stability of catalase these results suggest that the 

2-fluid nozzle is by far the more suitable.  
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Figure 4-58: Activity decrease of catalase spray dried in the ProCept 4M8 as a 
function of Tout. All experiments were performed thrice. 

 

 

The same basic linear decrease in catalase activity is observed for the ProCept 4M8. 

However, all values for Tout are lower compared to the Büchi (Figure 4-59). The 

lengthened chamber means a greater loss of heat energy. This illustrates the 

importance of the use of Tout. Despite the same values for Tin for both spray dryers 

Tout is lower with the ProCept unit for each nozzle. This may explain the higher 

residual activities of the spray dried catalase samples for each Tin. Even so, the 

ProCept unit generates a greater total inactivation, indicated by the vertical lines in 

Figure 4-57 and Figure 4-58 for example of Tout = 65°C. The residual activities of the 

samples spray dried with the 4M8 give lower values.  
 

The total energy input on the powder is lower with the 4M8, which may be 

favourable for the protein particles’ stabilities. This could imply a less effective 

secondary drying of the particles and a longer time until the final residual moisture is 

reached. 
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Figure 4-59: Tout versus Tin for both nozzles and spray dryers 

 
 

 
Figure 4-60: Residual moistures after spray drying with the Büchi B-209 
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Figure 4-61: Residual moistures after spray drying with the ProCept 4M8 

 

Chang et al. published that an intermediate residual moisture content of around 

2% – 3% could be the optimal storage condition for dried protein powders[167] but 

should be evaluated for a protein in each case separately. The residual moistures for 

the spray dried catalase samples of this series of experiments are shown in Figure 

4-60 for the Büchi and in Figure 4-61 for the ProCept spray dryer. 
 

With higher drying temperatures the residual moistures decrease, as expected. The 

residual moistures of the samples obtained with the ProCept 4M8 decline from 6.9% 

for the ultrasonic nozzle and 5.2% for the 2-fluid nozzle to 5.7% and 3.9%. By 

contrast, the residual moisture of the Büchi samples is higher for low values for Tin, 

but shows a stronger decrease. As discussed above, the temperatures which the 

powder particles are exposed to are higher in the Büchi which may cause a greater 

heat and mass transfer of water and therefore a more effective drying. These 

differences in the values for Tout between the spray dryers are larger for the higher 

inlet temperatures (Figure 4-57 and Figure 4-58).  
 



 RESULTS AND DISCUSSION 125 
 

 

The highest inactivation rates of catalase were observed with the 25 kHz nozzle in 

the ProCept 4M8 (Figure 4-58). In these experiments the residual moistures were at 

noticeable higher values (Figure 4-61), especially at the highest temperatures. 

Dhouly et al. suggested that the evaporation rate sharply decreases after the solid 

crust is formed[168]. This may happen earlier when the 25 kHz nozzle is applied. 

According to Hagemann the level of hydration increases the conformational 

flexibility of a protein[143] which could be one of the reasons for the greater 

inactivation rate described in the present work.  
 

 The residual moistures of the samples obtained with the 2-fluid nozzles are always 

lower than the corresponding values measured with the ultrasonic nozzles. In Figure 

4-62 the particle size distributions of the powders are seen, and the corresponding 

SEM photos in Figure 4-63 and Figure 4-64. There are only minor differences in both 

particle size distributions and morphologies when the drying air temperature 

changes. This observation corresponds to the findings described above that primarily 

the choice of the atomiser determines the droplet size distribution. The 2-fluid 

nozzles tend to generate smaller sizes. Therefore the total liquid specific surface and 

the water evaporation rate is increased[22, 168], resulting in lower residual moistures.   
 

The Arrhenius plots are given in Figure 4-65 and Figure 4-66 for the experiments on 

both spray dryers. The graphs are convex, especially with the Büchi. Neither a multi-

stage degradation mechanism nor a glass transition is evident, both of which could 

lead a break in the Arrhenius behaviour of proteins when thermally treated[169, 170]. 

Although this description does not give any information about the underlying 

mechanistic cause of the inactivation of catalase, it is apparent that it is a rate 

limited, thermally-induced process.  
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Figure 4-62: Particle size distributions of the spray dried catalase samples obtained 
with the two evaluated spray dryers. Columns show the volume 
distributions, lines represent the undersize curves 

A: Büchi B-209 | B: ProCept 4M8 
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Figure 4-63: SEM photos of the spray dried catalase samples obtained with the Büchi 
B-209 spray dryer 

A:  2FN 90°C | B: 2FN 124°C | C: 2FN 158°C 
D:  USN 90°C | E: USN 124°C | F: USN 158°C 
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Figure 4-64: SEM photos of the spray dried catalase samples obtained with the 
ProCept 4M8 spray dryer 

G: 2FN 90°C |H: 2FN 124°C | I: 2FN 158°C  
J: USN 90°C | K: USN 124°C | L: USN 158°C 
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The slight convexity of the Arrhenius plots means that higher values of Tout produce 

progressively less inactivation of the protein than predicted by Arrhenius. This may 

be caused by a non-constant temperature that the catalase particles experience 

during the spray drying process. Ranz et al. showed that at the beginning of the 

drying of a droplet the temperature on the surface first raises to the wet-bulb 

temperature, Twb, and remains at this value up to the critical point[171]. However, 

recently it has been demonstrated by Lorenzen et al. that the inactivation of a 

protein during single droplet drying starts at the critical point of drying[172]. Therefore 

protein inactivation has to be described by Tout and not Twb. According to Chiou et al. 

the very short particle residence time, τ, in the drying chamber of a bench-top spray 

dryer is insufficient to allow an equilibrium to be attained between the temperatures 

of the product particles (=Ts) and the exhaust gas (=Tout) after the critical point of 

drying[173]. It has been shown by Langrish that this time to reach the equilibrium 

becomes longer with higher values for Tout
[174]. The residence time τ is determined by 

the flow air of the drying air Qda and the volume of the drying chamber[175]. Therefore 

the residence time for a particular spray dryer is the same at all values of Tout. Hence, 

when the particles exit the drying chamber, the difference between Tout and Ts will 

become larger at higher values of Tout. The residence time in the ProCept (Vc/Qda = 

0.0505m³/(0.5m³/min) = 6.06 seconds) is larger than that on the Büchi (Vc/Qda = 

0.008m³/(0.5m³/min) = 0.96 seconds). There is therefore more time to reach 

equilibrium in the ProCept.  
 

The amount of heat energy which is available for damage to the protein originates 

from Ts, which, however, cannot be determined in the spray dryer. The use of Tout for 

the Arrhenius plot may result in the convexity of the graph. That means that the 

measured inactivation of catalase would be lower than predicted by Arrhenius, 

which is not a property of the protein but rather of the spray drying process. 
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Figure 4-65: Arrhenius graphs for the spray drying experiments with catalase on the 

Büchi B-209 

 

 
Figure 4-66: Arrhenius graphs for the spray drying experiments with catalase on the 

ProCept 4M8 
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From the slopes ∆ of the regression lines the activation energies for the thermally-

caused inactivation can be calculated according to equation 4-4. The results are 

given in Table 4-7, expressed as average value of the three identical experiment 

series for each combination of nozzles and spray dryers. 

 
 

 Büchi B-209 
[kJ/mol] 

ProCept 4M8 
[kJ/mol] 

2-fluid nozzle 65.6 ± 5.5 57.4 ± 4.8 
25 kHz us nozzle 48.4 ± 7.2 34.4 ± 6.0 

Table 4-7: Energy barriers for the thermally induced enzymatic inactivation 
of catalase during spray drying on the two bench-top units used 
in the current work 

 
There is a little more inactivation of catalase when the ProCept 4M8 is used for each 

nozzle. This also becomes apparent from the values of the activation energies for the 

process which are slightly lower compared to the values obtained for the Büchi unit. 

Higher values are seen for the 2-fluid nozzles which mean a higher resistance against 

thermal inactivation.  
 

According to Meerdink the inactivation rate decreases at low water 

concentrations[176]. The smaller particle sizes produced with 2-fluid nozzles and the 

faster decrease in residual moisture conserves more the enzymatic activity. This 

finding, however, is contrary to the objective of the current work of generating large 

protein particles through spray drying.  

 

  



132 RESULTS AND DISCUSSION  
 

 

4.5.6 Influence of Total Residence Time on Product Activity 

The residence time of a droplet in the drying chamber is generally assumed to be not 

less than that of the drying air[33]. According to Kieviet et al. it is < 3 seconds for all 

kinds of bench-top machines[177]. This was confirmed by Zbicinski et al. who found 

that the particles’ residence time in the drying chamber is between 2 and 5 seconds 

for all combinations of various liquid feed concentrations, inlet air temperatures and 

drying air flow velocities[178]. However, an additional contribution to the overall 

protein inactivation may be given through the total residence time in the spray 

dryer. Depending on the liquid feed flow rate, their total residence time will be 

around 10 minutes for a typical laboratory-scale process. The dried powder resides in 

the cyclone container until the end of the spray drying run and is exposed there to 

further thermal stress. The inside glass wall of the collector has approximately the 

same temperature as the outlet air. Water-cooled collectors or cyclones produce 

substantial water condensation on their inside walls and are not suitable. In a series 

of spray drying experiments the influence of the total residence time of the powder 

was therefore examined. The Büchi B-290 as well as the ProCept 4M8 was used with 

both the 2FN and the 25 kHz USN. Catalase was dissolved in phosphate buffer pH 7.0 

in a solid concentration of 10.0%. Spray drying experiments were performed at 141°C 

with a Qlf of 1 ml/min and Qda of 500 l/min. The total process time was varied in 5 

steps from 2 to 10 minutes. As such, the powder product spent different lengths of 

time in the cyclone container. All experiments were repeated three times, as well as 

the measurements from each powder sample. The results are given as average of all 

single residual activities as function of the process time.   
 

In Figure 4-67 and Figure 4-68 the activity losses of catalase are shown for both spray 

dryers and nozzle types. The activity of the non-spray dried catalase was determined 

and used as a 100% reference.  
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Figure 4-67: Activity decrease of catalase as a function of the total residence time in 

the cyclone container for the Büchi B-209 

 

 
Figure 4-68: Activity decrease of catalase as a function of the total residence time in 

the cyclone container for the ProCept 4M8 
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For all series of experiments a near exponential decrease in the residual activity can 

be seen with longer total residence time. The larger the powder sits in the cyclone 

container, the more inactivation takes place. It is seen therefore that this post-

chamber damage to the protein is a major source of inactivation. A higher amount of 

inactivation is seen for the experiments with the ultrasonic nozzle. The inactivation 

rate is not dependent on the spray dryer. As shown above, the outlet air 

temperature Tout is lower when the 2FN is used since the atomising air additionally 

cools down the drying air. This may be one reason for the higher inactivation of 

catalase when the ultrasonic nozzle is applied. The residual moisture content directly 

derives from the generated droplet sizes. Larger droplets lead to a decreased rate of 

water evaporation and therefore a higher molecular flexibility of the protein, 

resulting in higher inactivation rates (Figure 4-65 and Figure 4-66). This can be seen 

in Figure 4-67 and Figure 4-68 in a higher relative decrease in the residual activities 

for each USN. The residual moistures of the samples are shown in Figure 4-69 and 

Figure 4-70. 

 

Figure 4-69: Residual moistures of spray dried catalase samples obtained from the 
Büchi B-209 
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Figure 4-70: Residual moistures of spray dried catalase samples obtained from the 
ProCept 4M8 

 

The residual moistures of the samples obtained after 10 minutes are in accordance 

to the results shown in Figure 4-60 and Figure 4-61. The 4M8 provides a higher 

volume of hot air in the drying chamber, and the powder moistures should therefore 

be lower than the values of the Büchi B-209. However, the values are higher 

compared to the B-209 (note that Tout is higher for the Büchi B-209 in Figure 4-57 and 

Figure 4-58). According to Maa the driving force for water evaporation is the 

difference in vapour pressure between the drying air, Pda, and the droplet surface, 

Pdrop
[179]. That means that the air exchange in the droplet/particle surface plays an 

important role. The 4M8 provides a laminar air stream and may therefore generate a 

less efficient air exchange in the direct droplet/particle environment. A water 

saturated shell is the consequence with a decreased evaporation rate and higher 

residual moistures. The inactivation rates of catalase are therefore similar for both 

spray dryers, despite the difference in the residual moistures and Tout (the value for 

the ProCept 4M8 was around 75°C, and for the Büchi B-209 around 82°C).  
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4.5.7 Stabilisation of Catalase during Spray Drying with Trehalose 

The general mechanisms of irreversible enzyme inactivation have not been 

completely clarified[144]. However, it is certain that the inactivation of enzymes under 

the conditions of spray drying involves considerable conformational changes to the 

molecules[180]. This can lead to unfolding and aggregation. If unfolding is necessary 

for enzyme inactivation, then the more rigidly fixed the protein’s native 

conformation is, the more difficult it is to unfold. In consequence, it is harder to 

destroy the catalytic centre. The variation of the rigidity of their proteins is a 

common natural adaption of organisms[181]. In the dry state proteins are generally 

stable, as examples from the literature show[182]. Various authors found trehalose 

and to some extent mannitol to be potent stabilisers for the freeze-drying of 

proteins[183]. Due to the specific surface expansion of the protein solution during 

spray drying, interfacial inactivation has also to be considered. To displace protein 

molecules from the interface non-ionic surfactants can be employed[99].  
 

Several series of spray drying experiments were performed with trehalose, mannitol 

and polysorbate 20 as additives in a solution with catalase. For the evaluation of the 

stabilising potential of each excipient the residual activities were determined and 

used for the calculation of activation energy, Ea. As shown above, the solid 

concentration in the liquid feed has an influence on particle formation and powder 

properties. Therefore it was held constant at 10% (m/V) for all experiments. Tin was 

varied from 90°C to 158°C in five steps, as in the previous experiments, at an air flow 

rate, Qda, of 500 l/min. For the experiments the ProCept 4M8 was chosen. Paa was set 

to 2 bar for the 2FN, and the electrical excitation power for the USN to 2 W. As liquid 

feed solutions 10.0 ml of catalase-excipient-mixtures in 50mM phosphate buffer pH 

7.0 were pumped with a syringe pump at a Qlf of 1 ml/min for all experiments. Every 

spray drying experiment was done in triplicate. In Table 2-1 an overview of the mass 

ratios of catalase to trehalose and mannitol is given. The C/T and C/M mass ratios 

varied between 9/1 via 2/1 to 1/9. 
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Number 
mass of catalase 

[g] 

mass of trehalose 

[g] 

mass of mannitol 

[g] 

Mixture 1 (C/T=9/1) 0.9 0.1 0.0 

Mixture 2 (C/T=2/1) 0.66 0.33 0.0 

Mixture 3 (C/T=1/9) 0.1 0.9 0.0 

Mixture 4 (C/M=9/1) 0.9 0.0 0.1 

Mixture 5 (C/M=2/1) 0.66 0.0 0.33 

Mixture 6 (C/M=1/9) 0.1 0.0 0.9 

Table 4-8: Mass ratios of catalase and trehalose/mannitol in the liquid feed  

 

Polysorbate 20 was chosen as a potential stabilising surfactant in a further series of 

experiments. According to the literature its CMC is 0.006%[184]. To 10.0 ml of 10% 

solutions of the 2/1 mixture of catalase and trehalose in buffer polysorbate 20 was 

therefore added in concentrations of 0.003%, 0.006%, 0.012% and 0.024%.  
 

It has been shown in the previous experiments that atomisation alone can reduce 

the catalase activity (Figure 4-55). The residual activity of every mixture of catalase 

and excipient after cold atomisation has therefore to be determined. Solutions of 

every combination described above were prepared and 2.0 ml atomised with both 

the 2FN and the 25 kHz USN. The sprays were collected in a beaker without drying. 

The remaining activity of each sample was determined through the UV-metric assay. 

In Figure 4-71, Figure 4-72, and Figure 4-73 the results of the measurements are 

seen. The activities of the non-sprayed catalase-excipient-mixtures were used as 

100% reference for each case. Every measurement was done in triplicate. A t-test 

was performed and the results given in Table 4-9. 
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Figure 4-71: Residual activities of cold sprayed catalase/trehalose 
combinations in different mass ratios 

 

 

Figure 4-72: Residual activities of cold sprayed catalase/mannitol 
combinations in different mass ratios 
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Figure 4-73: Residual activities of cold sprayed 10% catalase solutions with 
different added surfactant concentrations. 

 

 p-value  p-value 

 2FN USN  2FN USN 

C/T = 9/1 0.817 0.117 C/M = 9/1 0.995 0.074 

C/T = 2/1 0.408 0.266 C/M = 2/1 0.259 0.218 

C/T = 1/9 0.455 0.004 C/M = 1/9 0.677 0.129 

0.003% polysorbate 20 0.899 0.823   

0.006% polysorbate 20 0.620 0.724   

0.012% polysorbate 20 0.900 0.086   

0.024% polysorbate 20 0.996 0.057   

Table 4-9: Calculated p-values for the residual activity measurements of 
different catalase/excipient mixtures in solution after spraying 
without drying on a significance level of 0.05, compared to 
sprayed catalase without additives (Figure 4-55). 
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For the 2FN an almost complete retention of the catalase activity is seen in all 

experiments (vertical reference line at 100%). This is because catalase was not 

significantly inactivated when sprayed without additives. For the USN catalase can be 

stabilised with all three excipients. In these experiments trehalose seems to have the 

greatest effect. However, the activity enhancement is mostly not significant on a 

significance level of 0.05 (Table 4-9). Only when trehalose is used in a mass ratio of 

1/9 is there a significant effect for the USN. That means that the excipients only have 

a slight positive effect on the enzymatic activity of catalase on cold atomisation. 

Their main advantage therefore has to be sought in another process step of spray 

drying.  
 

In Figure 4-74 to Figure 4-79 the loss of activity for catalase is shown for different 

amounts of added trehalose (given as mass ratio of the solid mixture in the liquid 

feed). The Arrhenius plots are also given for each case, with n=3 replicate 

measurements.  
 

 
Figure 4-74: Activity loss of catalase for a ratio of catalase to trehalose of 9/1 spray 

dried with a 2-fluid nozzle. 
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Figure 4-75: Activity loss of catalase for a ratio of catalase to trehalose of 

9/1 spray dried with a 25kHz ultrasonic nozzle. 

 

 
Figure 4-76: Activity loss of catalase for a ratio of catalase to trehalose of 

2/1 spray dried with a 2-fluid nozzle. 
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Figure 4-77: Activity loss of catalase for a ratio of catalase to trehalose of 

2/1 spray dried with a 25 kHz ultrasonic nozzle. 

 

 
Figure 4-78: Activity loss of catalase for a ratio of catalase to trehalose of 

1/9 spray dried with a 2-fluid nozzle. 
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Figure 4-79: Activity loss of catalase for a ratio of catalase to trehalose of 

1/9 spray dried with a 25 kHz ultrasonic nozzle. 

 

The inactivation of catalase is reduced through the addition of trehalose with both 

atomisers. For the 2FN the residual activity loss decreases to around 5% at the 

highest trehalose concentration (1/9) and remains on this level, even at the highest 

temperatures. For the USN the inactivation curve’s shape alters from a linear (Figure 

4-58) to a curved type. That means that the activity loss becomes greater for the 

higher temperatures. In order to stabilise the catalase’s conformation the trehalose 

should form a dry matrix in which the enzyme is trapped. The highest outlet air 

temperatures which can be reached with the USN in these experiments produce an 

environment in the dried particles which is close to the glass transition of amorphous 

trehalose. The higher molecular flexibility of catalase in this less rigid matrix may 

lead to the relatively high inactivation rates observed for the highest temperatures 

and the weaker effectiveness of trehalose. This agrees with Brock who determined 

the molecular flexibility as an essential parameter in the thermostability of 

proteins[185]. This also becomes apparent from the Arrhenius plots that are given for 

each trehalose concentration and each atomiser. The Arrhenius plots show a linear 
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relationship with both nozzle types and at all trehalose contents. According to the 

literature the glass transition of dry trehalose-dihydrate is around 100°C[186] and for 

anhydrous trehalose 114°C[187]. However, the residual moisture of the powder 

decreases this temperature. Tout was around 60°C to 80°C for the highest inlet air 

temperatures. There is therefore no sign of a change to non-Arrhenius kinetics at 

temperature rises (Tout).  
 

The residual moistures of the spray dried samples are shown in Figure 4-80 and 

Figure 4-81. The moistures for the powders obtained with the USN result in larger 

values, which agrees with the previous observations. This may contribute to the 

higher inactivation determined. It is furthermore evident that the mass proportion of 

trehalose does not have an effect on the final moisture content.  

 

 

 
Figure 4-80: Residual moistures for spray dried catalase samples with 

increasing addition of trehalose for the 2FN. Values are given 
as average from 9 measurements (n=3 from 3 samples). 
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Figure 4-81: Residual moistures for spray dried catalase samples with 

increasing addition of trehalose for the USN. Values are given 
as average from 9 measurements (n=3 from 3 samples). 

 

It can be concluded that the heat and mass transfer that the droplets/particles are 

exposed to, are the same for the mixtures as they are for pure catalase. This agrees 

to the work of Liao et al. who found that the residual water content of spray dried 

binary mixtures of lysozyme and trehalose shows only slight and not-significant 

changes when the sugar concentration is varied[188]. That means that the stabilising 

effect of trehalose is largely because of the interactions between the molecules and 

not because of different drying extent. 
 

Liao et al. furthermore found a relationship between the sugar content and the 

melting temperature of the protein[188]. Higher concentrations of sugars resulted in 

larger melting temperatures. Protein melting is thought to involve both the breaking 

of internal interactions which maintain the native conformation and the disruption 

of the interactions between protein and excipient[188, 189]. The thermal behaviour of 

the spray dried catalase samples of the present experiment series was examined 

using DSC and is given in Figure 4-82 for the 2FN and Figure 4-83 for the USN.  
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Figure 4-82: Thermal behaviour catalase/trehalose mixtures spray dried with a 2FN at 

various temperatures. 

 

 

 
Figure 4-83: Thermal behaviour catalase/trehalose mixtures spray dried with a 

25 kHz USN at various temperatures. 
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All samples show a transition between 160°C and 200°C. These results reveal the 

exact conditions of the samples since both the melting temperature of pure spray 

dried catalase and trehalose generate signals in a similar temperature range. 

However, there is a slight shift of the main peak to higher temperatures for larger 

applied inlet air temperatures. This agrees with the lower residual moisture values 

observed, as discussed above (Figure 4-80 and Figure 4-81). The DSC curves also 

indicate that there is no crystalline fraction in the spray dried combinations of 

catalase and trehalose.  
 

In Figure 4-84 SEM photos are shown for the spray dried samples with the different 

catalase/trehalose mass ratios at Tin = 124°C for both nozzles. The dry particles are 

wrinkled, as seen previously for pure catalase samples (Figure 4-22). From the spray 

drying results with pure trehalose (Figure 4-25) it is expected that the highest 

proportion of trehalose should lead to more spherical particles. At a solid proportion 

of 90% trehalose the particles surprisingly show, however, the least regularity in 

surface structure and sphericity. Fäldt et al. found a similar behaviour for spray dried 

powders of binary mixtures of casein and lactose[190]. The particle crust may not 

therefore contain the solids in the same ratio as it is in solution. Due to their surface 

activity the protein molecules are adsorbed at the liquid/air interface which may lead 

to the observed deviation of the particle morphology. This could be also an 

important contribution for the total inactivation of catalase.  
 

Clelend found that the most effective stabilisation of an antibody during freeze-

drying occurred at a mass ratio of protein to trehalose = 2/1 to 1/1[191]. In this 

experiment series even at a mass ratio of catalase to trehalose = 1/9 a considerable 

activity loss is observed (Figure 4-78 and Figure 4-79). If the moisture content is 

responsible for the molecular flexibility of catalase and therefore also inactivation, 

an improved retention of conformation might occur with an increase in the solid 

content in the liquid feed. Due to an earlier solidification of the droplets, catalase 

should be immobilised earlier so that the time for possible aggregation or unfolding 

is shortened.  
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Figure 4-84: SEM photos of spray dried catalase/trehalose mixtures at Tin = 124°C 

A: catalase/trehalose = 9/1 (2FN) | B: catalase/trehalose = 9/1 (25 kHz USN)  
C: catalase/trehalose = 2/1 (2FN) | D: catalase/trehalose = 2/1 (25 kHz USN) 
E: catalase/trehalose = 1/9 (2FN) | F: catalase/trehalose = 1/9 (25 kHz USN)  
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E 

D C 

F 



 RESULTS AND DISCUSSION 149 
 

 

To 10.0 ml of a 10% solution of catalase trehalose was added in a high concentration 

of 1.0 mol/l. This means a total solid content of 44.2% ([m/V], calculated with an Mt 

for trehalose-dihydrate of 378.3 g/mol). Thirty systems were prepared for 

subsequent spray drying at five inlet air temperatures between 90°C and 158°C (each 

experiment was performed three times and on both nozzles). Qda and Qlf were the 

same as they were in the previous experiments.  
 

The loss of activity due to atomisation without drying was determined and is seen in 

Figure 4-85. These results are similar to these obtained for the catalase/trehalose 

ratio of 1/9 (Figure 4-71) and are not significantly different (the p-value for the USN 

was 0.785 and for the 2FN 0.291). There is no inactivation of catalase due to 

atomisation with this high amount of trehalose present. In Figure 4-86 and Figure 

4-87 the results for the activity measurements and the Arrhenius plots for the spray 

dried samples are shown.  

 

 
Figure 4-85: Activity decrease for cold atomisation of a combination of a 10% 

solution of catalase with 1.0 M trehalose without drying 
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Figure 4-86: Activity loss of catalase when spray dried with addition of 1.0 M 

trehalose in the liquid feed (2FN). 

 

 
Figure 4-87: Activity loss of catalase when spray dried with addition of 1.0 M 

trehalose in the liquid feed (25kHz USN). 
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There is only negligible inactivation at the lowest inlet air temperatures for this high 

addition of trehalose. At Tin = 124°C even the USN shows inactivation of only around 

6.2%. There is an exponential increase in the inactivation rates for the highest inlet 

air temperatures which is more distinct for the USN. It is apparent that the 

inactivation process changes its dynamics at some temperature which can also be 

seen in the slight non-linearity of the Arrhenius plots. A hotter environment may 

weaken the rigidity of the trehalose matrix which leads to a higher flexibility of the 

catalase molecules resulting in a higher inactivation. It might also be that the 

previously described separation in a sugar-rich particle-center and a protein-rich 

crust is responsible for this observation, which enhances surface-inactivation. In 

Figure 4-88 exemplary SEM photos of the samples obtained at Tin = 124°C are given 

for this experiment series.    
 

  
Figure 4-88: SEM photos of the spray dried powders obtained at Tin = 124°C 

with a trehalose concentration in the liquid feed of 1 mol/l.  
(left: 2FN, right: 25 kHz USN) 

 

The photos agree with the observations made for the other spray dried 

catalase/trehalose mixtures (Figure 4-84). The particles show a contraction in shape 

which is more typical for polymers[33]. The catalase molecules are exposed to the hot 

air in the interface and inactivated which contributes to the increased inactivation 

rates for higher inlet air temperatures. However, since the 2FN generates the smaller 

absolute droplet sizes with a subsequent higher specific surface, the inactivation for 

this nozzle should result in the higher values. The higher specific surface leads, 

however, to faster water evaporation which can preserve the enzymatic activity, as 
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discussed previously. The residual moisture values of the samples with high 

trehalose content are seen in Figure 4-89.  

 

 
Figure 4-89: Residual moistures of the spray dried catalase/trehalose samples at 

different inlet air temperatures for both nozzles.  

 

Application of the 2FN results in more effective water evaporation. The faster water 

removal enhances the formation of a glassy trehalose matrix with decreased 

flexibility of the catalase molecules.   
 

The inactivation of catalase observed in these experiments therefore can be 

considered a complex process which is made up of several separate influences, such 

as moisture withdrawal, outlet air temperature and surface inactivation. These 

results show that trehalose alone is a potent stabilizer of the protein conformation 

during spray drying, but is not able to give full retention of the enzymatic activity. 
 

From the Arrhenius plots shown above the activation energies for the process-

induced inactivation can be calculated. The results are given in Table 4-10. 
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 2FN [kJ/mol] 25 kHz USN [kJ/mol] 

C/T = 9/1 58.5 ± 6.9 39.3 ± 3.6 

C/T = 2/1 62.5 ± 3.8 54.6 ± 6 1 

C/T = 1/9 110.5 ± 14.8 75.7 ± 8.4 

C = 10.0% + T = 1 mol/l 175.8 ± 15.5 90.4 ± 11.2 

Table 4-10: Activation energies for the thermal inactivation of catalase/trehalose 
mixtures in different mass ratios. 

 

Higher values indicate a larger energy barrier that has to be overcome for 

inactivation. With increasing the trehalose content in the liquid feed the catalase 

samples show higher activation energies. For the smallest amount of trehalose (mass 

ratio = 9/1) there is only a slight increase compared to spray dried catalase without 

additives (Table 4-7). For both nozzles examined the greatest difference can be seen 

when the trehalose amount is increased from a catalase/trehalose mass ratio = 2/1 

to 1/9. That means that the most effective stabilization of catalase can be reached 

with a proportion of trehalose of somewhere between 33.3% and 90.0% in the solid 

content of the liquid feed. This agrees to the estimation of around 1/1 from the 

literature[191]. A confirmation of the idea that fast water evaporation can be helpful 

for protein stabilization during spray drying is given through the further rise in EA 

when the solid content in the liquid feed is increased. This, however, is possible for 

trehalose but not necessarily for every excipient.   
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4.5.8 Stabilisation of Catalase during Spray Drying with Mannitol 

In Figure 4-90 to Figure 4-95 the activity losses of catalase for different amounts of 

added mannitol are shown (again the losses of cold atomisation are subtracted). As 

above, the Arrhenius plots are given for each case with n=3 replicate experiments. 

The residual catalase activities in these experiments are improved with increasing 

amount of mannitol. Compared to trehalose, however, a less marked effect is 

observed. For the 2FN there is almost no difference for a change of the 

catalase/mannitol mass ratio from 9/1 to 2/1 and only a slight effect when the ratio 

is altered to 1/9. With the USN there also is only a weak effect. An increase in the 

catalase/mannitol mass ratio from 2/1 to 9/1 shows only a stabilizing effect for lower 

inlet air temperatures.  

 

 

Figure 4-90: Activity loss of catalase for a ratio of catalase to mannitol of 9/1 spray 
dried with a 2-fluid nozzle. 
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Figure 4-91: Activity loss of catalase for a ratio of catalase to mannitol of 9/1 spray 

dried with a 25 kHz ultrasonic nozzle. 
 

 
Figure 4-92: Activity loss of catalase for a ratio of catalase to mannitol of 2/1 spray 

dried with a 2-fluid nozzle. 
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Figure 4-93: Activity loss of catalase for a ratio of catalase to mannitol of 2/1 spray 

dried with a 25 kHz ultrasonic nozzle. 
 

 
Figure 4-94: Activity loss of catalase for a ratio of catalase to mannitol of 1/9 spray 

dried with a 2-fluid nozzle. 
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Figure 4-95: Activity loss of catalase for a ratio of catalase to mannitol of 1/9 spray 
dried with a 25 kHz ultrasonic nozzle. 

 

Tzannis et al. performed spray drying experiments with trypsinogen/sucrose 

mixtures and found an enzymatic stabilization for increasing sugar amounts. Above a 

certain ratio, however, no further increase in sucrose content led to an 

improvement[192]. They suggested that sucrose crystallizes within the solid protein 

matrix. A crystalline fraction is not able to embed the protein conformation and 

therefore does not give a stabilizing effect. A similar observation of Isutzu et al. 

indicates that mannitol crystallization may occur depending on its concentration, and 

the presence of buffer salts in different concentrations[193].   
 

DSC measurements were performed with spray dried samples obtained for 

catalase/mannitol mass ratios of 2/1 and 1/9, and are given in Figure 4-96 for the 

2FN and Figure 4-97 for the USN. Measurements of pure catalase and pure mannitol 

spray dried at Tin=124°C are also shown for comparison. 
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Figure 4-96: Thermal behaviour catalase/mannitol mixtures spray dried with a 2FN 
at various temperatures. 

 

 

Figure 4-97: Thermal behaviour catalase/mannitol mixtures spray dried with a 
25 kHz USN at various temperatures. 

 

Mannitol and catalase give signals in a similar temperature range. A separation of the 

signals is therefore not possible. The substance mixture may be the reason why 
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there is no peak in the DSC plot observed for the C/M = 2/1 samples. Possible parallel 

crystallization and glass transition processes may overlap. Peaks are, however, 

observed for the samples with the C/M = 1/9 ratio. It is probable that mannitol 

crystallizes and therefore is causal for this observation. A large crystalline proportion 

in the sample could lead to the signals observed. These results therefore indicate 

that there is a change in the physical state of the mixtures when the mannitol 

amount is increased.   
 

XRD measurements were performed with the spray dried mixtures of catalase plus 

trehalose or mannitol, and are given in Figure 4-98 to Figure 4-101. Measurements of 

pure catalase, trehalose, and mannitol spray dried with both nozzles at Tin=124°C are 

also shown. For trehalose all of the measurements show a similar shape of curve. 

The physical state of the spray dried mixtures does not alter with varying amounts of 

trehalose in the liquid feed. A fully amorphous state of the powders can be 

concluded, which agrees to the DSC results (Figure 4-83). Measurement of pure 

trehalose spray dried at Tin=124°C results in a slightly more curved shape compared 

to the catalase/trehalose mixtures. The results of spray dried mixtures lie between 

these two shapes. That means that the solid spray dried particles are made of a 

homogenous matrix of both substances. The same general observation is seen for 

mannitol in the mass ratios of 9/1 and 2/1. However, when the mannitol amount is 

further increased to a catalase/mannitol ratio of 1/9, a crystalline character of the 

samples is observed. Pure mannitol, spray dried at 124°C, also shows distinct 

crystallinity. The inlet air temperature and the droplet/particle size (determined by 

the nozzle) give no change in the results compared to the pure catalase sample. 
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Figure 4-98: XRD measurements of several catalase/trehalose mixtures, spray dried at 
various inlet air temperatures, obtained with a 2FN. 

 

 

Figure 4-99: XRD measurements of several catalase/trehalose mixtures, spray dried at 
various inlet air temperatures, obtained with a 25 kHz USN. 
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Figure 4-100: XRD measurements of several catalase/mannitol mixtures, spray dried at 
various inlet air temperatures, obtained with a 2FN. 

 

 

Figure 4-101: XRD measurements of several catalase/mannitol mixtures, spray dried at 
various inlet air temperatures, obtained with a 25 kHz USN. 
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The crystallisation of mannitol during spray drying only depends on the total solid 

content in the liquid feed and the mass ratio to catalase. This is in full agreement 

with the above discussed observations. It is a plausible conclusion that crystalline 

mannitol forms a second phase in the solid particles which is separated from the 

mannitol/catalase matrix. This effect is a contribution to the explanation why 

trehalose shows the greater efficiency in the preservation of the enzymatic activity 

of catalase.  
 

Mikhailov et al. determined that the water transport from amorphous matrices 

proceeds in a gradual way. Drying of such substances therefore involves 

intermediate semi-solid stages. The viscosity gradually increases until a glass-like 

state can be observed[194]. Water can be trapped inside of such matrices. Therefore 

higher residual moisture contents of the mixtures with trehalose compared to the 

mixtures with mannitol can be assumed. The residual moisture contents of the spray 

dried mixtures of catalase and mannitol are shown in Figure 4-102 for the 2FN and in 

Figure 4-103 for the USN.  
 

 
Figure 4-102: Residual moistures for spray dried catalase samples with increasing 

addition of mannitol for the 2FN. Values are given as average from 9 
measurements (n=3 from 3 samples). 
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Figure 4-103: Residual moistures for spray dried catalase samples with increasing 

addition of mannitol for the 25 kHz USN. Values are given as average 
from 9 measurements (n=3 from 3 samples). 

The variation of the moistures of the mannitol powders is smaller compared to those 

of the trehalose powders (Figure 4-80 and Figure 4-81). For the lower inlet air 

temperatures there is a slight decrease from the moisture to around 2.0% to 2.5%. 

Starting at Tin=124°C the moistures remain almost constant for all higher 

temperatures. Furthermore, the trehalose samples showed greater absolute water 

retention. This indicates that the water evaporation from the mannitol samples 

occurs at a higher rate, which may be explained by the crystalline character of those 

samples.  
 

SEM photos of the powder samples are shown in Figure 4-104. For both nozzles the 

particles obtained show a wrinkled morphology for catalase/mannitol mass ratios of 

9/1 and 2/1 without clearly visible differences. For the mass ratio 1/9, however, the 

particles are more spherical. The photos also indicate a variation in the mean particle 

sizes. For the lower amounts of mannitol the particles appear larger, as they do also 

for the spray dried catalase/trehalose mixtures (Figure 4-84). Crystallization of 

mannitol might occur relatively late. Mannitol in low amounts or a fully amorphous 



164 RESULTS AND DISCUSSION  
 

 

substance like trehalose shows a sol-gel-transition. This process apparently leads to 

larger particles.  

 

  

  

  

Figure 4-104: SEM photos of spray dried catalase/mannitol mixtures at Tin = 124°C 

A: catalase/mannitol = 9/1 (2FN) | B: catalase/mannitol = 9/1 (25 kHz USN)  
C: catalase/mannitol = 2/1 (2FN) | D: catalase/mannitol = 2/1 (25 kHz USN) 
E: catalase/mannitol = 1/9 (2FN) | E: catalase/mannitol = 1/9 (25 kHz USN) 

 

A 

C 
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D 
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Figure 4-105: Measurements of the particles sizes of catalase/mannitol mixtures in 

the mass ratios 9/1 and 1/9 spray dried at Tin=124°C for both nozzles. 
Columns show the volume distributions, lines represent the undersize curves. 

 

The particle size distributions were therefore determined and are given in Figure 

4-105. The distribution types confirm the assumption made from the SEM photos. A 

slight shift of the particle sizes to lower values can be seen for both nozzles when the 

mannitol ratio in the liquid feed is raised.  

 

 2FN [kJ/mol] USN [kJ/mol] 

C/M = 9/1 58.6 ± 7.6 41.6 ± 5 6 

C/M = 2/1 59.6 ± 5.6 44.6 ± 8.2 

C/M = 1/9 85.6 ± 10.8 59.1 ± 8.3 

Table 4-11: Activation energies for the thermal inactivation of catalase/mannitol 
mixtures in different mass ratios. 

 

The activation energies, Ea, can be determined from the Arrhenius plots given in 

Figure 4-90 to Figure 4-95 and are summarized in Table 4-11. 
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Higher values are seen with increasing amounts of mannitol which agrees to the 

expectation. However, this increase is less pronounced compared to the results from 

the trehalose experiments (Table 4-10). While Ea lies in the same range for the 

lowest amounts of trehalose and mannitol, there is a weaker increase of the values 

for higher mannitol amounts. The increments for both nozzles between the ratios of 

2/1 and 1/9 indicate that the most helpful concentration of mannitol for the 

stabilisation of catalase lies within this range.  
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4.5.9 Stabilisation of Catalase during Spray Drying with Polysorbate 20 

Milleqvist-Fureby found that the surface of spray dried protein/carbohydrate 

mixtures show a strong protein accumulation in the surface[78]. This is likely caused 

by protein adsorbing in the water/air interface and can be controlled by adding of 

surfactants[195]. InFigure 4-106 to Figure 4-113 the activity losses for spray dried 2/1 

mixtures of catalase/trehalose with increasing proportions of polysorbate 20 

(= Tween 20) between 0.003% (= half of the CMC) and 0.024% (= 4 times CMC) are 

shown. The activity loss is reduced with higher surfactant concentrations. This is, 

however, more distinct at the lower inlet air temperatures, with almost no effect for 

the highest Tin visible for both nozzles (compared to catalase spray dried without 

additives, shown in Figure 4-58). Furthermore, the greatest effect is seen for a 

polysorbate addition below 0.012%. The difference to the results when 0.024% is 

added is only weak and lies within the range of one standard deviation.  
 

 

 
Figure 4-106: Activity loss of a 2/1 mixture of catalase/trehalose with 0.003% 

tween 20 added and spray dried with a 2-fluid nozzle. 
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Figure 4-107: Activity loss of a 2/1 mixture of catalase/trehalose with 0.003% 

tween 20 added and spray dried with a 25 kHz ultrasonic nozzle. 
 

 
Figure 4-108: Activity loss of a 2/1 mixture of catalase/trehalose with 0.006% 

tween 20 added and spray dried with a 2-fluid nozzle. 
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Figure 4-109: Activity loss of a 2/1 mixture of catalase/trehalose with 0.006% 

tween 20 added and spray dried with a 25 kHz ultrasonic nozzle. 
 

 
Figure 4-110: Activity loss of a 2/1 mixture of catalase/trehalose with 0.012% 

tween 20 added and spray dried with a 2-fluid nozzle. 
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Figure 4-111: Activity loss of a 2/1 mixture of catalase/trehalose with 0.012% 

tween 20 added and spray dried with a 25 kHz ultrasonic nozzle. 
 

 
Figure 4-112: Activity loss of a 2/1 mixture of catalase/trehalose with 0.0024% 

tween 20 added and spray dried with a 2-fluid nozzle. 
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Figure 4-113: Activity loss of a 2/1 mixture of catalase/trehalose with 0.024% 

tween 20 added and spray dried with a 25 kHz ultrasonic nozzle. 

 

The activity retention between two consecutive polysorbate concentrations is not 

always significant, but it clearly shows a trend to a slight enhancement of the 

catalase activity after spray drying. Above the CMC a further stabilisation is seen 

between 0.006% and 0.012% polysorbate addition. This can be explained by the 

large specific surface area of the atomized liquid feed from which the protein has to 

be excluded.    
 

The enzymatic stabilization is also seen from the activation energies which can be 

calculated from the Arrhenius plots. The results are summarized in Table 4-12. The 

activation energies show only small variations of a few kJ/mol for both nozzles. All 

values are higher compared to those of catalase spray dried without additives (Figure 

4-65 and Figure 4-66) which means a weak stabilizing effect through polysorbate 20. 

Above 0.006% polysorbate in the liquid feed the activation energies remain almost 

constant for both nozzles.    
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 2FN [kJ/mol] USN [kJ/mol] 

+0.003% polysorbate 20 65.3 ± 4.1 56.1 ± 5.2 

+0.006% polysorbate 20 67.9 ± 5.0 62,8 ± 3.8 

+0.012% polysorbate 20 67.3 ± 6.8 62.9 ± 4.7 

+0.024% polysorbate 20 70.2 ± 4.7 62.5 ± 5.5 

Table 4-12: Activation energies for the thermal inactivation of 
catalase/polysorbate 20 mixtures in different mass ratios. 

  

It is concluded from these results that polysorbate is able to contribute to the 

stabilisation to catalase. At higher inlet air temperatures, however, most of the 

inactivation is due to the energy input on the protein particles. The stabilizing effect 

of polysorbate on catalase therefore is weak.  
 

It was discussed above that the residual moisture of a spray dried catalase powder 

influences the remaining activity. The water contents of the powders of this 

experiment series are shown in Figure 4-114 and Figure 4-115. 
 

 
Figure 4-114: Residual moistures of catalase/trehalose mixtures in a mass ratio of 

2/1 with different amounts of polysorbate 20 added for the 2FN.   
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Figure 4-115: Residual moistures of catalase/trehalose mixtures in a mass ratio of 
2/1 with different amounts of polysorbate 20 added for the 25 kHz USN. 

 

For the 2FN the values range from around 6.3% to 3.8% and for the USN from 6.3% 

to 4.0%.  This is a similar range to the polysorbate-free spray dried 2/1 mixtures of 

catalase and trehalose (Figure 4-80 and Figure 4-81). There is no great difference for 

different amounts of polysorbate at each inlet air temperature. This indicates that 

there is no change in water evaporation kinetics causal for the stabilizing effect of 

the polysorbate containing catalase/trehalose mixtures compared to those without 

polysorbate.   
 

These results that calculation of activation energy via the Arrhenius equation can be 

used to quantify damage occurring to the catalase during spray drying, a process 

combing atomisation and drying  
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4.6 Flowability Determination with the Vibrating Spatula 

In Figure 4-116, Figure 4-117, and Figure 4-118 the results for catalase powders spray 

dried with the 2FN and the 25 kHz USN at various inlet air temperatures are given. In 

this series of experiments the solid content in the liquid feed was 10.0% (the 

corresponding particle size distributions of the powders are shown in Figure 4-62, 

and SEM photos in Figure 4-64). The cumulative mass flow from the vertically 

adjusted spatula over the time is reported for 200 mg of each powder for 3 minutes 

at the highest vibration level (a device specific measure). Every measurement was 

repeated 3 times and the standard deviations are illustrated as shaded areas around 

the curves. A clear difference in the flow behaviour is observed. The powders 

obtained with the 2FN show irregular flow patterns with broad deviations (grey 

areas). The curves show a clear stepwise progression which is caused by 

agglomerated powder fractions. For Tin=90°C and Tin=158°C a part of the powder 

remained on the spatula in the recorded 3 minutes. A not-uniform powder flow is 

concluded which is expected from the small particle sizes achievable with a 2FN.   
 

 

Figure 4-116: Catalase powder flows from the Vibrating Spatula. Top: Spray dried at 
Tin = 90°C with the 25 kHz USN, bottom: 2FN 
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Figure 4-117: Catalase powder flows from the Vibrating Spatula. Top: Spray dried at 

Tin = 124°C with the 25 kHz USN, bottom: 2FN 
 

 
Figure 4-118: Catalase powder flows from the Vibrating Spatula. Top: Spray dried at 

Tin = 158°C with the 25 kHz USN, bottom: 2FN 
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The samples obtained with the USN, however, show a relatively uniform powder 

flow. After 1 minute of continuous flowing almost all of the powder has left the 

spatula which is not observed for the 2FN powders (grey vertical lines). Powders 

spray dried at the lowest Tin (Figure 4-116) show a slightly prolonged curve trend, 

despite the same shape. This observation might be caused by the higher residual 

moisture content which could increase inter-particle adhesion forces. The small 

deviation ranges of the single measurements and the minor difference between the 

samples spray dried with the USN at different inlet air temperatures indicate that the 

flow behaviour strongly depends on the particle sizes and their distributions.  
 

For comparative evaluation of the regularity in the flowing behaviour of variant 

powders the application of fractal analysis is suitable[123]. In general, large values for 

the fractal dimension indicate poor flow. According to Hickey et al. values close to 1 

do not exhibit flow irregularities while larger values are indicative for poor flowing 

properties[122]. In this publication the fractal dimensions of various pharmaceutical 

excipients were determined with values around 1.006 to 1.057. 
  

The fractal dimensions of the mass flow over time curves are determined with a 

method modified after the suggestion of Carstensen[196]. By covering of binary 

images of each single measurement curve with strides of lengths λ, the FD can be 

estimated by Equation 4-6, where L is the estimated curve length for each λ. 

Carstensen determined that the fractal dimension in general can give values 

between 1 and 2. Smaller values indicate a higher regularity of the curve.  
 

𝐹𝐷 = −
𝑙𝑙 (𝐿)
𝑙𝑙 (𝜆)

 Equation 4-6 

 

The results are given in Table 4-13. The FDs of the powders obtained with the 2FN 

are slightly but not significantly greater compared to those obtained with the USN. 

That agrees with the observations from Figure 4-116, Figure 4-117, and Figure 4-118. 

Furthermore, the FD results in higher values for lower inlet air temperatures. The 

residual moisture content (Figure 4-61) might therefore be important for the 
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flowability and the flowing regularity of the catalase powders of these series of 

experiments.  
 

Tin [°C] 
2FN  

(± standard deviation) 

USN 

 (± standard deviation) 

p-value  

(significance level: 0.05) 

90°C 1.032 ± 0.009 1.026 ± 0.005 0.442 

124°C 1.025 ± 0.014 1.023 ± 0.004 0.838 

158°C 1.025 ± 0.020 1.023 ± 0.002 0.889 

Table 4-13: Fractal dimensions of the mass flows of catalase powders spray dried with 
different nozzles at various inlet air temperatures.  

The particle size distribution in a spray dried powder, however, seems to be a major 

factor of influence for the flowability. A further measurement with the Vibrating 

Spatula with trehalose spray dried from a high feed concentration with the 25 kHz 

USN was performed (the corresponding SEM photo is shown in Figure 4-46). The 

result is illustrated in Figure 4-119. In the present work the largest particles were 

obtained with the same highly concentrated trehalose solution in Belgium under 

application of the MDG (Figure 4-44 and Figure 4-45). A further measurement with 

the Vibrating Spatula was performed. The result is also shown in Figure 4-119.  
 

The powder flows are different compared to those of the previous measurements 

with the catalase powders. After a few seconds all of the 200.0 mg has run from the 

Vibrating Spatula. In these experiments larger particles therefore give an 

enhancement of the powder flow. With this determination method, however, a 

difference between the USN and the MDG cannot be seen even though the particle 

size distributions differ clearly from each other (Figure 4-45 and Figure 4-47). The 

fractal dimensions of the powders were determined with the method described 

above and are shown in Table 4-14. Slightly decreased values of FDs are observed 

with the smallest value for the MDG of around 1.006. The powder obtained with the 

MDG can be assumed as regular flowing while the 2FN generates powders with more 

irregular flowing properties. 
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Figure 4-119: Trehalose powder flows from the Vibrating Spatula. Top: Spray dried 
with the MDG with applied 35.0 µm orifice, bottom: spray dried with 
the 25 kHz USN 

 

Applied atomizer type 

(spray dried trehalose) 

FD  

(± standard deviation) 

25 kHz USN 1.019 ± 0.008 

MDG (orifice 35.0 µm) 1.006 ± 0.012 

Table 4-14: Fractal dimensions of mass of highly concentrated trehalose 
solution spray dried with both the USN and the MDG. 

 

This, however, cannot be correlated with the mass flow over time profiles. 

Flowability therefore must be described by both parameters. A combination of the 

mass flow over time and the fractal dimension gives a more detailed view on the 

powder properties compared with the standard funnel method of the 

Pharmacopoeia. A further conclusion is that it is possible to obtain good flowing 

powders with the USN even though it results in a size distribution and not a 

monodisperse powder.  
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5 Conclusion 

Two challenges have been addressed to obtain a commercially-useable protein 

product after spray drying; the powder has to be flowable, and furthermore the 

protein should exist in its active conformation after reconstitution. Good flow 

properties of the powder can be expected under the assumptions that the particles 

are large (>50 µm) and the residual moisture content is as low as possible. In the 

present work the influence of various process parameters on these two aspects was 

investigated. It could be shown that an increase in the solid content of the liquid 

feed has a slightly positive effect on flow, but this is limited in its application. The 

final particle size is basically caused by the applied atomizer. Usually lab-scale spray 

dryers are operated with two-fluid nozzles which are available from various 

suppliers. Depending on their specifications it is possible to generate droplet 

distributions which cover the whole micrometer-range. In this work, however, only a 

slight difference in the volume distributions of the particle sizes of powders spray 

dried with different two-fluid nozzles is observed. The two-fluid nozzles used are to a 

great extent similar in respect of the number distributions of the droplet sizes 

generated. It can be concluded that the construction of a two-fluid nozzle as well as 

its operating parameters may give some large droplets. Most of them, however, are 

formed in the region of only a few micrometers, caused by the high shearing forces 

in a two-fluid nozzle. For the production of flowable powders the two-fluid nozzles 

therefore are considered unsuitable.  
 

An alternative approach is the use of a 25 kHz ultrasonic nozzle. Measurements of 

the droplet sizes showed that the largest droplets are not always larger than those 

obtained with a two-fluid nozzle. However, this nozzle generates only a small 

proportion of fine droplets. Particle size distributions of powders obtained after 

atomization with the ultrasonic nozzle were in the range between 10 and 50 µm. The 

flowability of those powders showed a higher regularity. This, however, was only 

seen for higher inlet air temperatures. Lower amounts of thermal energy (at lower 
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temperatures) transferred to the droplets resulted in high values for the residual 

moisture. The regularity of the powder flow was lower in these cases.  
 

The small volume of air inside of the drying chamber of the Büchi means the drying 

rate is not always sufficient with the ultrasonic nozzle. Deposits became visible at the 

inner wall of the drying chamber. For this reason a new spray drying device from 

ProCept, Belgium, was investigated. It provides 4 times more volume in the drying 

chamber which should improve the drying rate. Drying of larger droplets therefore 

should be easier. Spray drying experiments with the ultrasonic nozzle become now 

possible.  
 

Although ultrasonic nozzles generate few fine droplets, the sprays show a droplet 

size distribution. Every single droplet therefore experiences a slightly changed drying 

behavior. An atomizer was therefore acquired which is able to generate uniform 

droplets out of a vertical liquid feed stream based on Rayleigh jet break-up (the so-

called Monodisperse Droplet Generator). Basically this is not a new procedure, since 

such atomizers are successfully employed in large prilling systems for the 

preparation of pharmaceutical excipients. However, the implementation in a bench-

top spray dryer has not been done before. In early stages of development only few 

amounts of powder are available which are also expensive. Large amounts of liquid 

feed therefore are not available.  
 

A dry powder was obtained only with a minimal yield. An extension of the standard 

drying chamber from 1.6 m to 2.1 m did not result in an improvement. Further 

extension was tried to a drying chamber length of 5.6 m. With this modified version 

of the 4M8 spray dryer it was possible to obtain a dry powder with a good yield. This, 

however, was only possible for a highly concentrated trehalose feed spray dried at a 

very high inlet air temperature of 200°C, which are extreme process parameters. 

Under more moderate conditions moisture deposition within the spray dryer was 

observed. Further experiments showed that the droplet chain generated by the 

Monodisperse Droplet Generator shows a fast re-coagulation before the droplets 

reach the critical point of drying. Even though it was possible to produce large 
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droplets and to some extent particles with this device, the Monodisperse Droplet 

Generator therefore is unsuitable for use in a lab-scale spray-dryer. The powder flow 

regularities of the trehalose powder obtained with the Monodisperse Droplet 

Generator and a trehalose powder obtained with the ultrasonic nozzle from the 

same highly concentrated liquid feed resulted in similar results. It is concluded that 

the 25 kHz ultrasonic nozzle used in this project may be a reasonable approach for 

the generation of flowable powders through spray drying in laboratory scale. For 

coming experiments there is a number of special atomization alternatives which also 

could be investigated, e.g. the NarrowSpan[197] atomizer®, supplied from GEA 

technologies. 
 

The measure which used in this project to describe the powder flow regularity is the 

fractal dimension. This parameter alone is not sufficient to define the flowability, and 

can only be an indicator for it. The combination with the determination of the 

powder mass flow over time, however, gives a good measure of flowability.  
 

The second aspect in this work was the stabilisation of the conformation of catalase 

during spray drying and the subsequent preservation of its biological activity. As a 

surrogate, catalase was chosen because of its well-known thermolability. Trehalose, 

mannitol and polysorbate were investigated in different concentrations. Similar 

stabilisation rates as known for freeze-drying could be observed. Trehalose is a 

potent concentration-dependent stabilizer. Less efficiency was observed for 

mannitol. It was shown that mannitol partially can crystallize. In this modification it is 

not able to interact with catalase and therefore stabilize the molecular 

conformation. The effect of polysorbate is only slight and bases on the displacement 

of catalase from the liquid-gas interface.  
 

As a measure for the stabilizing efficiency of catalase an Arrhenius-plot for each 

excipient concentration was established and used for the calculation of the 

activation energy of inactivation. The results confirm the superiority of trehalose as 

stabilizer for the catalase activity. Further indication is given through the residual 

moisture contents of the spray dried powders. For most efficient stabilization of a 
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protein during spray drying a fast removal of water is important and this has to be 

replaced by an amorphous interaction-partner, e.g. trehalose. In this matrix the 

protein can be trapped. Therefore mannitol is only partially effective, while the use 

of polysorbate is only reasonable in combination with additional excipients.  
 

During the project the ProCept 4M8 spray dryer, despite its good utility, did not fulfill 

all of the expectations. The laminar air flow inside of the drying chamber may 

improve the yield of the process (this was not investigated in this project). The 

residual moistures and activities of the catalase samples spray dried with the 4M8 

showed only slight differences from samples obtained with the Büchi B-209. 
  

With the combination of a two-fluid nozzle and a judicious selection of excipients the 

activity of catalase could be preserved to around 95%, even at the highest inlet air 

temperatures. The powders in principle, however, tended to be agglomerated with 

bad flow properties. The application of the ultrasonic nozzle for the same 

experiments results in good flow powders at the cost of appreciable activity losses. 

For the task of producing a flowable protein powder through spray in the laboratory 

scale a complete different atomising system is therefore recommended. One 

approach might be a multi-stage spray drying method known from the preparation 

of detergents since the early 1970s. At least two atomizing nozzles are placed at 

different levels in the spraying chamber. Each lower stage of the two adjoining 

stages is positioned at the point where the droplets sprayed from the upper stage 

have dried just until a crust is formed. Subsequent agglomeration results in a 

granular powder with good flow properties. This, however, requires spray drying 

devices in at least pilot scale. The installation of 2 two-fluid nozzles in a lab-scale 

spray dryer with spray cones directed to each other has not been done before and 

could therefore be an approach for further experiments.   
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6 Zusammenfassung 

Um nach Sprühtrocknung aus einer proteinhaltigen Zubereitung ein wirtschaftlich 

nutzbares Produkt zu erhalten, müssen  zwei wesentliche Punkte erfüllt sein: Das 

Pulver muss zum einen fließfähig sein und darüber hinaus soll das enthaltene Protein 

nach Rekonstitution nach wie vor in seiner aktiven Konformation vorliegen. Gute 

Fließeigenschaften können vermutet werden, wenn eine ausreichende 

Teilchengröße (> 50 µm) und eine möglichst niedrige Restfeuchte vorliegen. In dieser 

Arbeit wurde der Einfluss verschiedener Prozessparameter auf diese beiden Aspekte 

untersucht. So konnte gezeigt werden, dass eine Erhöhung des Feststoffgehaltes in 

der Speiselösung einen leicht positiven Effekt auf die Fließfähigkeit des 

sprühgetrockneten Pulvers erzeugt, was allerdings nur eingeschränkt funktioniert. 

Die endgültige Teilchengröße ist im Wesentlichen durch den Zerstäuber bedingt. 

Standardmäßig werden Sprühtrockner im Labormaßstab mit Zweistoffdüsen 

betrieben. Diese werden von einer Vielzahl von Herstellern angeboten. Ab Werk 

können sie mit im gesamten Mikrometer-Bereich spezifizierten Tröpfchengrößen 

bezogen werden. Im aktuellen Projekt wurde allerdings nur ein sehr geringer 

Unterschied in den Volumenverteilungen verschiedener sprühgetrockneter 

Teilchengrößenverteilungen gemessen. In der Anzahlverteilung ihrer erzeugten 

Tröpfchengrößen sind sie weitestgehend identisch. Es kann somit gefolgert werden, 

dass durch unterschiedliche Bauart einer Zweistoffdüse oder Unterschiede in deren 

Betrieb auch mehr oder weniger große Tröpfchen erzeugt werden können, der 

allergrößte Anteil des Sprühnebels aber aufgrund der hohen Scherkräfte im unteren 

Mikrometerbereich entsteht. Zweistoffdüsen werden daher als Zerstäuber zur 

Herstellung fließfähiger Pulver durch Sprühtrocknung im Labormaßstab als 

ungeeignet erachtet.      
 

Alternativ wird in der Arbeit eine 25 kHz Ultraschalldüse beschrieben. Messungen 

ergaben, dass die größten damit erzeugten Tröpfchen diejenigen der Zweistoffdüsen 

zwar nicht immer übersteigen, dafür aber ein nur kleiner Feinanteil in der 
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Anzahlverteilung erhalten wird. Die Teilchengrößenverteilungen der erzeugten 

Pulver lagen wischen 10 und 50 µm. Die Fließfähigkeit der mittels 

Ultraschallzerstäubung erzeugten Pulver zeigte eine stärkere Regularität. Dies war 

allerdings nur bei höheren Trocknungstemperaturen messbar. Niedrigere 

Wärmeeinträge (bei niedrigeren Temperaturen) auf die Tröpfchen ergaben hohe 

Werte für die Restfeuchte, was die Regularität des Pulverflusses in den 

durchgeführten Experimenten wieder verschlechterte.  
 

Aufgrund des verhältnismäßig geringen Luftvolumens in der Trocknungskammer 

eines Büchi Sprühtrockners ist die Trocknungsrate unter Verwendung der 

Ultraschalldüse nicht immer ausreichend, was sich durch Depositionen an der 

Innenwand der Kammer bemerkbar macht. Aus diesem Grund wurde eine neue 

Anlage von ProCept aus Belgien untersucht. Diese besitzt ein etwa viermal so hohes 

Luftvolumen in der Trocknungskammer, was die Trocknungsrate von größeren 

Tröpfchen erhöhen soll. Sprühtrocknung mit der Ultraschalldüse wurde so möglich.  
 

Obwohl Ultraschalldüsen nur wenig feine Tröpfchen erzeugen, bildet sich dennoch 

eine Größenverteilung. Für jedes einzelne Tröpfchen ergibt sich somit ein leicht 

verändertes Trocknungsverhalten. Daher wurde ein Zerstäuber angeschafft, der 

basierend auf dem Rayleigh-Prinzip des Strahlzerfalls aus einem kontinuierlichen 

Strom an Speiselösung einheitliche Tröpfchen definierten Durchmessers erzeugen 

kann (ein sog. Monodisperser Tröpfchen-Generator). Im Grundsatz ist das nicht völlig 

neuartig, da Monodisperse Tröpfchengeneratoren bereits erfolgreich in großen 

Prilling-Anlagen zur Aufbereitung von pharmazeutischen Hilfsstoffen eingesetzt 

werden. Bisher wurde es allerdings noch nicht im Labormaßstab versucht. Im frühen 

Stadium der pharmazeutischen Entwicklung steht nur sehr wenig Zubereitung zur 

Verfügung, die darüber hinaus sehr teuer ist. Große Mengen an Speiselösung sind 

somit nicht verfügbar.  
 

Ein trockenes Pulver wurde in den Experimenten aber nur mit geringsten Ausbeuten 

erhalten. Die durchgeführte Verlängerung der Trocknungskammer von 1,6 Metern 

auf 2,1 Meter hat dabei keine wesentliche Verbesserung ergeben. Weitere 
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Verlängerung auf eine Gesamtlänge der Trocknungskammer von 5,6 Metern wurde 

als nächstes versucht. Mit dieser modifizierten Form des 4M8 Sprühtrockners konnte 

zwar ein trockenes Pulver mit einer guten Ausbeute erzeugt werden. Dies war 

allerdings nur bei einer Trocknungstemperatur von 200°C mit einer 

hochkonzentrierten Trehalose-Lösung möglich, also sehr extremen 

Prozessbedingungen. Wie sich zeigte, kam es unter sanfteren Bedingungen stets zu 

Feuchtigkeitsdepositionen innerhalb des Sprühtrockners. Weitere Versuche zeigten, 

dass die generierten Tröpfchen schnell wieder koagulieren, bevor sie den kritischen 

Punkt der Trocknung erreicht haben. Die umfangreiche Arbeit mit diesem Zerstäuber 

hat ergeben, dass es damit zwar möglich ist, große Tröpfchen und ansatzweise 

Teilchen zu gewinnen, er aber dennoch nicht geeignet ist zum Einsatz in einem 

Sprühtrockner im Labormaßstab. Die Messungen der Fließfähigkeiten des Trehalose-

Pulvers aus dem Monodispersen Tröpfchengenerator und eines Pulvers, dass nach 

Sprühtrocknung aus einer gleich hoch konzentrierten Speiselösung mit der 

Ultraschalldüse gewonnen wurde, führten zu einem ähnlichen Ergebnis. Die in 

diesem Projekt verwendete 25 kHz Ultraschalldüse erscheint somit als 

vielversprechender Ansatz zur Gewinnung fließfähiger Pulver durch Sprühtrocknung 

im Labormaßstab. Für mögliche zukünftige Experimente stehen neuartige 

Vernebelungs-Technologien zur Verfügung, die ebenfalls eingesetzt werden könnten, 

z.B. der NarrowSpan[197] Atomizer® von GEA Technologies.  
 

Das Maß, das in diesem Projekt die Regularität von Fließvorgängen beschreibt, ist die 

Fraktale Dimension. Dieser Parameter alleine kann zwar die Fließfähigkeit nicht 

ausreichend definieren, sondern nur ein Indikator dafür sein kann. In Kombination 

mit der Bestimmung eines Massenflusses pro Zeiteinheit ergibt sich aber eine gute 

Charakterisierung der Fließeigenschaften des Pulvers.  
 

Der zweite Aspekt der Arbeit war die Stabilisierung der Konformation von Catalase 

und damit verbunden die Erhaltung dessen biologischer Aktivität. Als Modellsubstanz 

wurde Catalase wegen ihrer bekannten Thermolabilität ausgewählt. Der Einfluss von 

Trehalose, Mannitol und Polysorbat in verschiedenen Konzentrationen wurde 

untersucht. Für alle Substanzen konnten ähnliche Stabilisierungsraten beobachtet 
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werden, wie sie bereits von der Gefriertrocknung bekannt sind. So ist Trehalose 

konzentrationsabhängig ein effektiver Stabilisator. Mit Mannitol konnte eine nur 

geringere Erhaltung der Aktivität beobachtet werden. Es wurde gezeigt, dass 

auskristallisiertes Mannitol nicht zur Wechselwirkung mit Catalase zur Verfügung 

steht und daher auch nicht stabilisierend wirkt. Polysorbat übt einen nur leicht 

verbessernden Effekt auf die Restaktivität von Catalase aus, dieser ist allerdings nur 

gering und beruht auf der Verdrängung des Proteins von der Grenzfläche.  
 

Als Maß für die Stabilisierung von Catalase wurden für jede Hilfsstoffkonzentration 

eine Arrhenius-Darstellung verwendet und daraus die Aktivierungsenergien für die 

Inaktivierung bestimmt. Diese bestätigen die Überlegenheit von Trehalose als 

Stabilisator für die Aktivität von Catalase. Ein weiterer Indikator für die Inaktivierung 

war die Restfeuchte im sprühgetrockneten Pulver. Für die erfolgreiche 

Sprühtrocknung einer proteinhaltigen Zubereitung muss eine möglichst schnelle 

Entfernung von Wasser erfolgen, wobei dieses durch einen amorphen 

Wechselwirkungs-Partner, z.B. Trehalose ersetzt werden muss. Dieser bildet ein 

Gerüst, in dem das Protein eingebettet werden kann. Daher ist Mannitol nur 

teilweise effektiv und die Verwendung von Polysorbat nur in Kombination mit 

anderen Hilfsstoffen sinnvoll.  
 

Der ProCept 4M8 Sprühtrockner hat im Laufe des Projekts trotz gewisser Stärken die 

Erwartungen nicht in jedem Punkt erfüllt. Durch den laminaren Luftstrom in der 

Trocknungskammer kann zwar die Ausbeute eines Sprühtrocknungsprozesses 

möglicherweise erhöht werden (Untersuchungen dahingehend waren im 

Wesentlichen kein Bestandteil der vorliegenden Arbeit). Die Restgehälter an 

Feuchtigkeit in den Pulverproben und die Restaktivitäten von Catalase unterschieden 

sich nur geringfügig von denjenigen Proben, die unter gleichen Bedingungen mit dem 

Büchi B-209 erhalten wurden.  
 

Benutzt man eine Zweistoffdüse und eine geschickte Auswahl an Hilfsstoffen, 

können Catalase-Aktivitäten nach Rekonstitution von etwa 95%, selbst bei den 

höchsten Trocknungstemperaturen, erhalten werden. Die Pulver an sich sind 
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allerdings stark agglomeriert und zeigen schlechte Fließeigenschaften. Verwendet 

man für die gleichen Versuche eine Ultraschalldüse, erhält man ein gut fließendes 

Pulver, dies allerdings zum Preis beträchtlicher Aktivitätsverluste. Für die Herstellung 

eines fließfähigen Proteinpulver durch Sprühtrocknung im Labormaßstab wird daher 

ein völlig anderes Zerstäubungssystem empfohlen. Ein Ansatzpunkt ist 

möglicherweise die „Multi-Stage“ Sprühtrocknungsmethode, die für die 

Aufarbeitung von Waschmitteln bereits seit den frühen 1970er Jahren bekannt ist. 

Wenigstens zwei Sprühdüsen werden an unterschiedlichen Punkten in der 

Sprühkammer installiert. Jeder jeweils niedrigere Sprühpunkt ist dabei an genau der 

Stelle positioniert, an der sich an der Oberfläche der von der darüber liegenden Düse 

erzeugten Tröpfchen gerade eine feste Kruste gebildet hat. Darauf folgende 

Agglomeration ergibt ein granulatartiges Pulver mit guten Fließeigenschaften. Dies 

erfordert allerdings Sprühtrocknungsanlagen mindestens in Pilotmaßstab. Der 

Einbau von 2 Zweistoffdüsen mit gegenseitig aufeinander gerichteten Sprühnebeln in 

einen Sprühtrockner im Labormaßstab wurde bisher noch nicht versucht und könnte 

daher Vorgehensweise für weitere Versuche darstellen.  
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