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Abstract
A workflow for developing a multidimensional, linear correlation between the process conditions during 
fluidized bed spray granulation and the surface morphology of the resulting granules is presented. Spray coating 
experiments with Cellets®500 particles and sodium benzoate solution were performed in a lab-scale fluidized bed 
varying liquid spray rate, fluidization air flow rate, fluidization air temperature, spray air temperature and spray 
atomization pressure. To characterize the surface structure, the surface roughness of the coated particles was 
quantified using confocal laser-scanning microscopy. The roughness was correlated to the process conditions, and 
the resulting correlation was rigorously analyzed for the importance and co-linearities of the individual process 
parameters using a principal component analysis. The surface roughness is strongly dependent on the spray rate 
of the coating solution, the fluidization air temperature and the atomization pressure at the nozzle. In general, wet 
process conditions and large droplets with a low initial velocity favor the formation of particles with a rough surface 
structure, while dry conditions and fine droplets with a high velocity result in granules with a smooth and compact 
coating layer.

Keywords:	 fluidized bed spray granulation, coating, surface roughness, laser-scanning microscopy, product 
property correlation

1. Introduction

1.1 Motivation

Fluidized bed spray granulation is a key process used 
in various industries for the production of high-quality 
granular solids. The processing of particles in a fluidized 
bed with liquid injection allows the production of a wide 
variety of particles for different applications. Products from 
spray granulation include pharmaceuticals, food powders, 
fertilizers and detergents, among others. The variation of 
process conditions is used to obtain defined product prop-
erties like certain sizes, shapes or structures, which then 
define the application properties like flowability, stability 
or taste and odor masking (Dewettinck and Huyghebaert, 
1999). A coating can also be applied to protect the core 
from environmental influences and prevent oxidation or 
moisture absorption (Werner et al., 2007). Controlled re-

lease of active substances is another application in which 
the structure of the coating is essential (Turton, 2008; Tzika 
et al., 2003). A detergent, for example, requires a short 
release time, whereas fertilizers should usually be released 
at a defined rate over a longer time period.

To induce particle growth, a solid-containing liquid 
is sprayed onto the fluidized particles. The size increase 
occurs via either agglomeration or layering granulation 
or coating. In the case of agglomeration, the liquid acts 
as a binder between the primary particles. When two wet 
particles collide, a liquid bridge forms and solidifies after 
the liquid evaporates due to the hot fluidization gas. Thus, 
agglomerates are formed by connecting several primary 
particles via solid bridges (Fries, 2012). In layering gran-
ulation or coating, the droplets come into contact with the 
particle surface, where they spread and form a liquid film 
around the particle. Due to evaporation of the liquid, this 
film becomes a solid shell. By repeating these steps, several 
coating layers can be added to the particle (Uhlemann and 
Mörl, 2000). Usually, the application of thin layers onto the 
particle surface is defined as coating, whereas granulation 
refers to a layering growth resulting in an onion-like struc-
ture (Rieck et al., 2015). In this work the particle growth 
due to layering is defined as granulation.
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The formation of a coating layer during the fluidized bed 
spray granulation depends on several micro-processes that 
are affected by the process conditions. The deposition and 
spreading of droplets on the particles depend on properties 
of the particle surface—such as roughness and chemical 
composition—as well as the droplet characteristics. The 
latter includes not only the size and velocity of the drop-
lets, but also coating solution properties like viscosity and 
surface tension. Another important micro-process is the 
evaporation of the liquid due to the heated fluidization 
gas, which is strongly influenced by the drying conditions 
(Fries, 2012; Uhlemann and Mörl, 2000). Depending on 
the chosen material system, additional phenomena like 
crystallization or penetration of the solution into the pores 
of porous particles can occur and influence the granule 
properties (Hoffmann et al., 2015; Uhlemann and Mörl, 
2000). The knowledge of the effect of different process pa-
rameters on the micro processes in the fluidized bed and the 
resulting granule structures is invaluable for the production 
of tailor-made particles.

1.2 Previous works

The influence of process parameters on different particle 
properties has been investigated in several previous works. 
In most of these studies, either a small set of parameters 
was chosen or a one-factor-at-a-time approach was used, 
meaning that interaction between the parameters is not 
considered. Rieck et al. (2015) and Hoffmann et al. (2015) 
investigated the influence of the drying conditions on the 
layer porosity for the coating of glass and γ-Al2O3 particles 
with sodium benzoate. Their experiments were carried 
out in top-spray configuration at different fluidization air 
inlet temperatures and spray rates of the coating solution. 
The overall drying conditions were described by a dry-
ing potential, which was correlated to the shell porosity 
measured by X-ray micro-tomography. For both glass and 
γ-Al2O3, a linear decrease of the porosity was observed 
with increasing drying potential, characterized by a higher 
air temperature and lower spray rate.

The drying conditions were also examined by Hampel 
(2015). Cellulose particles (Cellets®200) were coated with 
sodium benzoate in a Wurster fluidized bed process and 
qualitatively analyzed afterwards regarding their surface 
morphology via scanning electron microscopy. The varied 
parameters were the gas inlet temperature, the spray rate of 
the coating solution and the fluidization air mass flow rate. 
The increase of the gas temperature led to the formation of 
a more compact coating, whereas the increase of the gas 
mass flow resulted in a higher shell porosity. No unambig-
uous change in surface morphology was observed when 
varying the mass flow of the coating liquid.

Tzika et al. (2003) observed non-uniform coatings and 
serious surface defects for fertilizer particles that were 

coated with a polymer latex at very low or very high 
fluidization air velocities. This poor coating quality was at-
tributed to the low frequency at which the particles entered 
the coating zone for the low air velocity and to the reduced 
time in the coating zone per pass in addition to frequent 
collisions of the particles with each other and the wall for 
the high velocity. The best coating quality was achieved by 
choosing an intermediate air fluidization flow rate.

The continuous granulation of sodium benzoate in a 
horizontal fluidized bed with sieve-milling circuit was 
investigated by Diez et al. (2018). Similar to Rieck et 
al. (2015) and Hoffmann et al. (2015), Diez et al. (2018) 
produced particles with a compact and smooth surface at 
high air temperatures and low liquid spray rates, whereas 
low temperatures and high spray rates resulted in a higher 
surface roughness.

Schmidt et al. (2017) performed coating experiments 
with γ-Al2O3 particles and a suspension of limestone, 
hydroxy propyl methyl cellulose and water at different 
atomization pressures of the top-spray nozzle used for the 
injection of the suspension. The shell porosity was found to 
decrease with increasing pressure.

The surface morphology and layer thickness of particles 
coated in a fluidized bed were also studied by Depypere et 
al. (2009) and Perfetti et al. (2010). Depypere et al. (2009) 
coated glass particles with sodium caseinate and gelatine 
hydrolysate in bottom-spray configuration and in top-spray 
configuration at three different nozzle heights. The coatings 
were analyzed via confocal laser-scanning microscopy. 
For sodium caseinate coatings, the coating thickness and 
uniformity decreased with increasing distance between the 
nozzle tip and the fluidized bed, meaning that the particles 
from the bottom-spray set-up had the most homogeneous 
coating while the highest top-spray nozzle position resulted 
in a wider layer thickness distribution. With gelatine hy-
drolysate as coating material, however, the highest coating 
quality was achieved at the lowest nozzle position in top-
spray configuration.

Perfetti et al. (2010) used X-ray micro-tomography to 
characterize polymer-coated sodium benzoate and cellu-
lose particles that were coated with polyvinyl alcohol and 
hydroxy propyl methyl cellulose in a top-spray fluidized 
bed. The coating layer thickness was determined with 
different methods based on the two-dimensional and 
three-dimensional particle structures obtained from the 
tomography data. Most results were in good agreement 
with the theoretical thickness as well as with each other. 
Furthermore, the micro-CT allowed the measurement of 
several structural parameters of the coating shell, including 
surface density, porosity and pore volume.

In these previous works, the coating quality was either 
evaluated qualitatively or a one-dimensional approach 
was used to correlate individual parameters or the drying 
potential with the surface morphology. However, a mul-
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tidimensional correlation between process conditions and 
granule surface morphology is yet to be developed. Such a 
correlation is crucial as individual parameters are not able 
to reflect all the parameters involved during fluidized bed 
spray granulation. For example, it was already shown that 
the shell porosity is influenced by the atomization pressure, 
but this value is not included into the drying potential. 
Thus, a correlation is needed that indicates the influencing 
parameters qualitatively and quantitatively.

1.3 Structure

To develop a multidimensional, linear correlation that 
connects the process parameters and the granule surface 
roughness, coating experiments were carried out in a lab-
scale fluidized bed. As a result of the literature study and 
previous investigations, the liquid spray rate, the fluidiza-
tion gas flow rate and inlet temperature, the spray air tem-
perature and the spray atomization pressure were chosen as 
varying parameters. To investigate the influence of these 
five process parameters within a reasonable amount of runs 
while still obtaining a significant result, the experiments 
were statistically planned. The resulting granules were  
analyzed regarding their surface roughness via laser- 
scanning microscopy. Therefore, a 3D-profile of the particle 
surface was created which was then evaluated in a defined 
measurement area. The roughness was correlated to the 
process parameters and the resulting linear correlation was 
rigorously analyzed for the importance and co-linearities of 
the parameters using a principal component analysis.

2. Materials and methods

2.1 Materials

For all experiments, Cellets®500 (Harke Pharma GmbH, 
Germany) with a diameter between 500 and 710 μm were 
used as primary particles. Cellets® consist of microcrys-
talline cellulose and are often utilized as pharmaceutical 
excipient. Because of their non-porous surface, no droplet 
imbibition occurs during the coating process. The material 
provides a smooth surface and high sphericity. In addition, 
the Cellets® are chemically inert and insoluble in water, 
which makes them suitable for coating experiments with a 
salt solution. Table 1 lists the main properties of the parti-
cles. As coating material, an aqueous solution with 30 wt% 

sodium benzoate was used. Sodium benzoate is a white, 
crystalline powder with a good solubility in water that is 
used as a preservative in the food industry.

2.2 Coating experiments

The coating experiments were carried out in the 
ProCell® 5 LabSystem with the fluidized bed process 
chamber GF3 (Glatt, Germany), which is shown in Fig. 1. 
The diameter at the gas inlet of the chamber is 180 mm. 
For the injection of the coating solution, a two-fluid nozzle 
of type 970-S4 (Schlick, Germany) with an orifice size of 
1.2 mm was installed in bottom-spray configuration in the 
center of the sieve plate distributor (mesh size 105 μm). 
The solution is conveyed to the nozzle with a peristaltic 
pump (Medorex TB, Germany) and compressed air is used 
to atomize the liquid into fine droplets. The experiments 
were performed batch-wise with an initial bed mass of 2 kg 
of Cellets®500 per batch. For each run, 1 kg of the 30 wt% 
sodium benzoate solution was injected into the process 
chamber.

As previously mentioned, five parameters were varied: 
the spray rate of the coating solution ṁl, the fluidization 
air volume flow 
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, the fluidization air inlet temperature 
Tin, the spray air temperature Tat and the spray atomization 
pressure pat. The different values that were set for each 
parameter are shown in Table 2. The limits were chosen in 
such a way that a broad range was covered while the sta-
bility of the process was still maintained. An overview of 
the experiments, including the process parameters, average 
bed temperature, theoretically expected outlet air tempera-
ture after evaporation of the water and surface roughness 

Table 2  Process parameters and values used in coating experiments.

ṁ1 [g/min]
air

V
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(41): table-cell 

 [m3/h] Tin [°C] Tat [°C] pat [bar]

10 80 50 20 0.5

15 105 85 70 1.75

20 130 120 120 3.0

Table 1  Properties of Cellets®500.

Sauter diameter 639 μm

Sphericity 0.96 –

Surface roughness 1.5 μm

Solid density 1445 kg/m3

Fig. 1  Scheme of the experimental fluidized bed set-up.
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data, is provided on J-STAGE Data website.

2.3 Design of experiments

A design of experiments approach is used to investigate 
the effects of multiple input variables on a response at the 
same time. In this case, the effect of the process parameters 
on the surface roughness was investigated. By planning 
the experiments statistically, interactions between the 
parameters can be considered while the number of runs is 
reduced compared to the full factorial experimental plan. 
For the granulation experiments in this work, a three-level 
experimental plan including the five parameters listed in 
Table 2 was created using the statistics software Minitab 
18 (Minitab, USA). For each parameter an upper and lower 
limit was defined. In addition, the mean value of these lim-
its was chosen as the third level. Since the three-level full 
factorial approach consisted of 243 experiments, the re-
sponse surface methodology with central composite design 
was used instead. Choosing the half fraction of the thereby 
obtained design resulted in a total of 29 experiments.

2.4 Surface roughness measurement

2.4.1 Confocal laser-scanning microscopy
In a conventional optical microscope, the entire sample 

is illuminated by a light source, so the photodetector, where 
the light reflected from the sample forms an image, detects 
not only the sample itself but also unfocused planes in the 
background. In contrast, only a small part of the sample 
is illuminated at each time in confocal laser-scanning 
microscopy. The surface of a sample can be scanned by 
moving the position of the focal point on the sample sur-
face. By scanning the image area within the field of view, 
a two-dimensional image at a given height is captured. 
This scan is repeated several times with the objective lens 
at different Z-axis positions in order to reconstruct the 
three-dimensional structure of the sample and gather height 
information. The confocal laser technology allows for the 
acquisition of images with a large depth of field that are in 
focus across the entire screen (Keyence, 2015).

2.4.2 Roughness quantification
The surface roughness was measured using the 3D Laser 

Scanning Confocal Microscope VK-X160K (Keyence, 
Japan). The microscope uses a two-way light source with 
laser light and white light. The light emitted from the 
laser light source is focused on the sample surface by the 
objective lens with a magnification of 10×, 20×, 50× or 
100×. Based on the detected height information and laser 
intensity, a 3D-profile of the particle surface is constructed. 
The relatively short measurement time compared to other 
surface morphology characterization methods, like X-ray 
micro-tomography, as well as the possibility to quantify the 

surface structure make the laser-scanning microscopy the 
ideal analysis method for this work.

To quantify the surface morphology of the coated parti-
cles, the surface roughness was evaluated. Roughness con-
sists of a sequence of peaks and valleys forming a complex 
shape due to their difference in height, depth and intervals 
(Keyence, 2015). A wide variety of parameters, based ei-
ther on lines or areas on the surface, can be used to describe 
the roughness. These parameters are defined in DIN EN 
ISO 4287:2010-07 (2010) and DIN EN ISO 25178-2:2012 
(2012). In this work, the arithmetical mean height Sa, one 
of the most commonly used roughness quantifiers, was 
used to characterize the roughness. The arithmetical mean 
height is a surface-based parameter which describes the 
average height difference of each point on the surface from 
the mean height of the particle surface within a defined 
measurement area A:

 
a
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,  d  d
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S h x y h x y
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The measured 3D-profiles of the coated particles were 
smoothed using a Gauss filter to reduce measurement 
noise. Additionally, the surface shape was corrected with 
image processing to avoid an influence of the particle shape 
on the measured roughness. The surface-based arithmetical 
mean height was evaluated at 50× magnification over the 
whole surface area that was covered by the microscope. For 
each sample three particles were analyzed at three different 
positions on the surface of each particle.

To validate the observations regarding the surface mor-
phology, particles from two experiments with extremely 
different process conditions—due to the parameters being 
set to either their minimum or maximum values in these 
runs—were analyzed with a scanning electron microscope 
(type: Supra VP55, Zeiss, Germany).

3. Results and discussion

3.1	Regressing process parameters and granule 
roughness

A linear regression model is fitted to the roughness data 
using the ordinary least squares method. This allows for 
the pre-factors for a linear equation connecting the five 
varied process parameters to the surface roughness to be 
determined. With a principal component analysis, principal 
components that reduce the variance in a data set can be 
identified.

To perform the principal component analysis, a matrix 
A is created in which each column contains the data for 
one experiment, including process parameters during the 
coating experiment as well as the granule surface rough-
ness. Afterwards, the eigenvalues and eigenvectors of 
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the corresponding covariance matrix Cov(A) = AAT are 
determined. The distribution of the residual decreases with 
the number of included components. Fig. 2 shows how 
the residual distribution changes when a certain number 
of principal components is included in the model. It can 
be seen that the distribution of the residual can be reduced 
to a reasonable range by including four components in the 
model. To avoid over-fitting of the model, the components 
that correspond to the lowest eigenvalues are dropped and 
only statistically significant parameters are considered.

3.2 Linear correlation for the surface roughness

During the fluidized bed spray granulation, the parti-
cle surface structure formation is dependent on several 
micro-processes occurring within the droplets and at the 
solid-liquid interface. The droplet characteristics and the 
interaction of solid and liquid on the other hand are influ-
enced by the process variables that determine the overall 
state of the fluidization air as well as the conditions in the 
spray zone and the drying zone of the fluidized bed. Using 
the previously described approach to create a linear model 
connecting the chosen process parameters to the granule 
surface roughness, the following correlation for the arith-
metical mean height is obtained:

a l in at
8.718 0.085 0.038 0.843S m T p   �  

 

(2) 

 

 

  

	 (2)

According to the correlation, the surface roughness 
Sa depends on three of the five investigated parameters: 
the fluidization air temperature Tin in °C, the atomization 
pressure pat in bar and the liquid spray rate ṁl in g/min. The 
spray air temperature and the fluidization air volume flow, 

however, did not show a significant effect on the surface 
structure and were therefore removed from the model. 
As the signs in Eqn. (2) suggest, a high surface rough-
ness is achieved at low fluidization air temperatures, low 
atomization pressures and high spray rates of the coating 
solution. Conversely, at high air temperatures, high spray 
pressures and low liquid spray rates, particles with smooth 
and compact surfaces are produced. These observations are 
confirmed by the SEM images of the granules in Fig. 3. As 
predicted by the model, the particle coated at ṁl = 20 g/min,  
Tin = 50 °C and pat = 0.5 bar has a significantly rougher 
and more uneven surface than the particle coated at ṁl =  
10 g/min, Tin = 120 °C and pat = 3.0 bar.

As depicted in Fig. 4, the roughness values predicted 
by the linear model show an overall good agreement with 
the measured data. Only the two highest roughness values 
are overestimated by the correlation and lie significantly 
below the 45°-line. With increasing roughness the particle 
structure becomes more irregular, which makes the charac-

Fig. 2  Normalized residual distribution in dependence of number of 
included principal components (eigenvectors).

Fig. 3  SEM images of Cellets®500 particles coated with sodium benzoate at different process conditions. Left: ṁ1 = 10 g/min, 
air

V
�  
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terization of the overall surface morphology challenging. 
Furthermore, there are few data points at high roughness 
values, which makes the fitting of the model difficult in this 
roughness range. For values below 9 μm, where most of the 
data points lie, the model shows a good fit. Moreover, it has 
to be considered that, while the surface structure analysis 
via laser-scanning microscopy is an improved characteriza-
tion method in terms of measurement time compared to the 
X-ray tomography and scanning electron microscopy ap-
proaches used in previous studies, the amount of analyzed 
granules is still very low compared to the whole particle 
bed for each experiment.

An advantage of the linear model is the easy interpreta-
tion since the influence of each variable on the response can 
be directly seen in the correlation. This allows for the anal-
ysis of the individual process parameters and their impact 

on the formation of the coating and the resulting surface 
morphology. In the following sections, the influence of the 
three primary influencing factors on the surface structure is 
discussed in detail.

3.2.1 Influence of the liquid spray rate
In Fig. 5, the partial dependence of the surface rough-

ness on the spray rate of the sodium benzoate solution is 
shown. The higher roughness at an increased spray rate 
predicted by the linear model is confirmed by the laser- 
scanning microscope images in Fig. 6. At the maximum 
spray rate of 20 g/min, a rough and irregular surface was 
formed, whereas the particles from the experiment with 
the lowest spray rate of 10 g/min and otherwise similar 
parameters have a smooth surface without any noticeable 
peaks.  This dependence of the roughness on the spray rate 

Fig. 4  Surface roughness predicted by the linear model in Eqn. (2) 
compared to the surface roughness measured via confocal laser- 
scanning microscopy.

Fig. 6  Laser-scanning microscope images of Cellets®500 particles coated with sodium benzoate at different process conditions. Within each column 
all remaining process parameters were the same for both experiments.

Fig. 5  Partial dependence of the surface roughness on the liquid spray 
rate. The crosses mark the experimentally investigated spray rates.
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can be explained by the crystallization of sodium benzoate 
in the evaporating solution droplets on the particle surface. 
At low spray rates, the drying conditions in the fluidized 
bed are intense due to the low amount of liquid in the pro-
cess chamber. In this case, the liquid evaporates quickly, 
causing a high over-saturation of sodium benzoate in the 
shrinking droplet. Due to the short drying time, nuclei 
formed in the droplets do not have enough time to grow 
into larger crystals. These precipitated nuclei form a dense 
coating with a smooth surface. High spray rates, however, 
cause a large temperature drop over the fluidized bed due to 
the high amount of liquid that evaporates. This effect can be 
observed in the theoretical outlet air temperature given on 
J-STAGE Data website, that corresponds to the decreased 
fluidization air temperature after passing the particle bed 
due to the evaporation of the water in the process chamber. 
Consequently, at high spray rates and therefore moderate 
drying conditions, the slow evaporation of water and long 
drying time of the droplets allow the growth of larger 
sodium benzoate crystals on the particle surface, resulting 
in a rough and irregularly shaped coating. This crystalline 
surface structure formed under wet process conditions 
is especially apparent in the SEM images in Fig. 3. The 
dependence of the crystallization of sodium benzoate on 
the drying conditions during fluidized bed coating was also 
observed by Rieck et al. (2015) and Hoffmann et al. (2015).

3.2.2 Influence of the fluidization air inlet 
temperature

As shown in the partial dependence plot in Fig. 7, an 
increase in the fluidization air inlet temperature results in 
a lower roughness and therefore smoother particle surface. 
Just like the liquid spray rate, the temperature of the flu-

idization air has a major impact on the drying conditions 
during the granulation process. Due to the reduced relative 
humidity, the heated air can absorb a higher amount of 
water, which results in a high drying rate. Under these 
conditions, small crystal seeds are precipitated from the 
droplets due to the fast evaporation and short drying 
time rather than growing into larger crystals. The smooth 
surface that is formed under intense drying conditions at 
the highest investigated temperature of 120 °C is depicted 
in Fig. 5. Conversely, the particles coated at 50 °C and 
otherwise similar parameters show a rough surface with 
many visible peaks and valleys. At these moderate drying 
conditions, due to the lower air temperature, crystal growth 
is enhanced as previously explained, and the larger crystals 
form a rougher and irregular surface. This observation 
is confirmed by the SEM images in Fig. 3, in which the 
surface morphology of the right particle is clearly defined 
by sodium benzoate crystals, whereas no such crystal struc-
tures are visible on the left particle’s surface.

3.2.3 Influence of the atomization pressure
The partial dependence of the surface roughness on 

the atomization pressure in Fig. 8 shows a decreasing 
arithmetical mean height with increasing pressure. This 
trend is also apparent in the microscope images in Fig. 5, 
in which the surface formed at the minimum pressure of 
0.5 bar is significantly rougher than the surface of the 
particle coated at the maximum atomization pressure of 
3.0 bar. The droplet characteristics during granulation are 
strongly influenced by the nozzle parameters. The pressure 
of the spray air determines the droplet size as well as the 
initial droplet velocity. At higher pressures the shear stress 
acting on the injected liquid is also higher, which causes 

Fig. 7  Partial dependence of the surface roughness on the fluidization 
air inlet temperature. The crosses mark the experimentally investigated 
temperatures.

Fig. 8  Partial dependence of the surface roughness on the spray at-
omization pressure. The crosses mark the experimentally investigated 
pressures.
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the formation of finer droplets with high velocity. Once 
a droplet collides with a particle, this high velocity leads 
to a homogeneous spreading of the droplet on the particle 
surface. The fast and even spreading of the droplets before 
the water completely evaporates leads to the formation of a 
smooth and uniform coating. Furthermore, existing surface 
defects can be filled by the small liquid droplets, which 
further increases the smoothness of the surface. In con-
trast, the larger droplets produced at low nozzle pressures 
have a lower velocity upon impact with the particles, thus 
spreading in a less homogeneous way and creating a more 
uneven coating.

Besides the spray air pressure, the droplet characteristics 
are dependent on the properties of the spray solution, like 
viscosity and surface tension. The surface tension, along 
with the solid-vapor and solid-liquid interfacial energy, 
determine the contact angle of a droplet on the particle 
surface, which characterizes the wetting behavior and 
indicates, how well a liquid spreads on a solid surface. 
The viscosity influences the flow behavior of the coating 
solution and therefore the spreading velocity of the droplets 
on the particle surface. Due to the evaporation of the liquid 
in the fluidized bed, the viscosity of a droplet is not con-
stant and increasing with the decreasing water content and 
therefore increasing solid concentration within the droplet. 
In combination with the droplet size and velocity these 
factors strongly influence the deposition of the droplets 
on the particle surface and therefore the resulting granule 
morphology.

4. Conclusions

To investigate the influence of process conditions on 
surface morphology, fluidized bed spray granulation ex-
periments were performed with different process parameter 
combinations according to a statistical experimental plan. 
To characterize the surface structure, the roughness was 
measured via confocal laser-scanning microscopy. Com-
pared to the surface characterization methods used in most 
previous works, this roughness analysis is advantageous 
in terms of measurement time and the possibility of quan-
tifying the morphology. To connect the surface structure 
to the process parameters, a linear model was fitted to the 
roughness data. A principal component analysis was used 
to identify the principal components with significant im-
pact on the roughness.

It can be concluded that the surface roughness is pri-
marily influenced by the drying conditions in the fluidized 
bed and the properties of the injected liquid droplets. The 
former depends on the spray rate of the coating solution, 
which determines the amount of liquid introduced into the 
process chamber per time step, and the inlet temperature 
of the fluidization air, which impacts the amount of water 

that the air can absorb. It was shown that moderate drying 
conditions lead to the formation of a coating with a rough 
surface, whereas particles with a smooth surface were 
produced at high drying rates. This dependence of the 
roughness on the drying parameters is explained by the 
crystallization of sodium benzoate. Apart from the proper-
ties of the coating solution, the droplet characteristics are 
affected by the spray atomization pressure at the two-fluid 
nozzle in such a way that finer droplets with a higher initial 
velocity are formed at higher pressures. Consequently, a 
smooth surface was observed for particles coated at high 
atomization pressures, while a decrease in atomization 
pressure led to higher roughness values.

The correlation obtained in this work allows the pre-
diction of the surface roughness for any combination of 
the five investigated process parameters. To improve the 
prediction of product properties in fluidized bed spray 
granulation and gain a further understanding of the process, 
the work flow presented in this study can be applied to 
other material systems, in which different micro-processes 
and parameters might be important for the surface structure 
formation, as well as different apparatus geometries and 
configurations.

Future studies will be concerned with the application 
of different granulator geometries, like spouted beds that 
are used for coating (Pietsch et al., 2018), and scale-up to 
pilot-scale granulators with different mixing times (Diez et 
al., 2019), as well as utilization of the CFD-DEM method 
(Kieckhefen et al., 2020) to correlate mixing times and 
particle-scale drying conditions with the resulting surface 
structures.
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