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Abstract 
Food and pharmaceutical products are subjected to strict requirements. Release rates of active ingredients need to be adapted to 
certain applications, surfaces have to show uniform coloring and storage stability needs to be ensured. The specifications of 
food and pharmaceutical products strongly depend on the uniformity, porosity and thickness distribution of the coating layer. 
During the formulation process these properties are created or preserved. Changing only two parameters (e.g., temperature and 
spray mass flow rate) in the process, the structure as well as the surface of the coating layer will change completely, resulting 
in completely different product characteristics. To get information about the coating layers and to correlate these with process 
conditions, X-ray µ-CT can be used. In this study, particles, which were produced in fluidized beds, are investigated using 
ProCon X-Ray micro-computed tomography. Regarding coating layer morphology, also particles coated with various materials 
can be investigated by µ-CT measurements.  
The experimentally determined layer thickness distributions can be used for validation of microprocess models. In this method, 
a Monte Carlo approach is used to calculate layer thickness distributions on single particles in a fluidized bed coating process. 
Both experimental and calculated layer thickness distributions are in good agreement supporting the measurement and 
evaluation procedure presented in this contribution. 
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1 Introduction 

1.1 Particulate products 

Particulate products hold a huge share in all industries. About 75 % of all products processed in industry are of particulate form 
[1]. Also pharmaceutical and food industry use and produce a lot of different particles. Active pharmaceutical ingredients 
(APIs) often come in or are processed into powder form. Together with matrix material like, e.g., lactose the API is often 
pressed into tablets, or granulated and filled into pills. To mask unpleasant tastes and to retard the release of APIs, 
pharmaceuticals are often coated. Also cosmetic products like peeling creams contain functionalized particles. In food 
industries particles are used to a large extent. Cereals or sweets are often coated with sugar to improve taste or protective 
shellac to prevent smearing or deterioration. This paper will focus on particles processed in fluidized beds, and their quality 
measurement via X-ray micro-computed tomography (µ-CT). 

 

1.2 Fluidized bed coating 

A fluid flowing through a bed of particles in an upward direction at a certain velocity fluidizes the particles, when it exceeds 
the minimal fluidization velocity. In the most common case, the fluid is air. In the fluidized state, particles are well mixed with 
the fluid and the whole particle bed moves like a fluid itself. A fluidized bed granulator usually consists of a ventilator, 
heater/cooler, distributor plate, fluidized bed chamber, spraying nozzle, calming zone and filter (Fig. 1, left). With this setup, 
spray coating processes are possible. Therein, particles are sprayed with an, e.g., protective, coloring or masking solid-
containing liquid forming a layer on the core particles (Fig. 1, right). 

A very important application of coating processes is microencapsulation of, e.g., biodegradable components, offering longer 
shelf lifes of the active components through protective coating. Meiners [2] gives an overview of microencapsulation 
techniques. An example is protective coating of beta carotene due to its affinity to oxidation [3]. Also APIs are coated to 
prevent premature dissolution. Thus, tablets or powders consisting of carrier material like lactose and API can be coated by 
latexes [4, 5]. However, the dissolution kinetic of coatings like these is of high importance, since the API is supposed to be set 
free again. Thus, the porosity of the coating layer and its uniformity has to be evaluated. Homogeneous and uniform layers are 
preferred to ensure constant release rates at the correct time and place (e.g. not in the gastric but in the intestinal area). In this 
paper a method to investigate the coating layer porosity using µ-CT measurements will be presented based on the findings of 
Rieck et al. and Sondej et al. [6, 7, 8]. This contribution will focus on spray fluidized bed coating and the usage of the µ-CT to 
measure shell thickness and shell porosities of single particles, chosen representatively for the whole bulk. A series of fluidized 
bed experiments will be described, followed by the analysis of produced samples by µ-CT measurements. Experimental 
findings will then be compared to a theoretical model, calculating shell thicknesses from fluidized bed simulations. 
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Figure 1. Left: Diagram of a fluidized bed apparatus, 1 gas inlet, 2 ventilator, 3 heater, 4 distributor plate, 5 fluidized bed 
chamber with particles, 6 spray nozzle, 7 calming zone, 8 filter, 9 gas discharge, right: scheme of coating process 

 

2 Characterization of fluidized bed products 

2.1 Fluidized bed coating process 

All particles were coated in a spray-fluidized bed. The coating experiments were carried out batch-wise in a laboratory scale 
fluid bed granulator. All process parameters such as airflow rate, spraying rate and gas inlet temperature were kept constant 
during the experiments, see in Sondej [8].Depending on the process conditions the coating solution forms either a compact or 
porous layer on the particle. The general granulation mechanism of this process is shown in Figure 1, right. 

Table 1. Process parameters and material properties of all experiments [12]. 

 

Parameter Unit A B C D 

Core material  Alumina Alumina Glass Glass 

Coating material  NaB Shellac Shellac 
NaB (95%), 
HPMC (5%) 

Core particle radius [µm] 900.0 315.0 305.0 137.5 

 
2.2 Measurement system 

An X-ray micro-computed tomograph (ProCon X-Ray GmbH, Germany) is used as a technique for investigating and 
describing quantitatively the morphology of coating layers. The µ-CT is a method for non-destructive analysis of objects, e.g. 
coated particles, and provides information on the internal structure like layer thickness and micro-porosity. The processing 
steps are shown for one particle in Figures 2 and 3. All measurement parameters are given in Table 2. The core material is cut 
out by binarisation and all voids in the coating shell are closed using morphological operators. The details of these process 
steps are discussed in Sondej [7, 8]. For determination of the coating layer thickness, a circle was defined which has the same 
center point as the particle. The perimeter has to enclose the entire particle together with the coating layer. The ImageJ 
(National Institutes of Health, USA) application “Radial Grid” places a grid over the measuring region with radially extending 
straight lines. Along these radial lines the thickness of the coating layer can be determined by detection of the black and white 
boundaries.  

The porosity of the coating layer was processed and analyzed with the software MAVI (Fraunhofer Institute for Technical and 
Industrial Mathematics, Kaiserslautern, Germany). The software calculates the volume of the binarized coating layer (VF), 
excluding all existing voids by counting voxels. The volume was calculated a second time for the layer with filled voids (V), 
shown in Fig. 4. From this information and Eq. (2) in the next section, the shell porosity can be determined. 
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Table 2. Settings of µ-CT measurements. 

 

Measurement parameter Unit A  B  C  D  

Voltage [kV] 50 60 60 50 

Current [µA] 160 180 180 160 

Distance detector-sample [mm] 400 600 600 600 

Angle increment [°] 0.3 0.3 0.3 0.3 

Exposure time [ms] 2000 3500 3500 2000 

Measuring time [h] 2.5 4 4 2.5 

Resolution [µm] 1.9 0.9 0.9 0.9 

 

 

 

 

Figure 3. Detailed illustration of the use of the radial grid to obtain layer thicknesses 

 

 

 

Figure 2. 2-D slice images of particle from experiment A from µ-CT measurement, original (A), core removed (B), closed 
shell (C); (equatorial plane) [7]. 
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Figure 4. Separated coating layer, filled with “closing” operator 

 

2.3 Coating layer thicknesses and shell porosities 

In two-dimensional setting, the thickness of the coating layer (or the shell thickness) s can be expressed simply by the 
difference of outer radius of the coating layer and the radius of the core particle. Then the layer thickness varies spatially, 
which can be expressed in terms of the angle α:  

 ���� � 	 ��	��� 
 �����,						� ∈ 	 0, 360°�. 
The origin for the radius measurement has to be placed inside the core particle, for instance at the center of gravity. Note that 
in case of an ideal spherical core particle with a perfect coating, i.e. when the particle remains ideally spherical after coating, 
no angular dependency exists and the shell thickness can also be expressed in terms of the difference of measured diameters.  

 

The direct calculation of the local shell thickness is a classical inverse problem and can only be solved for special cases, e.g. 
for the case of ideally spherical core particles with an ideally uniform coating with uniform shell porosity. For this case, with 
known total mass of coating dry matter (Mc) added to the bed and total mass of core particles in the bed (Mp), Depypere et al. 
[9] presented an equation to calculate the theoretical layer thickness 

In this equation, the particle density of the core particles is given by ρp, whereas ρs is the solid density of the coating material. 
Due to thermal effects during drying, the coating layer will not be completely compact but possess certain porosity. The mean 
porosity of the coating layer (ε�� depends on the composition of coating materials and on the chosen parameters in the coating 
process.  

For evaluating the layer porosity, and knowing the image voxel size, a mathematical morphology operator named “closing” 
was used to close all internal voids of the layer. The mean porosity of the coating layer can be calculated based on the values 
obtained from the described volume analysis:  

 

ε� � 1 
 ���    ,             (2) 

where VF is the volume of the coating layer excluding voids and V is the layer volume after closing. 
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3 Comparison of measured layer thicknesses to Monte Carlo simulation results 
 
The measured layer thicknesses, as well as the theoretical values of the thickness, which depend on the measured layer 
porosities (NaB – crystalline material, Shellac – natural, non-porous polymer) are shown in Table 3.The measured thicknesses 
possess good comparability with the theoretical values. The data is compared to layer thicknesses calculated by a stochastic 
modelling approach presented by Rieck et al. [10]. The model is based on a Monte Carlo method and includes three micro-
scale events and processes, which are droplet deposition on the particle surface, droplet drying and layer formation, to describe 
a coating process. The surface area of each particle in the model is divided into several sub-surfaces (positions) to allow 
droplet deposition at different positions on each particle. It is then possible to calculate the thickness of the solid layer at each 
position of each particle leading to layer thickness distributions of the individual particles. This means that the layer thickness 
varies at different locations on the particle. Details of the algorithm are presented in [10]. 
 

Table 3. Calculated theoretical coating thickness and µ-CT results [8]. 

Experiment sc,theo εc  
sc,calc 

(µ-CT) 

σ of sc,calc 

(µ-CT) 

[ - ] [µm] [ - ] [µm] [µm] 

A 26.16 0.30 26.17 6.47 

B 26.55 0 28.09 3.94 

C 29.69 0 30.31 3.56 

D 13.10 0.10 12.47 4.64 

 
In Fig. 5 and Fig. 6, the measured layer thickness distributions are compared with the results of the Monte Carlo simulation. As 
described above, the layer thicknesses of one individual particle for each experiment were measured. In the simulation, a layer 
thickness distribution is calculated for each single particle. Therefore it is not clear, which calculated layer thickness 
distribution should be used for validation. Hence, the layer thickness distributions of two single particles are shown: the 
particle with the lowest and the particle with the largest mean layer thickness, as indicated in Fig. 5 and Fig. 6. Then, the 
measured layer thickness distributions should lie in between both curves obtained from the simulation. The measured values 
are in good agreement with the simulation, supporting the described measurement procedure and its results. 
 

 

Figure 5: Comparison of the cumulative layer thickness distribution obtained from measurements and the 

Monte Carlo method for experiment A (a) and B (b) [10]. 
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Figure 6: Comparison of the cumulative layer thickness distribution obtained from measurements and the 

Monte Carlo method for experiment C (a) and D (b) [10]. 
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