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Spray fluidized bed coating is a common process in food, chemical and pharmaceutical industry. Morphology of
the formed layer is essential for product quality. Therefore, layer morphology was investigated in detail by X-ray
micro-computed tomography (μ-CT) for porous γ-alumina particles coated with a solution of sodium benzoate
with some hydroxypropyl-methylcellulose in water. Investigated properties are: layer thickness distribution
on individual particles, porosity of the layer, and average layer thickness. The determination of layer thickness
was performed in two different ways: (1) using two-dimensional cross-sections of volume images obtained
from full μ-CTmeasurements, and (2) using single X-ray irradiation imageswithout sample rotation. The porosity
of the coating layer was evaluated from the volume images. Further studies were performed to investigate the
influence of operating parameter, e.g. exposure time, on image quality and the obtained results. Special attention
was put onways to reduce the necessarymeasurement timewhile preserving the quality of the results. Finally, a
new measurement protocol is presented which allows to measure coating thickness distributions in a particle
population.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Coating of particles is widely used in the chemical, agrochemical,
pharmaceutical and food industry to obtain products with required
end-user functionalities [1], for instance odor or taste masking, protec-
tion from environmental influences, improved flow ability or the con-
trolled release of an active substance [2]. The general idea of coating is
shown in Fig. 1: Core particles, e.g. an active pharmaceutical ingredient,
are sprayed with a coating solution containing a solid different from the
corematerial. The droplets spread on the surface of the particle building
up a film. The solvent, i.e. the liquid portion of the solution, is generally
evaporated, and a solid layer is formed on the particle surface. Themain
aim of this process is not to achieve a large increase in particle size, as
for instance in layering granulation, but to functionalize the core
particle. The aforementioned functionalities depend strongly on the
characteristics of the coating layer, e.g. layer thickness, coating porosity,
coating uniformity or microstructure, so in order to guarantee the
product quality of coated particles, a precise characterization and iden-
tification of the quality of the layers is necessary, as well as a correlation
to the operating conditions of the layer formation process.

Basic techniques, commonly applied for characterization of the
quality of coating layers on particles are light microscopy or scanning
electron microscopy (SEM). Starting in the 1990s, coated particles
were investigated, for example by cutting them in their equatorial
plane and then examining the cut by SEM, see, e.g., [3]. Andersson
et al. [4] also cut coated particles, took images with a fluorescence
microscope and evaluated these using image processing algorithms.
However, these methods of characterization are either cumbersome to
apply and destructive, or they provide information restricted to the
sample surface. When destructively applied, sample preparation, like
cutting the particle or scraping the coating layer, may distort the results.
Moreover, optically similar materials may be hard to distinguish and
separate from each other, and quantitative evaluation of the images is
difficult.

In 2009, confocal laser scanning microscopy (CLSM) was presented
by Laksmana et al. [5] as a non-destructive method for the determina-
tion of coating thickness. These authors analyzed the layer thickness
distribution on single particles, as well as layer porosity and pore size
distribution of granules coated with HPMC. Depypere et al. [6] investi-
gated small primary particles (d ≈ 200 μm) with very thin coating
layers (s b 5 μm) also by CLSM. The resulting images were analyzed by
image processing with regard to the layer thickness distribution on
single particles. Cahyadi et al. [7] used the destructive version of light
microscopy to calibrate non-destructive measurements of layer thick-
ness by Raman spectroscopy, infrared spectroscopy and X-ray fluores-
cence analysis. Sasic [8] used Fourier transform infrared microscopy to
determine the film thickness on tablets. In order to be able to do so,
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Fig. 1. Coating scheme.

Fig. 2. Experimental setup of the lab-scale fluidized bed, (TIC/TIR temperature indicate
controller and recorder, MIR/FIR mass and fluid indicate recorder).

Table 1
Solid material properties.

Parameter Value

Density γ-Al2O3 beads 1040 kg/m3

Average diameter of γ-Al2O3 beads 1.8 mm
Density of solid sodium benzoate 1440 kg/m3

Density of solid HPMC 1310 kg/m3
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the tablets had to be split before the measurement. Koller et al. [9] as
well as Zhong et al. [10] applied optical coherence tomography as a
further non-destructive method to determine coating thickness.
Zhong et al. [10] and Russe et al. [11] used Terahertz pulsed imaging
(TPI) for measurement of layer thickness. Special about this work is
the application of micro-computed tomography to calibrate the TPI
measurement device.

In this study, X-ray μ-computed tomography (μ-CT) is used as a
technique for investigating and describing quantitatively themorpholo-
gy of coating layers. The μ-CT is amethod for non-destructive analysis of
objects, e.g. coated particles, and provides information on the internal
structure like layer thickness and micro-porosity. Using this system for
the analysis of tablets or coating layers is a relatively new method,
which has only been the topic in a few publications so far. The μ-
computed tomography was used for the first time in 2003 by Farber
et al. [12] who tried to get information about the porosity and the
pore size distribution of pharmaceutical granules. Hancock et al. [13]
and Zeitler et al. [14] provided an overview of dosage forms which
were analyzed by μ-CT.

The first investigation of coating layers with μ-CT was performed by
Perfetti et al. [15], who determined characteristics of the coating layer
such as porosity and layer thickness. By principle, X-ray μ-computed
tomography is not restricted to the investigation of coating layers but
can also be applied to reveal the inner morphology of agglomerates. In
Dadkhah et al. [16], agglomerates which were produced in a fluidized
bed were evaluated using μ-CT. Different types of image analysis
operations were applied in order to get information from the μ-CT
images, such as the number of primary particles, the fractal dimension
of the formed agglomerates and other morphological descriptors that
influence the product quality, for example the mean coordination
number of primary particles, i.e. the mean number of connections of
one primary particle to other surrounding primary particles, which
strongly influences the strength of the formed agglomerate.

The present investigation aims at contributing to a better character-
ization of coated particles using X-ray μ-CT. The performance of the
methodology will be assessed by variation of μ-CT operating parame-
ters. Furthermore, a novel protocol will be developed for determining
coating layer thickness and layer porosity of particles produced in a
spray fluidized bed. Another issue that will be discussed in this study
is the minimum time required for μ-CT measurements of the coating
layer thickness, and an alternative approach to obtain this information
will be presented. Finally, it will be shown and discussed how μ-CT
measurements can be performed to obtain not only information on
the layer thickness of individual particles but also on the layer thickness
distribution in a particle population.

2. Materials and methods

2.1. Particle coating process

The particle coating was realized in a lab-scale batch fluidized bed
granulator with a cylindrical fluidization chamber with 150 mm inter-
nal diameter and a height of 450 mm (type WSA 150, Glatt
Ingenieurtechnik GmbH,Weimar, Germany). A schematic of the exper-
imental setup is shown in Fig. 2. The coating solution was sprayed in
batch operation using a two-fluid nozzle (model 940, Düsen Schlick
GmbH, Germany), which was placed in bottom spray configuration.
The nozzle parameterswere chosen such that the average droplet diam-
eter is approximately 40 μm. Droplets were sprayed in a Wurster tube
with an inner diameter of 70 mm and a height of 200 mm, placed at a
distance of 20 mm from the air distributor plate. It should be noted
that bottom-spray Wurster equipment is widely used in practice for
coating, because of flow patterns that help to avoid agglomeration and
rather uniformly distributed circulation times of particles that promote
uniform coating [17]. All process parameters such as spraying rate, flu-
idization air flow rate and gas inlet gas temperature were kept constant
during the experiments.

Porousγ-Al2O3 beads (Sasol GmbH, Germany)with an average diameter
of 1.8 mm were used as core particles. The γ-type of Al2O3 is a common
material for granulation studies with porous particles, because it can readily
be purchased at constant quality, is stable towards mechanical and thermal
stresses and has a very high sphericity (0.983), which is an important
advantage for fundamentally oriented investigations. Right before the coating
experiments were started, the particle size distribution of the core material
was measured using a Camsizer (Retsch GmbH, Haan, Germany). Based on
image analysis, the device also determines the (mean) sphericity of the
measured particles. The core particles were coatedwith a solution consisting
of sodium benzoate (NaB, 28.5 mass-%) and hydroxypropyl methylcellulose
(HPMC, 0.3 mass-%) as the solutes, and demineralized water as the solvent.
Sodium benzoate (Trigon Chemie GmbH) is an antifungal agent used as a
preservative in many industrial sectors. Furthermore, the salt has a good
solubility in water, so that a mass fraction of approximately 30% can be
achieved under room conditions. The solution also contains HPMC
(Pharmacoat 606, Shin-Etsu, Japan), which finds widespread application as
coating material or binder in the food and the pharmaceutical industry
because of its good film-forming and adhesive properties. HPMC has been
used in thiswork topromote theuniformityof coating.All relevantproperties
of the solid materials are summarized in Table 1.
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For the coating process, the spraying rate was set to 600 g/h, the gas
inlet temperature to 60 °C and the pressure of the nozzle to 1 bar. The
initial bed mass of core particles was 1000 g. The coating process was
performed for 1 hour, which corresponds to a final particle mass of
1180 g. All relevant parameters are summarized in Table 2.

2.2. Principles of X-ray μ-computed tomography

The main principle of X-ray μ-computed tomography is depicted
in Fig. 3. The object to be investigated is placed on a sample holder
in the beam cone created by the X-rays emitted from the X-ray
source and collected on the detector. The sample holder is rotating
around its z-axis with an adjustable speed or angular increment.
After each increment the X-rays passing the sample and hitting the
detector plane create on the collector intensity profiles, which can
be visualized as a set of gray-scale values, so that after a full
revolution a set of two-dimensional sectional representations of
the sample under different angles are available. By tomographic
reconstruction techniques a three-dimensional volume image can
be created from the series of two-dimensional intensity matrices.
Due to the different X-ray absorption capacity of the materials in
and on the particles and the surrounding, the different phases
(core material, coating material and air) can be separated via the
local absorption per volume element (voxel). The minimum voxel
size (a volume) determines the spatial resolution, i.e. the size of
the smallest geometric quantity that can be resolved. The inner
morphology of the core particle and the coating layer can then be
investigated based on the tomographic reconstruction, and it is
possible to examine the particle non-destructively, i.e. measure-
ments can be repeated on one and the same particle [18].

In this study, the coated particles, which require no pre-treatment
other than fixing each of them to the sample holder, were scanned
utilizing a customized X-ray μ-computed tomographic device (CT
Procon alpha 2000 by ProCon X-ray GmbH, Garbsen, Germany). This
device is equipped with a micro-focus X-ray source and has a detector
size of 100 × 100 mm2 or 2304 × 2304 pixels. The software Volex
(Fraunhofer Institute for Integrated Circuits, IIS, Erlangen, Germany)
was used for measurement and reconstruction of the volumetric
images. In image acquisition the adjustment of brightness and contrast
is important, which is done by setting voltage and current of the X-ray
tube. The sample holder was placed as close as possible to the X-ray
source, approximately 400 mm from the detector. The distance of
sample holder and detector determines themagnification of the system
[15]. The samples should stick on the sample holder firmly, because
every movement of the sample during rotation will otherwise yield
blurred volume images. The distance of the detector to the tube was
kept constant for all measurements. By rotation of the sample holder,
the particles were scanned in the entire range from 0 to 360°. Operating
parameters of the X-ray source like voltage (50 kV), current (170 μA),
and the exposure time (2000 ms) were kept constant for all
measurement because these parameters ensure high-quality X-ray
images. Other parameters such as rotation step, i.e. the angular
increment, and averaging (number of taken images for one angle)
with skip (number of images which are discarded per one record) can
be varied to obtain high-quality volume images fast.
Table 2
Process parameters.

Parameter Value

Gas inlet temperature 60 °C
Spraying rate (liquid and solid) 600 g/h
Solid concentration of sodium benzoate in solution 28.5 mass-%
Solid concentration of HPMC in solution 0.3 mass-%
Fluidization gas flow rate 160 m3/h
Initial bed mass 1000 g
Process duration 1 h
3. Image analysis and evaluation

3.1. Image processing

Image processing employs methods for improvement of pictorial
information for human perception, for example contrast enhancement,
de-blurring and procedures for the extraction of image information
suitable for further processing. Typical tasks are, among others, object
counting, object measurement and object identification. In μ-CT
measurements, an image consists of a digitized array of different gray
values representing intensities or local absorption values, which are
obtained from the detector. The main task of the image analysis is
then to extract the inner structure of the scanned sample, e.g. the
layer thickness and porosity. For this some initial image processing is
necessary to improve the image quality and to enhance the visibility
of the different constituents [19]. In this study, the protocol established
in Dadkhah et al. [16] has been followed.

The determination of the coating thickness on a single particle was
conducted in two different ways: (1) using volume images which
were obtained after a complete μ-CT measurement (one full revolution
of the sample) and (2) using single two-dimensional images (fixed
angular position). The volume images were analyzed with the software
Volume Player Plus (Fraunhofer Development Center for X-ray
Technology, Germany). To improve the visualization of the layer, an
adjustment of contrast and brightnesswas performed. Attention should
be paid to the fact that this step in image processing is subjective,
depending on the individually perceived image quality and resolution.
A two-dimensional image which shows the equatorial plane was
chosen for the evaluation; an example is depicted in Fig. 4. In both
measurement ways, the images were saved, and the voxel size
(number of pixels in a two-dimensional image: 1.5 to 1.7) was noted.

The coating thickness was determined for both measuring methods
in the same way utilizing the software ImageJ (National Institutes of
Health, USA). The image processing of the obtained projection slices
(two-dimensional images) consists of the following steps: cropping
the region of interest, image binarization, separation of the inner
constituent due to the different density and X-ray absorption of core
and layer, and application of a suitable filter to fill the voids in the
coating layer in case of measuring the layer thickness only.

In order to measure the coating layer thickness, the equatorial plane
of the spherical particle must be determined as otherwise only a layer
chord-length is measured. The equatorial plane of the spherical particle
is determined indirectly: After the μCT measurement, a set of two-
dimensional slices is available on which the core particle can be clearly
distinguished from the coating material. This also allows measuring the
cord-length of the core particle in each slice (automatically by the image
processing software). The equatorial plane is chosen as the plane where
the cord-length assumes its maximum. The error in the chord-length of
the core particle is in the order of the measurement resolution, i.e.
approximately 2 μm. Compared to the actual diameter of the particle
of 1800 μm, this error is negligible, and also the error in the determina-
tion of the coating layer is very small.

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
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 processing steps are shown for one particle in
Figs. 5 and 6. The measurement angles were selected manually, so
that certain subjectivity is present in the obtained results.

The porosity of the coating layer was processed and analyzed with
the MAVI software (Fraunhofer Institute for Technical and Industrial
Mathematics, Kaiserslautern, Germany). The first steps are similar to
the steps of the evaluation of coating thickness from the volume images:
cropping the region of interest, removing measurement noise by



Fig. 3. Principle of μ-computed tomography.
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filtering and image binarization. The software calculates the volume of
the binarized coating layer (VF), excluding all existing voids by counting
the voxels. The morphological transformation operator “closing” was
used to close all internal voids. Only pixels that belong to the layer,
which can be determined from the different gray values of core particle
and coating material, were taken into account for the porosity calcula-
tion. The volume was calculated a second time for the layer with filled
voids (V), shown in Fig. 7. From this information and Eq. (2) in the
next section, the shell porosity can be determined.

3.2. Calculation of coating thickness and porosity

In two-dimensional setting, the thickness of the coating layer (or the
shell thickness) s can be expressed simply by the difference of outer ra-
dius of the coating layer and the radius of the core particle. In Fig. 8 the
situation of a non-spherical core particle with a non-uniform coating
layer is depicted. Then the layer thickness varies spatially, which can
be expressed in terms of the angle α:

s αð Þ ¼ rcs αð Þ−rc αð Þ; 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
Fig. 4. X-ray image of a coated alumin
particle remains ideally spherical after coating, no angular dependency
exists and the shell thickness can also be expressed in terms of the dif-
ference of measured diameters.

In a three-dimensional setting, the definition of shell thickness has
to be extended by one more angle, e.g. β, and the local shell thickness
can then be expressed similarly:

s α;βð Þ ¼ rcs α;βð Þ−rc α;βð Þ; α∈ 0; 360�
� �

; β∈ 0; 180�� �

This definition again allows for local deviations from the spherical
shape in both, the core and the coated particle.

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 ide-
ally spherical core particles with an ideally uniform coating with uni-
form 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. [6] presented an equation to calculate
the theoretical layer thickness

s ¼ dp
2

1þ ρp �Mc

1−εcð Þρs �Mp

 !1=3

−1

2
4

3
5 ð1Þ
a particle; right: with radial grid.



Fig. 5. Coating layer: binarized, separated, filled with closing operator.
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In this equation, the particle density of the core particles is given by
ρp,whereas ρs is the solid density of the coatingmaterial. 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
(εc) depends on the composition of coatingmaterials and on the chosen
parameters in the coating process.

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

εc ¼ 1−V F

V
; ð2Þ

where VF is the volume of the coating layer excluding voids and V is the
layer volume after closing.

4. Results and discussion

4.1. Evaluation of coating uniformity

Asmentioned before, μ-CTmeasurements provide a variety of infor-
mation about the inner structure of core particle and coating layer. For
an assessment of the quality of the obtained images, a series of μ-CT
measurements were performed on one and the same coated particle
varying image averaging and skipping, and also rotation steps. Operat-
ing parameters kept constant in these measurements are listed in
Table 3. Varied operating parameters and results are summarized in
Table 4. For the images obtained in measurements B1 to B4, no
Fig. 6. Detailed illustration of the use of the
averaging was performed. The measurements C1 to C4 were conducted
by automatically taking three images per angle, skipping one of them
based on the worst quality (internally determined by the software)
and generating an average image from the remaining two.

First, the uniformity of the formed coating layer shall be discussed.
To this purpose, the radial distributions of coating thickness obtained
frommeasurements B1 and C1 are shown in Fig. 9. Tube settings and ro-
tation steps were constant, so that these two evaluations differ only in
the use, or not, of image averaging. All thicknesses are in the range
from 42.5 μm to 56.3 μm, cf. Fig. 10. Measurement B1 delivered a
mean coating thickness of 48.1 μm and a standard deviation of
3.08 μm. From measurement C1 a mean layer thickness of 47.8 μm
and a standard deviation of 2.61 μm were obtained. As mentioned
before, the positions for the evaluation of the layer thickness
distributionwere selectedmanually, corresponding to a limited number
of values on the abscissa of Fig. 9. No indication of a correlationwith the
measuring angle is discernible in Fig. 9, meaning that coating layer
thickness is randomly distributed over the angular position. Stripe
plots for other pairs of measurements are not shown here, but they
support this conclusion.

The measurements B2 and C2 differ also in the setting of image
averaging, and in a larger step of rotation compared to B1 and C1.
Both measurements deliver the same mean thickness of 48.2 μm and
an almost identical standard deviation of 2.66 μm for B2 and 2.46 μm
for C2. The range of values, from 42.5 μm to 54.0 μm, is almost the
same to the range of thicknesses of measurements B1 and C1.

In measurements B3 and C3 the angular increment was increased
further to 0.45°, otherwise B3 and C3 differ in the setting of image
averaging. The measured thicknesses range from 43.2 to 54.8 μm.
Measurement B3 delivered a mean coating thickness of 48.3 μm and a
radial grid to obtain layer thicknesses.



Fig. 7. Separated coating layer, filled with “closing” operator.
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standard deviation of 2.34 μm whereas from measurement C3 a mean
layer thickness of 48.5 μm and a standard deviation of 2.48 μm were
obtained.

Measurements B4 and C4 were done with the highest rotation step
of 0.9°. Thicknesses are in the range from 43.4 μm to 52.0 μm. However,
these two measurements deliver mean thickness values which are
furthest apart from each other. From experiment B4 a mean thickness
of 48.3 μmwith a standard deviation of 1.8 μwere obtained. Experiment
C4 delivers 47.6 μm and 2.8 μm, respectively.

Fig. 10 presents the cumulative frequency distributions of all
obtained local coating thickness values for measurements B1 to C4. All
distributions are of similar shape to normal distributions. The range of
the s50-values is from 47.0 μm to 49.8 μm. The mean s50-value is
48.5 μm. The non-smooth appearance of the curves is due to failing
availability of measurement data for certain angles, e.g. from 135° to
225°. This is the range of angles covering the part of the particle which
was fixed on the sample holder (cf. Fig. 4). These parts are difficult to
resolve, due to similar gray values between particle and sample holder
surface.

4.2. μ-CTmeasurements for evaluation ofmean coating thickness andmean
coating porosity

Figs. 11 and 12 show the difference between averaged and non-
averaged μ-CT recordings. The image on the left-hand side (Fig. 11)
seems to be sharp but coarse-grained. The edge of the coating layer is
hard to identify due to measurement noise; additionally the exterior
of the coated particle is not uniformly black. The image on the right-
hand side (Fig. 12) appears smoother. The transitions between core
particle and coating layer and between coating layer and environment
are smoother and clearer. Errors in the recorded images, e.g. noise, are
compensated or deleted by averaging. Nevertheless, all values of
Fig. 8. Definition of shell/layer thickness (two-dimensional setup).
average coating thickness lie in Table 4 in a narrow range from
47.6 μm to 48.5 μm. This means that averaging may improve image
quality, but it does not pay off in terms of accuracy in the determination
of average coating thickness, because the latter does not vary
significantly, whereas measuring time is increased compared to the
measuring time without averaging by a factor of approximately two.
The same holds in regard of smaller rotation steps. Consequently, the
data of Table 4 indicate that μ-CT measurements result in a sufficiently
accurate determination of mean coating thickness even with large
rotation steps for the investigated combination of materials. For these
materials, the differences in gray values between core particle and
coating layer and between environment and coating layer appear to
be high enough for separating the phases properly and evaluating the
thickness of the coating layer accurately. The thickness difference
between measurements B1 and C1 was around 0.3 μm (0.62%). For B2
and C2 no difference was observed, whereas the difference between
B3 and C3 was 0.2 μm (0.21%). The difference in the average thickness
was largest between B4 and C4 with a value of 0.7 μm, which is only
slightly above the maximum resolution of the used μ-CT device
(0.6 μm) and gives an estimate of the influence of the averaging
operation on the measured layer thickness. The theoretical average
thickness according to Eq. (1) would be 37.0 μm for a compact coating
layer (εc = 0). However, as shown in Table 4, the evaluated average
porosity of the coating layer is about εc = 0.15. If this porosity is consid-
ered in Eq. (1) the theoretical thickness increases to 47.6 μm and lies in
the range of the experimentally determined thicknesses. Calculation
with Eq. (1) indicates the consistency of the applied methods and the
obtained results, but it is also prone to mistakes and limitations that
will be briefly discussed in the following.

The results concerning the porosity of the coating layer are also
summarized in Table 4. Independent of image averaging, the detect-
ed porosity was found to increase with an increase in rotation step,
so that the lowest porosities were detected for measurements B1
and C1 with a rotation step of 0.225° and the highest for measure-
ments B4 and C4 with the highest rotation step of 0.9°. Results
with a large rotation step may suffer by the fact that the fewer pro-
jections have been recorded, the more difficult it is to set the thresh-
old of gray values for the coating layer. At the other limit, a small
rotation step means many projections and a high measuring time,
which may lead to some wear and drift of the X-ray tube during
Table 3
Constant measurement setting.

Parameter Value

Voltage 50 kV
Current 170 μA
Exposure time 2000 ms



Table 4
Results of the measurements for the investigation of coating thickness and porosity, depending on averaging and rotation steps.

Complete
measurements

Averaging
[−]

Skip
[−]

Rotation
steps [°]

Measurement Time
[hh:mm]

Voxel size
[μm/px]

Average thickness
[μm]

Average
porosity [−]

Standard deviation of coating
thickness [μm]

B1 1 0 0.225 01:45 1.5 48.1 0.08 3.08
C1 3 1 0.225 03:30 1.5 47.8 0.15 2.61
B2 1 0 0.3 01:20 1.6 48.2 0.12 2.66
C2 3 1 0.3 02:40 1.6 48.2 0.17 2.46
B3 1 0 0.45 00:55 1.3 48.3 0.15 2.34
C3 3 1 0.45 01:44 1.3 48.5 0.18 2.48
B4 1 0 0.9 00:25 1.6 48.3 0.16 1.79
C4 3 1 0.9 00:53 1.6 47.6 0.19 2.81
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the measurement. As mentioned before, the transition between core
particle and coating layer is more difficult to identify, and
phaseseparation is more difficult to perform without averaging,
which appears to result in somewhat smaller values of detected
porosity.

Eq. (1) can also be used to calculate a theoretical mean shell
porosity if the mean layer thickness is given. Inserting the measured
thickness of approximately 48 μm gives then a theoretical mean
porosity of 0.18. This is slightly larger than the porosity of 0.15 that
can be obtained by averaging the eight detected porosity values of
Table 4, but still within the range of directly measured porosities.
Despite the success of this comparison, as well as of the previously
conducted inverse operation of calculating mean layer thickness
from given mean coating porosity, it should not be overseen that
application of Eq. (1) can be erroneous when the particles are not
ideally spherical, the coating layer is not uniform, the porosity of
the coating is not uniformly distributed in space, or some coating
mass penetrates into porous core particles. Moreover, Eq. (1) has
been applied in the present work by using the total coating mass
and the total mass of cores in the fluidized bed. It should be noted
that application of Eq. (1) can be upgraded by using instead of total
masses the individual mass of coating on a specific core particle in
combination with the individual mass and diameter of this core
particle. This approach has been successfully practiced in [20], but
it is quite laborious, because it requires determination of the weight
and diameter of the coated particle, then removal of the coating by,
e.g., dissolution, and finally determination of the weight and
diameter of the core. And, it is still subjected to the serious
restriction of particles being nearly spherical.

A conspicuousness seen in Table 4 is that the voxel size was not
exactly the same for all measurements. The main reason for the
variation of this value is differences in the distance from tube to
sample. Initially, it has been tried to place the particle centrally on
the sample holder for every experiment. However, placement was
not always precise enough, resulting in some eccentricity of the
particle, which then moves circularly by the rotation movement of
Fig. 9. Distribution of coating thickne
the sample holder with the danger of leaving the field of vision.
This effect has been compensated by increasing the distance from
tube to sample.
4.3. Influence of HPMC on coating porosity

The obtained porosities, shown in Table 4, are all quite low
signalizing an almost compact layer. This can be attributed to the
HPMC present in the coating solution. During heating (in the
experiment) the consistency of the binder becomes gel-like; after
a cooling phase the binder solidifies [18]. The coating solution
consists of initially dissolved sodium benzoate and HPMC. During
the spraying process the dissolved substances unite due to HPMC
becoming gel-like. The molecules of HPMC control the crystalliza-
tion process of the sodium benzoate during the drying. As a result,
the coating layer is rather compact; the crystals are agglutinated
with the HPMC. Fig. 13 shows a SEM image of an investigated
particle. In comparison, Hoffmann et al. [21], Rieck et al. [22] used
sodium benzoate only (30 mass-%) as coating material. Although
the process conditions were similar, the determined porosities
were up to 50% larger than the results obtained using HPMC.
Furthermore, the surface of the coating layer was uneven and
fissured, Rieck et al. [22]. It can be conjured that film-forming
substances have a large influence not only on the surface structure
for which they are primarily used, but also on the porosity of
coating layers and thus may have an influence on the product
properties of coated particles such as the release rate or the behav-
ior of dissolution. An experimental validation, however, has to be
done in an independent study.

The use of spherical core particles and the addition of HPMC to
the coating solution ensure that the obtained coated particles are
almost ideally spherical with an almost homogeneous and quite
compact coating layer. Due to this fact, results from the
measurements are similar to the calculated thicknesses and
porosities.
ss for measurements B1 and C1.



Fig. 10. Cumulative frequency distributions of coating thickness on a single particle.
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4.4. Investigation of average coating thickness by single X-ray image and
μ-CT measurement

Themeasurement procedure described so far was complex and very
time-consuming. It will be discussed in this section how the time con-
sumption and the complexity can be significantly reduced if only the
layer thickness distribution is of interest.

Motivated by the results for the average layer thickness obtained
from experiments C1 and C4 (Table 4) which were almost equal, but
whereas experiment C1 took three and a half hours C4 took less than
one hour due to the larger angular increment, the following extreme
case was considered: A particle chosen randomly from the batch spray
fluidized bed experiment (another particle than in case of Table 4)
was placed onto the sample holder in the μ-CT. Then, using the
operating parameters given in Table 3, a single X-ray image of the
fixed particle was taken without any rotation of the sample.

This X-ray image was then analyzed with respect to the layer
thickness after an adjustment of the brightness and contrast of the
image. The coating layer could be distinguished easily from the core
particle due to the differences in the densities and X-ray absorption
behavior of the materials. The layer thickness was then evaluated at
Fig. 11. Image recorded with rotation step 0.9° and no image averaging.
eight different positions evenly distributed along the particle
circumference. The manually analyzed average thickness of the X-ray
image was found to be 44.5 μm; the time necessary to obtain the
image (including adjustment of brightness and contrast) was
approximately two minutes. In order to assess whether this extreme
case gives accurate information on the average layer thickness,
complete μ-CT measurements with different angular increments but
otherwise identical operating parameters were conducted for the
same particle. The resulting volume images were evaluated in the
same way as for measurements B1 to C4. In Table 5 the measured
average layer thicknesses are shown, and it can be seen that they are
almost equal.

However, the measuring time varies significantly with the number
of rotation steps. With increasing number of rotation steps, i.e.
decreasing angular increment, the necessary measuring time increases,
in this case from two minutes up to almost two hours. In summary, the
investigation of average coating thicknesses based on a single X-ray
image is quick and uncomplicated but nevertheless quite precise
compared to a fully-fledged μ-CT measurement. It should be noticed
that the single X-ray image contains too much noise for layer porosity
to be determined from it. However, Eq. (1) can still be used, resulting
Fig. 12. Image recorded with rotation step 0.9° and an image averaging of 3 and 1 image
skipped.



Fig. 13. SEM image of coating made of sodium benzoate with HPMC (0.5%); 60 °C gas inlet temperature, 600 g/h spraying rate.
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with the average coating thickness of s= 44.5 μm from the single X-ray
image (Table 5) in a coating layer porosity of εc = 0.166. Assuming that
coating porosity is the same for all particles produced in the same batch
and comparingwith the porosity values of Table 4, shows that this value
is quite realistic. Consequently, the short-cut method of non-
tomographic X-ray irradiation can also be used to, indirectly, obtain
coating layer porosities as long as the assumptions behind Eq. (1) are
relatively well fulfilled, which seems to be the case for nearly spherical
particles. However, if the particles are irregular in shape, then full μ-CT
measurements need to be conducted in order to directly determine
coating layer porosity.

4.5. Determination of average coating thickness of a particle population

The possibility to obtain fast and reliable measurement for the
average coating thickness on a particle by evaluation of a single X-ray
image allows investigation of the distribution of the average thickness
in a particle population, i.e. large number of coated particles can be
investigated in a limited amount of time. The time saving can be
increased further if more particles are irradiated simultaneously at the
same time. In a series of evaluations a number of particles, usually
between six and eight, were fixed on a cardboard which was attached
to a wire of known thickness. This construction, shown in Fig. 14, was
then mounted on the sample holder.

For each set of particles, one X-ray image was obtained as described
in the preceding section and in Table 5. The cumulative frequency
distribution of the average coating thickness in the particle population
produced by the spray fluidized bed experiment described in
Section 2.1, based on a sample of 96 measured particles, is shown in
Fig. 15. All obtained thickness values range from 39.6 μm to 48.8 μm,
with an average layer thickness of 44.9 μm and a standard deviation of
2.52 μm in the particle population.
Table 5
Results of coating thickness, comparing single X-ray image with complete μ-CT
measurements.

Measurement Rotation
steps [°]

Measuring time
[hh:mm]

Voxel size
[μm/px]

Average
thickness [μm]

Single X-ray image – 00:02 1.6 44.5
A1 0.225 01:45 1.6 44.6
A2 0.9 00:25 1.6 44.8
In pharmaceutical research, X-ray computed tomography and the
optical coherence tomography are common methods to investigate
internal structures of press-coated tablets or polymer coating
structures, e.g. by Moweri et al. [23] Tokudome et al. [24], or by Li
et al. [25]. It is, however, to the best of the authors' knowledge the
first systematic study on reduction of time requirement of μCTmeasure-
ments retaining the accuracy of coating layer measurements. It also
presents for the first time a setup which allows the measurement of
an average coating thickness distribution in a particle population by
X-ray micro-tomography. This direct determination is much more
reliable than comparison of particle size distributions for coated and
uncoated particles, which is often done in industry by subdividing the
cumulative distributions to the same number of size classes and
assuming arbitrarily that coated particles of a certain class have resulted
from the corresponding size class of uncoated particles. From the point
of view of product quality, the resulting average coating layer
Fig. 14. Scheme of the construction of a sample holder for a set of particles.



Fig. 15. Cumulative frequency distribution of average coating thickness in particle population.
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distribution should be as narrow as possible, i.e. regardless of core size
all particles should be coated by a layer of almost identical thickness.

5. Summary and conclusion

A study was conducted on the application of X-ray μ-computed to-
mography to measure the coating thickness on core particles (alumina)
coated by sodium benzoate with some HPMC in a spray fluidized bed.
Two different methods have been presented with which layer thick-
nesses can be determined. First, two-dimensional images were used,
which were obtained after μ-CT measurements. In thesemeasurements
conditions like rotation steps and image averaging were tested to find
the best suitable settings for high contrast and sharp images. A radial
grid was overlaid on the obtained images. Along the radial lines,
which were set manually, layer thickness values were measured. All
average layer thickness values obtained in this way for one and the
same coated particle were very close to each other. This means that
coating layer thicknesses can be determined accurately even when
using large rotation steps and refraining from image averaging.

The second presented method works by using single X-ray images,
which are easier and much faster to achieve. Comparison has shown
that layer thicknesses evaluated from single X-ray images without
rotation match very well with thicknesses obtained by using two-
dimensional images from complete μ-CT measurements with sample
rotation. It has also been shown that this quick but accurate method
can be used for the simultaneous investigation of several coated
particles. This opens the way to the measurement of coating thickness
distribution in a particle population, with great potential for practical
application. Such measurement was not feasible before, because of the
time and labor necessary to investigate a sufficiently large number of
coated particles.

For the investigation of coating layer porosity, full μ-CTmeasurements
were done with varied settings of image averaging and rotation steps.
The obtained volume images are the base for the porosity investigation.
Despite of somedependence on the chosenmeasurement setting, coating
layer porosities were found to be sufficiently accurate and consistent
with the measured coating thicknesses. In fact, it was shown that in
case of spherical particles coating porosity needs not be measured, but
can be calculated from the measured average coating thickness by
means of Eq. (1). However, this cannot be done with irregularly shaped
particles, so that full μ-CTmeasurementswould be necessary for determi-
nation of coating porosity in that case.

An interesting side-result of the investigation concerns the effect of
HPMC. Comparison with previous data obtained without addition of
HPMC to the coating liquid (aqueous solution of sodium benzoate)
has shown that even a small amount of HMPC results in a dramatic
decrease of layer porosity, leading to quite compact and smooth
coatings.
6. Outlook

Future investigations will apply the single X-ray image method to
measure coating thickness distributions for particle populations pro-
duced at different operating conditions and in different types of spray
fluidized bed equipment. Moreover, the application of X-ray μ-CT to
coated particles of irregular shape shall be investigated. Finally, a
systematic comparison of X-ray μ-CT with confocal laser scanning
microscopy is planned. First experiments in this direction have been
communicated by Sondej et al. [26] for similar process conditions and
material compositions.
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