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Food powders such as maltodextrin are often produced in agglomerate form in spray fluidized beds in order to
enhance their user properties. These agglomeratesmostly have complex structures and irregular shapes. The in-
ternal structure and morphology of food agglomerates have rarely been investigated at the microscopic scale. In
this work, a nondestructive X-raymicro-computed tomography technique is used as an appropriate experimen-
tal method to overcome this lack of data by a thorough characterization of the three-dimensional internal struc-
ture of maltodextrin agglomerates. A sequence of image processing steps is applied to the X-ray images in order
to obtain 3D views and to extract data for themorphological characterization. The internal porosity aswell as the
size and spatial distribution of the pores inside the agglomerates are evaluated. Open pores formed during the
agglomeration process are also determined from the X-ray images. The agglomerate shape is investigated and
compared by 2D and 3D image analyses. Maltodextrin primary particles with non-spherical shape have a
broad size distribution, and they may deform and overlap as they go above the glass transition temperature dur-
ing the agglomeration process. A comprehensive methodology is developed based on the preflooded watershed
segmentation of X-ray images to distinguish the primary particles in maltodextrin agglomerates. On this basis,
the radius of gyration and the fractal dimension are calculated. A low fractal dimension of 1.8 is found, which
proves that the structure of maltodextrin agglomerates is more open and fluffier than the structure of insoluble
hard material agglomerates.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Invariousindustriesfinepowdersareproducedinagglomeratedform
inafluidizedbed inorder to improve theirflowability, instant properties
or simply to improve the optical appearance of theproduct [1]. Fluidized
bed agglomeration is a complex processwithmany interdependent fac-
tors that influence the quality of the end product. In spray fluidized bed
agglomeration, the primary particles are fluidized by blowing hot air
from thebottomof thegranulator,while a binder solution or suspension
is sprayed as small droplets onto the particles, creating liquid bridges,
which finally lead to agglomerates. Our understanding of the physical
phenomena that occur during spray fluidized bed agglomeration has
been significantly enhanced by recently developedMonte Carlo simula-
tion [2] and population balancemodels [3]. Despite this progress, it still
remains a challenge to characterize the structure of agglomerates (espe-
cially food agglomerates) produced in a sprayfluidized bed. A successful
characterization should allow a better understanding of process–struc-
ture or structure–property relationships. The quantification of the
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internalmicrostructureof agglomerates is also crucial for settinguppro-
cessing maps and for describing agglomeration patterns and
mechanisms.

Most of the food, pharmaceutical and chemical powders which are
agglomerated are water-soluble. Maltodextrin may serve as a model
substance formany amorphous-water soluble food powders. Agglomer-
ation of this kind of material, which has a low glass transition tempera-
ture, is more difficult due to the strong adhesive forces between moist
amorphous particles. This leads to a rather broad particle size distribu-
tion and to the formation of a crust on the equipment surface and
around the spraying nozzle [1].

Several studies were performed on the effect of process parameters
such as fluidizing air flow rate, temperature, agglomeration time and
binder spray rate on the growth kinetics of maltodextrin agglomerates,
and on their physical, mechanical and rheological properties [4–6].
Moreover, in recent publications on the agglomeration of amorphous
material, the fluid, particle and collision dynamics inside a fluidized
bed granulator was described in detail using coupled DEM–CFD simula-
tions. Different process variables and granulator configurations (i.e., top
spray, Wurster coater, spouted bed) were compared in terms of the ag-
glomeration probability, the breakage and growth rate aswell as the ag-
glomerate strength [7,8].
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Table 1
The values of process parameters used for the agglomeration ofmaltodextrin
DE 12.

Parameter Value

Primary particle diameter (μm) 300–500
Bed hold up mass (g) 50
Air flow rate (kg/h) 70
Inlet air temperature (°C) 50
Binder spraying rate (g/min) 1.75
Atomization air pressure (bar) 0.5

Nomenclature

A area [m2]
C circularity [−]
dA equivalent projected area diameter of primary particle

[m]
dFeMin minimum Feret diameter of primary particle [m]
dV equivalent volume diameter of primary particle [m]
Df fractal dimension [−]
DFeMin minimum Feret diameter of agglomerate [m]
IG mass moment of inertia [kg m2]
kg fractal pre-factor
M mass [kg]
Np number of primary particles in agglomerate [−]
P perimeter [m]
r radial coordinate [m]
rG position vector of center of mass [m]
ri position vector of primary particle center [m]
�rp mean radius of primary particles [m]
Re equivalent radius [m]
Rg radius of gyration [m]
S surface area [m2]
Vagg total volume of agglomerate [m3]
Vb bulk volume [m3]
Vcp volume of closed pores
Vs volume of compact solid phase in agglomerate [m3]
Vs,cp volume of solid phase including internal pores in ag-

glomerate [m3]

Greek letters
εb bulk porosity [−]
εcp porosity of closed pores [−]
εop porosity of open pores [−]
ρ mass density [kg/m]ɸS sphericity [−]
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The physical properties of a material are strongly influenced by its
internal microstructure, which is created during processing [9]. Despite
the amount of research onmaltodextrin agglomeration, the internalmi-
crostructure and morphology of this kind of agglomerates have rarely
been investigated, especially in three dimensions. Most of the available
studies were performed with non-soluble particles and only a few of
them investigated themicrostructure of particles undergoing glass tran-
sition [10,11]. The first systematic studies on variousmorphological de-
scriptors for fluidized bed agglomerates were published by Dadkhah
et al. [12] for hard non-porous and porous primary particles (glass
beads andγ-Al2O3, respectively). The primary particles in [12] are insol-
uble in the binder, however the maltodextrin is amorphous material
that can absorbwater anddeformduring agglomeration. Themethodol-
ogy and image processing sequences developed in [12] aremerely effec-
tive for agglomeratesmade fromprimary particleswhich do not deviate
too much from the spherical shape. Whereas, the methodology devel-
oped in this work can be used for agglomerates with irregular shape.

Common analytical techniques applied to the study of agglomerate
microstructure are restricted to two-dimensions. The advantage of
these techniques is that they provide rather inexpensive and rapid
quantitative analysis. The drawback is that the sample preparation for
such techniques is often destructive and the techniques do not provide
direct information in the third dimension. Therefore, such 2D data may
not fully represent the true 3D structures [13]. X-ray micro-computed
tomography (μ-CT) on agglomerate specimens provides an opportunity
to completely analyze the structure of the sample in three dimensions.
X-ray μ-CT is a nondestructive 3D imaging technique which uses a set
of two-dimensional shadow X-ray images of an object to reconstruct
its three-dimensional structure using a mathematical algorithm [14].

In this study, suitable process parameters were determined for the
production of maltodextrin agglomerates in a spray fluidized bed. In
two-dimensional analyses, the size and shape of the primary particles
and of the agglomerates were studied with a Camsizer. The results are
presented as the evolution of the median diameter, particle size distri-
bution and circularity. The microstructure of individual agglomerates
(obtained by X-ray micro tomography) is visualized down to details
that contain valuable information such as the actual morphology and
spatial distribution of primary particles and pores, which cannot be
assessed by other techniques. By further processing of the X-ray image
sequences, the micro-scale morphology of soft agglomerates made of
maltodextrin particles is studied and the results are evaluated quantita-
tively. The internal porosity and the pore size distribution of the primary
particles as well as of the agglomerates are obtained and evaluated. The
open pores of agglomerates, which comprise relatively large cavities
and channels, are also determined from the X-ray images. The open po-
rosity of agglomerates is calculated by three different methods, i.e. con-
vex hull, dilation and radius of gyration, and the results are compared.
The bulk porosity is also measured for maltodextrin particles before
and after agglomeration. The shape of the agglomerates is analyzed in
terms of sphericity and compared with two-dimensional values. More-
over, a comprehensivemethodology is developed based on the segmen-
tationmethod using prefloodedwatershed transform to distinguish and
separate the primary particles in maltodextrin agglomerates. The gyra-
tion radius and fractal dimension of agglomerates are also calculated
based on the separated primary particles.
2. Materials and experimental methods

2.1. Spray fluidized bed agglomeration

In order to obtain a narrow size distribution of primary particles
used in the agglomeration process, maltodextrin powder (DE 12,
Glucidex, Roquette, France) was sieved in the range of 300 to 500 μm.
The agglomeration was performed in a lab-scale batch fluidized bed
granulator (GPCG 1.1 LabSystem) with a transparent, cylindrical fluidi-
zation chamber made of Plexiglas with 152 mm inner diameter and
450 mm height (Glatt GmbH, Germany). For amorphous polar (water-
soluble) powders it is mostly sufficient to atomize water on the fluid-
ized particles [1]. Therefore, pure water was sprayed as a binder (plasti-
cizing agent) with a two-fluid nozzle (model 940) provided by Düsen-
Schlick GmbH (Untersiemau, Germany). The nozzle was placed on top
of the chamber at the height of 150 mm from the distributor plate and
operated with relative air pressure of 0.5 bar. For each experiment,
50 g of powder was fluidized using a constant fluidization air flow
rate of 70 kg/h, heated by an electrical heater up to 50 °C before it enters
into the chamber. The temperature sensor was located below the dis-
tributor plate. Themaltodextrin powder was preheated before spraying
thewater.With a piston pump thewaterwas sprayed at a constant rate.
The process parameters for agglomeration are summarized in Table 1.
The total agglomeration time was about 5 min and after that a sample
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was taken using a sampling tube whichwas located in the lower part of
the bed. Particle size distribution and circularity of the primary particles
and agglomerates were measured simultaneously by a Camsizer that
uses the principle of dynamic digital image analysis (Retsch Technolo-
gies GmbH, Germany). For each measurement, the projected particle
shadows were recorded at a rate of more than 60 images per second.
In this way, every single particle of the sample was recorded and evalu-
ated in a short time. With the used device, it was possible to measure a
wide range of particle sizes (30 μm–30 mm) with a resolution capacity
in the micrometer range.
2.2. X-ray micro-computed tomography exposure setting

The internal microstructure of agglomerates was determined from
the 3D reconstructed images using an X-ray micro-computed tomogra-
phy device (CT Procon alpha 2000, manufactured by ProCon X-ray
GmbH, Germany). Each agglomerate was scanned individually within
the entire range of 0–360° with a rotation step of 0.3°. Typically, each
measurement required a long time of around 2 h. Therefore, a limited
number of agglomerates (between 20 and 25) were selected and
scanned. The samples were picked randomly to cover a wide range of
agglomerate sizes in the bed. These agglomerates were neither very
small nor clumped together.

The agglomerate was placed on a sample holder and rotated to ob-
tain radiographic projections from different angles. X-rays passing
through the material are absorbed according to a linear attenuation co-
efficient that has some spatial variation depending on the average
atomic number, density and thickness of the material. Sufficient data
obtained from the projection images was recorded by a 2D panel
detector of 2048 × 2048 pixels to reconstruct slices of the three-
dimensional object. In order to obtain images with sufficient contrast
and resolution fromwhich the structural constituents can easily be sep-
arated, the X-ray source was set at 50 kV and 110 μA. The distance be-
tween detector and X-ray beam source was 380 mm, and the sample
was located between them at distance of 8 mm away from the X-ray
tube. This parameter setting led to a voxel edge length of 2.2 μm.
Three images were taken per angular position, with an exposure time
of 1500 ms.
2.3. Image processing

In order to obtain data required for morphological analysis, different
steps of image processing need to be performed on the X-ray images.
The conducted image processing steps were as follows. At first, the vol-
ume of interest was extracted. This volume was considered as the part
of the image containing the agglomerate on which the image analysis
was performed. Then, segmentation (binarization) was performed for
separating the pixels of the gray-scale images into background and fore-
ground. Based on Otsu's thresholding method [15] a binary image was
created: the value 1 (white)was assigned to all the pixels with intensity
higher than the given gray tone value (threshold), while the value 0
(black) was assigned to the other pixels, i.e. pores and background. Be-
fore further analysis, all images were smoothed with a median filter to
eliminate noise. Sample holder effects were removed by labeling and
object filtering method. Finally, the volume image and internal micro-
structure of agglomerateswere visualized. The qualitative and quantita-
tive analyses were performed on these binary volume images. For basic
image processing steps the MAVI software developed by Fraunhofer In-
stitute for Technical and Industrial Mathematics in Kaiserslautern,
Germany, was used. For further analysis (i.e. separating primary parti-
cles, calculating porosity and sphericity, visualization of particles and
pores) additional image processing operations combined with both
Matlab (version R2012b) code and its Image Processing Toolbox are
necessary.
3. Evaluation methods

3.1. Primary particle separation

Separation and distinction of the primary particles comprised in an
agglomerate are an important and challenging issue for analyzing the
morphology of the agglomerate. When the primary particles are
spheres or have someotherwell-defined shapes, it ismuch easier to dis-
tinguish them in the agglomerate structure. Amorphous materials such
as maltodextrin have an a priori unknown shape and structure. More-
over, the structure deforms during the agglomeration process because
of water absorption, mostly at the contact points between the primary
particles.

In this study, the separation of primary particles in agglomerate is
done by segmentation of X-ray images using the preflooded watershed
method. Applying the watershed method without considering limita-
tions that can be checked by separate measurement may not, though,
yield reasonable results.

The process of separating objects from the image background, as
well as from each other is called segmentation. There aremany different
ways to perform image segmentation. Segmentation methods for iden-
tifying and separating foreground regions include labeling and the wa-
tershed transformation. The input data for labeling is a binarized
image, whereas the watershed transformation requires a gray-level
image. After labeling, the output image contains discrete label values
for each pixel, identifying connected regions. Therefore, the labeling
method is not applicable for separating the primary particles of agglom-
erate, as these are connected objects.

Thewatershed transformation is amore complex andpowerfulmor-
phological technique for image segmentation [16,17]. The basis of wa-
tershed is topographic representation of a gray-level image, which
includes three basic notions: minima, catchment basins and watershed
lines. Imagine the bright areas to have “high” altitudes and the dark
areas to have “low” altitudes. Suppose that there is a hole in each local
minimum through which water can flow out with a constant flux and
that when two basins merge, a dam is built: the set of all dams defines
the so-called watershed lines. Such lines represent the watershed
boundaries that are good indicators for feature partitioning [16–18].
During this process, watershed lines get the label 0, whereas each
basin is assigned a specific label different from 0. Usually, the standard
morphological watershed transformation applied to gray-value images
results in strongly over-segmented images. Over-segmentation occurs
because every regional minimum, even if small and insignificant,
forms its own catchment basin. It can be somewhat improved by filter-
ing, but this does not solve the problem completely. To decrease the
over-segmentation of watershed-based techniques, several approaches
have been proposed in the literature [16,18]. General strategies to avoid
over-segmentation are pre-processing, modification and post-
processing of the image.

A modification with straightforward interpretation to overcome
over-segmentation is the volume preflooded watershed algorithm, in
which basins with a volume below a specified value are merged with
neighboring basins during the watershed process [19]. The algorithm
is altered in the following way: During the flooding of the image, at
each step the pixels of the created basins are counted. If their number
is larger than a specifiedminimum, a new basin is createdwith awater-
shed line. If the number of pixels is below the value, however, then the
basin is discarded and thus prevented from creating watersheds. In this
case, it will be integrated into a bigger basin.

Themaltodextrin agglomerates produced in thiswork are highly po-
rous and also the differences in gray value between air and substance
are not very large, due to the low density of maltodextrin. Therefore,
the gray-level images exhibit some noise in pores and in the air sur-
rounding the agglomerate. Although by the volume preflooded water-
shed method the over-segmentation is reduced, some unwanted
segmentation still appears in the surrounding area. Since only a



Fig. 1. Spherical representation model for an agglomerate with separated primary
particles.
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separation of the primary particles in the agglomerates is required, an
additional step is used to eliminate the segmentation of the air phase.

In order to eliminate the noise and to smoothen the image properly,
it is binarized first by thresholding segmentation. In this case only the
solid material gets the label 1 (foreground) and the surrounding area
gets the label 0 (background). As mentioned before, gray-value images
are required for the watershed transformation in order to find themin-
imal values. In this regard, a Euclidean distance transform is applied to
the binarized X-ray images. This transformation computes the absolute
or squared Euclidean distance of each background pixel to the closest
foreground pixel. It produces a gray-value image of the same size as
the original image. Then, by using the preflooded watershed transfor-
mation on this image the segmentation and partitioning of the system
occur only for the agglomerate. Therefore, when combined with the
Euclidean distance transformation, the preflooded watershed can be
used for the separation of connected primary particles of an agglomer-
ate. It should be noted that the minimal number of pixels in preflooded
watershed should be defined properly in order to have a reasonable
separation procedure.

Using the data extracted from the volume images after segmenta-
tion, the primary particles can be labeled and counted, providing the
number Np of primary particles in each agglomerate. The center coordi-
nates, volume and surface area of each primary particle can also be
identified.

3.2. Gyration radius

The gyration radius, Rg, is one of the basic properties for characteriz-
ing an agglomerate. Themoment of inertia, IG, of a body is often defined
in terms of its radius of gyration, which is the radius of a ring of equal
mass,M, around the center ofmass of a body that has the samemoment
of inertia. Therefore, the radius of gyration is:

IG ¼ MR2
g→Rg ¼

ffiffiffiffiffi
IG
M

r
: ð1Þ

The radius of gyration describes not only the size of an object, but
also shows how the mass is distributed around the center of gravity.
Two objects with the same mass or volume may have different radii of
gyration, in which a lower value indicates that the mass of the object
is distributed more uniformly around the center of gravity.

In polymer science the radius of gyration is calculated as:

R2
g ¼ 1

Np

XNp

i¼1

ri−rGð Þ2 ð2Þ

where Np is the number of monomers or (in the present case) primary
particles, ri is the position vector of each primary particle and rG is the
position vector of the object's center of mass. The following formula is
also useful [20]:

R2
g ¼ 1

2Np
2

XNp

i¼1

XNp

j¼1

ri−r j
� �2

: ð3Þ

It indicates that one can use themean squared distances between all
pairs of primary particles to obtain Rg, instead of first calculating rG and
then the mean square distance between rG and each primary particle
[12,20]. In this study, each separated primary particle of the agglomer-
ate is considered as a sphere with the volume and center coordinates
of the actual primary particle (Fig. 1). Aswe have the center coordinates
of each primary particle, the radius of gyration can be calculated for dif-
ferent agglomerates. Without having 3D data, the determination of the
radius of gyration is practically impossible.
3.3. Porosity

The porosity can be defined based on the size and gray value of the
pixels comprised in a volume image obtained from theX-ray μ-CTmeth-
od. Mathematical morphology is a powerful tool for geometrical analy-
sis and description, which contains a broad set of operations that
process images based on shapes. All morphological operators take two
pieces of data as their input. One is the input image,whichmay be either
binary or gray scale for most of the operators. The other is the structur-
ing element, which determines the precise details of the effect of the op-
erator on the image. Morphological operations apply a structuring
element to an input image, creating an output image of the same size.
In a morphological operation, the value of each pixel in the output
image is based on a comparison of the corresponding pixel in the
input image with its neighbors. By choosing the size and shape of the
neighborhood by structuring elements, a suitable morphological opera-
tion that is sensitive to specific shapes in the input image can be con-
structed. Different types of porosity are used in food process design
and for food product characterization [21]. These are discussed in the
following sections.

3.3.1. Porosity of closed pores (internal porosity)
The closed porosity is defined as the ratio of the inner pore volume

inside the compact solid material, Vcp, to the volume of solid phase, in-
cluding internal pores in the agglomerate, Vs,cp. This porosity is mostly
attributed to the primary particle structure and is defined as:

εcp ¼ Vcp

Vs;cp
¼ 1−

Vs

Vs;cp
: ð4Þ

The volume of the compact solid phase in the agglomerate, Vs, can be
obtained directly from a binary image, however further image process-
ing is required in order to obtain Vs,cp. An example of this procedure is
shown in Fig. 2.

To calculate the total volume of the solid phase, including internal
pores in the agglomerate, the internal pores should be filled. For this
purpose, themathematical morphology operation of closing can be per-
formed on the volume images obtained by μ-CT. Closing is an operator
that enlarges the boundaries of foreground regions in an image and



Fig. 2. Image processing sequences applied for filling the internal pores and for calculating the volume of the solid phase including internal pores in the aggregate, Vs,cp: (1) binary image,
(2) closing morphology (filling small pores), (3) complement (inversion of the images), (4) segmentation-labeling (identification of big pores and surrounding air), (5) object filter
(filtering out the surrounding air), (6) binarization, (7) combination of images 2 and 6 (filling of all internal pores). In the first and last images, white pixels belong to the solid phase
and black pixels to the air.
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shrinks the background, such that small holes within the image are
filled (closed). Morphological closing of an image consists of a dilation
followed by an erosion operation with the same structuring element.
Therefore, it is less destructive than other morphological operations
and it preserves the original size, shape and convexity of the analyzed
structure. The closing operation requires definition of a structuring ele-
ment. This structuring element determines the precise effect of the clos-
ing operation on the input volume image.

The size and shape of the structuring element should be defined in a
way to avoid any remaining unfilled pores within the volume image.
Special care should be also taken to control and preserve the exterior
surface of the agglomerate. Having performed several tests with differ-
ent structuring elements, it was observed that the closing method re-
sults in an undesired deformation of the exterior surface of the
agglomerate, when applied to fill some of the larger internal pores.
Therefore, in this work only the small pores were filled with the closing
method. This step was used to fill in particular the small pores which
were near the exterior surface of the agglomerate and were connected
to the surrounding air. After inverting the image in the next step, the
air was labeled. In this way, the surrounding air and the larger pores
are assigned different labels. After filtering out the surrounding air and
after binarizing the images, the larger internal pores of the agglomerate
can be filled by adding the corresponding binarized image to that of
filled (closed) small pores.

Fig. 2 illustrates the procedure on a two-dimensional slice of the vol-
ume image. 3D views of the agglomerate before and after filling its in-
ternal pores as well as the internal pore space are shown in Fig. 3. The
compact and the total solid phase volume of this agglomerate are
Vs = 5.25 × 10−2 mm3 and Vs,cp = 6.63 × 10−2 mm3, respectively.

By subtracting Fig. 3a from Fig. 3b, the morphology of the internal
pore space becomes accessible (Fig. 3c). After filtering the noise of this
volumetric image of pores, the size and spatial distribution of internal
pores are obtained.
Fig. 3. Cross-sectional 3D volume view of agglomerate: (a) before an
3.3.2. Spatial and size distribution of internal pores
In order to visualize properly the spatial distribution of pores inside

the solid phase of the agglomerate, the 3D datamatrix of the agglomer-
ate and of its pores is generated individually. In order to achieve this, the
original volume image of the agglomerate and its pores – generated by
MAVI – is sliced in one spatial direction into a series of 2D binarized im-
ages. Then, by using an additionally developed Matlab code, for each
slice the spatial coordinates and values of pixels are stored in a 2D ma-
trix. Finally, by combining these 2D matrices the overall 3D matrix is
generated.

The size distribution of internal pores is evaluated by the spherical
granulometry function. In mathematical morphology, granulometry is
an approach to compute the size distribution of grains in binary images,
using a series of morphological opening operations. The spherical
granulometry assigns to each set of topologically connected pixels the
diameter of the largest ball completely contained in the foreground
and covering this set of pixels. The granulometric analysis is applied to
the 3D μ-CT images of the internal pores and yields a volume-weighted
generalized pore size distribution.
3.3.3. Porosity of open pores
An open pore is a cavity or channel that is connected to the exterior

surface of the agglomerate. The porosity of an open pore is defined as:

εop ¼ 1−
Vs;cp

Vagg
: ð5Þ

For calculating the open porosity, defining the total volume of the
agglomerate, Vagg, is a challenging issue. In this study, three different
methods were applied and compared: convex hull, dilation and radius
of gyration. The three procedures are illustrated for one small agglomer-
ate in Fig. 4. The gray regions in Fig. 4 are considered as open pore space.
d (b) after filling the internal pores, and (c) internal pore space.



Fig. 4. 3D volume views of the same maltodextrin agglomerate for which the total volume is calculated based on three methods: (a) equivalent radius from the radius of gyration,
(b) dilation, and (c) convex hull.
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3.3.4. Porosity from the radius of gyration
The central moment of inertia of a spherical agglomerate with an

equivalent radius Re can be calculated as:

ImG ¼
ZRe

0

r2dM ¼
ZRe

0

r2ρdV ¼
ZRe

0

4πr4ρdr ¼ 4π
5

R5
eρ ð6Þ

where ρ is the apparent density of the agglomerate. At the same time,
the mass of the equivalent sphere can be expressed by:

M ¼ 4π
3

R3
eρ: ð7Þ

Substituting Eqs. (6) and (7) into the definition of the radius of gyra-
tion, Eq. (1), the radius of the equivalent sphere, Re, can be expressed as
a function of the radius of gyration of the agglomerate, Rg:

Re ¼
ffiffiffi
5
3

r
Rg : ð8Þ

With known radius of gyration, Rg, the equivalent radius, Re, and
then the total volume of the agglomerate, Vagg, can be calculated.
Inserting Vagg in Eq. (5), the agglomerate porosity is obtained.

3.3.5. Porosity by dilation
The most basic morphological operations are dilation and erosion.

Dilation adds pixels to the boundaries of objects in an image, while ero-
sion removes pixels at object boundaries. The number of pixels added or
removed from the objects in an image depends on the size and shape of
the structuring element used to process the image. In themorphological
dilation and erosion operations, the state of any given pixel in the out-
put image is determined by applying a rule to the corresponding pixel
and its neighbors in the input image. In the dilation method, the gray
value of any output pixel is the maximum gray value of all the pixels
in the neighborhood of the corresponding input pixel. In a binary
image, if any of the pixels is set to value 1, the output pixels for all de-
fined neighbors are also set to 1.

In thiswork, the structuring elementwith a shape of an approximate
ball with a size of 3 pixels was applied to the binary images of individual
agglomerates. Setting the volume of the dilated agglomerate equal to
the total volume, Vagg, Eq. (5) can again be used to compute the porosity
of open pores.
3.3.6. Porosity by convex hull
The convex hull of a set is defined as the smallest convex polygon or

polyhedron located in amultidimensional data spacewhich contains all
set points (vertices of an object). In the present work the convex hull
volume for the 3D image of each agglomerate is calculated by the
MAVI software, inwhich the convex hull is formed by planes perpendic-
ular to the 13 normal directions. By inserting the convex hull volume in
Eq. (5), the open pore porosity is obtained. For visualization, the mini-
mal convex hull that envelops the agglomerate is computed for each
cross-sectional binary image with the bwconvhull function from
Matlab. The three-dimensional reconstruction of the convex hull is
done by creating a 3D matrix from all the 2D cross-sectional convex
hulls with an additionally developed Matlab code.
3.3.7. Bulk porosity
The bulk porosity is the volume fraction of voids outside the

boundary of individual particles when packed or stacked [21]. In
this study, the agglomerates and primary particles are filled in a cy-
lindrical tube separately. The method of preparing the packed bed
is loose random packing; material is dropped into the bed without
any pressure or vibration. Each filled bed is scanned individually by
X-ray tomography. Then, a certain volume, Vb, at the center of the
packed bed is analyzed and its void space ratio is determined by
image processing (Fig. 5).

Since the definition of bulk porosity corresponds to extra void space
in a bed, it is calculated as the ratio:

εb ¼ 1−
Vs;cp

Vb
: ð9Þ

With this definition the internal pores which belong to the primary
particle structure are not considered in the bulk porosity. The resulting
porosity is called the true bulk porosity in [22]. The compact solid phase
volume Vs can be used, instead of the porous solid phase volume Vs,cp in
Eq. (9), to calculate bulk porosity. In this case, the resulting porosity in-
cludes all pores in the bed, even internal porosity. In this work, as a ref-
erence and comparison, the bulk porosity using the compact solid
volume has also been calculated. The compact solid volume is evaluated
based on the number and size of foreground (white) pixels. For finding
the total volume of the porous solid phase of all agglomerates, Vs,cp, first
all the internal pores are filled and then the volume is calculated as in
the procedure for calculating the internal porosity (Section 3.3.1).



Fig. 5. 3D view of a maltodextrin packed bed filled with (a) primary particles and (b) agglomerates.

Table 2
The effect of the minimal pixel number in the preflooded watershed transform on the
number of separated primary particles for one exemplary agglomerate.

Minimal pixel number 10 50 500 5000 10,000 12,000 20,000

Number of primary particles 42 22 14 9 5 5 4
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3.4. Circularity and sphericity

The circularity is commonly used in 2D shape analysis. It is defined
as the degree to which the particle is similar to a circle and it is a func-
tion of the perimeter P and the cross-sectional area A of the agglomerate
[23]:

C ¼ 4πA
P2 : ð10Þ

The required data for evaluation of circularity is obtained frommea-
surements by the Camsizer equipment.

In three-dimensional shape analysis, the sphericity describes how
closely the particle resembles a sphere. It is defined as the surface area
of a sphere with the same total solid phase volume of agglomerate
Vs,cp, divided by the surface area S of the real 3D object [10]:

ɸS ¼ 6
ffiffiffi
π

p Vs;cpffiffiffiffiffi
S3

p : ð11Þ

The precision and accuracy of the volume and surface area determi-
nation are important for sphericity analysis. These quantities can be ob-
tained from X-ray images. For spherical particles, ɸS equals unity, while
for other particles it is below 1.

3.5. Fractal dimension

Maltodextrin agglomerates produced in a spray fluidized bed are
composed of primary particles which form irregular structures. A com-
mon way to quantify this irregularity is by using the fractal dimension,
which is very useful for describing shapes and the way an object fills
the space, being a good measure for the structural compactness of the
object. The value of fractal dimension ranges from unity for strings to
three for regular three-dimensional objects, and it can have a non-
integer value. If the value is about three, it means that the object has a
compact structure andfills the space like a rigid sphere or cube. Agglom-
erates grown by particle collisions exhibit a power law scaling between
the number of primary particles and radius of gyration [24]:

Np ¼ Kg
Rg

rp

� �D f

ð12Þ

where the exponent Df is the fractal dimension, �rp is the mean radius of
primary particles in each agglomerate, and Kg is the fractal prefactor.
The parameters Kg and Df can be determined from a logarithmic plot

of the number of primary particles Np versus the ratio ðRg
�rp
Þ by linear re-

gression. This statistical scaling law can still be used to characterize ag-
glomerates which are not strictly fractal [25,26].

4. Results and discussion

4.1. Primary particle separation and gyration radius

In the separation of primary particleswith the prefloodedwatershed
transformation (Section 3.1), the minimal pixel number has a great in-
fluence on the number of separated objects. For several values of the
minimal pixel number the number of separated primary particles was
determined for a series of maltodextrin agglomerates. A rough estimate



Fig. 7. Size distributions of primary particles obtained from μ-CT images using the
segmentation method (dV) and from the Camsizer (dA, dFeMin).
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for the number of primary particles is also calculated based on the vol-
ume of the porous solid phase in the agglomerate obtained from the as-
sociated X-ray images and on the median volume of the primary
particles used in the agglomeration process. By comparing these two
ways of determination, it can be concluded that a reasonable number
of primary particles are obtained for a minimal pixel number in the
range of 10,000–15,000. Table 2 shows a typical evaluation of the effect
of the minimal pixel number on the number of separated primary
particles in one agglomerate. Note that before the segmentation
process the internal pores of the primary particles were filled because
of two reasons: First, to prevent the segmentation of primary particles
due to the existence of internal porosity. Second, to maintain the
consistency with the rough estimation in which the total volume of pri-
mary particles, including internal porosity, is considered. The method
used for the filling of the internal pores has been discussed in
Section 3.3.1.

Since the primary particles are not spherical, their radii are reported
in 13 discrete directions of the cuboidal lattice (3 coordinate directions,
6 face diagonals, 4 space diagonals). This data is stored in matrices for
further evaluation. By approximating each primary particle by a sphere
with equal volume the corresponding sphere diameter is calculated.

A 3D view of an agglomerate with primary particles separated by
using different minimal pixel numbers for the segmentation is shown
in Fig. 6a. Also, from the center coordinates and diameter of each prima-
ry particle, the spherical model of the agglomerate can be constructed
(Fig. 6b). The polydispersity of the primary particles comprising the ag-
glomerate is recognizable in this figure. The dispersity is overestimated
for a small minimal pixel number but it decreases noticeably at higher
minimal pixel number.
Fig. 6. Primary particle separation of an agglomerate for different values of theminimal pixel nu
a sphere with equal volume.
The watershed transformwith minimal pixel number of 12,000 was
used in combination with the Euclidean distance transform to separate
the connected primary particles formore than 60maltodextrin agglom-
erates. In order to assess the accuracy of the primary particle sizes ob-
tained from the segmentation of the μ-CT volume images, they have
mber: (a) real structure of primary particles, (b) approximation of each primary particle by
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been compared with the particle size distribution before agglomeration
(Fig. 7). In this comparison, the size of the separated primary particles
from the X-ray images is considered as the equivalent diameter dV of
spheres with equal volume. The size distribution of the primary parti-
cles before agglomerationwas investigated based on their projected im-
ages by the Camsizer. Since the primary particles of maltodextrin are
not spherical, their size can be represented in several ways. As the
Camsizer image is not three-dimensional, for comparison with X-ray
images, the size of primary particle with equal projected area, dA, can
be obtained first (dA is the diameter of a disk with the same area as
the particle's projection). As shown in Fig. 7, there is a difference be-
tween the numbers obtained by these two methods. The particle size
dA is about 13% larger than dVwhich is calculated from the 3D X-ray im-
ages. In principle, dAmay be smaller or larger than dV, depending on the
particle shape and projection. However the equivalent diameter of a
disk with equal area is often larger than the other equivalent diameters:
Elongated particles show significantly larger values for dA than for dV
[27]. Therefore, a larger value of dA compared to dV is acceptable for
maltodextrin primary particles, which have an irregular shape. Another
diameter used to represent the particle size in 2D is the Feret diameter.
In general, it can be defined as the distance between the two parallel
planes restricting the object perpendicular to a given direction in
space. Minimum and maximum Feret diameters are obtained by using
many such directions. According to Califice et al. [28], the diameter
from 2D image analysis that best matches the true 3D size of particles
is theminimum Feret diameter dFeMin. As shown in Fig. 7, the size distri-
bution based on dFeMin is in a good agreement with the dV distribution.
This comparison shows that the size of the separated primary particles
obtained by the segmentation method matches quite well the primary
particle size distributionwhichwasmeasured before the agglomeration
process. It should be noted that more than a million primary particles
were measured in the Camsizer, but only around 500 primary particles
were separated and measured by the μ-CT device in this study.

Number (q0) and volume (q3) size distributions of agglomerates ob-
tained from the Camsizer as well as the gyration diameters (2Rg) calcu-
lated from the μ-CT images are shown in Fig. 8. The gyration diameters
of 22 agglomerates lie in five classes with size range from 0.51 to
1.24 mm and a mean value of 0.8 mm. The median value of the mini-
mum Feret diameter DFeMin of agglomerates from the q3 distribution is
0.642 mm. The difference between Camsizer size distributions and the
radius of gyration is expected as the latter one describes not only the ag-
glomerate size, but also how themass is distributed around its center of
Fig. 8. Size distributions of agglomerates obtained from the Camsizer and of distribution of
gyration diameter obtained from the μ-CT images.
gravity (see Section 3.2). It should also be noted that the samples ana-
lyzed by the Camsizer contained some agglomerated primary particles
and some very fine particles which could not be separated from the
original feed. The last two groups of particles result in the left-hand
side branches of the Camsizer distributions in Fig. 8, but they are miss-
ing in the distribution of gyration diameter, because only agglomerates
with different sizes were picked up for μ-CT analysis.

4.2. Porosity

4.2.1. Internal porosity (closed pores)
Three different structuring elements were tested for filling the small

closed pores in the interior of the primary particles in the agglomerate:
an approximate ball with size 3 (SE-Ball 3), a cube with size 3 (SE-Cube
3) and a cube with size 5 (SE-Cube 5). After using these three types of
structuring elements for each agglomerate and after filling the larger
closed pores by means of the complementing and labeling method
(Section 3.3.1), the entire internal structure of the agglomerate was
mapped in order to verify that all the internal closed pores were filled.
In Fig. 9, the effect of the shape and size of the structuring element on
the cumulative pore size distribution is illustrated. The porosity values
obtained with SE-Cube 3, SE-Cube 5 and SE-Ball 3 are 8.7%, 13% and
18%, respectively. The differences in these values show the importance
of choosing a suitable structuring element. After these structuring ele-
ments were applied to several different agglomerates, it was concluded
that the SE-Ball 3 is themost suitable one. By this element, all the pores
inside primary particles of the agglomerate are filled while the outer
surface structure remains unchanged.

The average fraction of internal agglomerate pores which are not
connected to the surface was found to be around 18.8%. Similar values
(0.121–0.206) were reported for the internal porosity of cereal powder
agglomerates in Hafsa et al. [10]. No significant difference in closed po-
rosity values was found between the individually investigated malto-
dextrin agglomerates. This is because the internal porosity of
agglomerates is mostly determined by the structure of the primary par-
ticles. The internal porosity of primary particles before agglomeration
was found to be around 25%. This result shows that the porosity of pri-
mary particles is decreased by about 6% during agglomeration. This is
because some of the internal pores are clogged by themaltodextrin sub-
stance that is dissolved in water. Moreover, in the course of the spray
fluidized bed agglomeration process, the amorphous structure ofmalto-
dextrin absorbs a significant amount of water. Thus, the glass transition
temperature of maltodextrin decreases strongly and the amorphous
matrix undergoes a transition from the glassy to the rubbery state of
Fig. 9. Cumulative size distribution of closed pores in an agglomerate, obtained by the
closing operator with different structuring elements as well as by the complementing
and labeling methods.



Fig. 10. Spatial distribution of internal pores of an agglomerate.
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relatively poor dimensional stability. Consequently, thismay lead to col-
lapse of some internal pores.

The 3D view of the spatial distribution of internal pores (Fig. 10) il-
lustrates the true internal morphology of the agglomerate. Marked
with blue color are smaller pores which were defined by the closing
mathematical morphology operators, while larger pores which were
distinguished with the complementing and labeling method are
marked in orange. The size distribution of internal pores (Fig. 11) dis-
plays pore sizes ranging between 16 and 90 μm. Moreover, in Fig. 10,
the differences of pore size distributions after and before filling larger
pores with the complementing and labeling methods are also shown.
It should be noted that the resolution of the μ-CT images was 2.2 μm,
therefore it was not feasible to detect pores smaller than 16 μm. With
the closing operator (SE-Ball 3) only pores below 50 μm are identified,
but after implementing the complementing and labelingmethods larger
Fig. 11. Frequency plot of the size of internal pores in an agglomerate obtained by applying
only the closing operator (small pores) or the closing operator and, additionally, the
complementing and labeling methods (all pores).
pores are also distinguished. Fig. 11 is for one agglomerate with a large
total number of pores and also sufficient number of pores in every size
class. The same analysis was carried out for many other agglomerates
with the same image analysis procedure. The results were very similar
with several local minima and maxima, which are most probably relat-
ed to the definition and evaluation of pores in the granulometry meth-
od. In order to reduce the analysis time, ourmethodology for evaluation
the internal pores was also applied to packed beds of material. By this
technique a significantly larger number of agglomerates or primary par-
ticles can be analyzed simultaneously. The internal porosity and the
pore size range for different cases are compared in Table 3. The slightly
higher values of the internal porosity obtained from the packed beds
can be associated to the filling of some of the void space at the contact
points during the procedure of filling the internal pores. Therefore, al-
though with packed beds more particles are investigated in short
time, the resulting porosity is by 4–5% more than the real value. One
can also notice that the upper limit of the pore size range is higher in
the packed bed than for single agglomerates or primary particles.

4.2.2. Open pore porosity
In addition to closed pores, open pores, which are connected to the

surrounding air, are formed during the agglomeration process, when
the primary particles stick together. Therefore, the process parameters
used in the production of agglomerates are expected to have an effect
on the open pore porosity.

The results for the open porosity obtained by the three different
evaluation methods explained previously are plotted in Fig. 12. The
comparison shows that open porosities obtained by the convex hull
and the gyration radius methods are similar, whereas the open porosity
obtained by the dilationmethod ismuch lower. For a complex structure
with irregular shape, such as themaltodextrin agglomerate, the convex
hull and the radius of gyration methods appear to be more suitable for
determining the open porosity. In these methods all the channels and
open cavities can be considered in the total volume, whereas in the di-
lation method many open pores and channels may not be covered.

The value of the open pore porosity for maltodextrin agglomerates
calculated by the convex hull method is around 80%. This value is higher
than the value obtained earlier for glass bead agglomerates (about 63%;
Dadkhah et al. [12]). This behavior is attributed to the properties of
maltodextrin being an amorphous water-soluble substance. During ag-
glomeration, the viscosity of the residual water increases due to the dis-
solved amorphous substance. Therefore, sticky and plasticized surfaces
of maltodextrin particles lead to the creation of more irregularly shaped
agglomerates with open structures in the spray fluidized bed (Fig. 13).
Since glass beads are not soluble in water and experience no glass tran-
sition during the process, the overall structure of glass bead agglomer-
ates is more compact compared to maltodextrin agglomerates. Some
agglomerates with instant properties investigated by Hogekamp et al.
[29] showed open porosity values between 0.7 and 0.8 at the upper
end of the particle size range, i.e., for a particle diameter of around
1 mm. Therefore, our results for open porosity with the convex hull
and the gyration radius methods agree well with the values reported
in [29].

4.2.3. Bulk porosity
In Table 3, there is a difference between bulk porosity calculated by

Eq. (9) and its counterpart, which is based on the same calculation but
using the compact solid volume instead of the porous solid phase vol-
ume. The difference between these two bulk porosities is linked to the
internal particle porosity.

Themean bulk porosity of the primary particles is 67.6% for a packed
bed of primary particles whereas it increases to 78.9% for agglomerates.
The morphology and size distribution of particles has a great influence
on bulk porosity [29,30]. Also, the mean value of sphericity of primary
particles is larger than the agglomerate sphericity (see Table 4). There-
fore, having a larger value of bulk porosity after agglomeration is



Table 3
Bulk and internal porosities of primary particles and agglomerates evaluated in the single particle and packed bed mode.

Object Internal porosity
(%)

Pore diameter
(μm)

Pore median diameter
(μm)

Bulk porosity, based on
Vs,cp (%)

Bulk porosity, based on
Vs (%)

Single agglomeratesa 18.8 (±1.5) 16–90 26.7 (±2.93) _ _
Single primary particlesb 25 (±1.2) 17–100 25.5 _ _
Packed bed of agglomeratesc 24 17–115 25.4 78.9 82.7
Packed bed of primary particlesc 29 17–143 24.5 67.6 75.5

a Presented values are for 5 agglomerates.
b Presented values are for 30 primary particles before agglomeration.
c Each packed bed contains at least 500 agglomerates and 3000 primary particles.
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reasonable. In another study by Zou and Yu [31], the effect of particle/
agglomerate shape on the bed packing has been investigated. The re-
sults therein show that the particle shape is crucial for the bed porosity,
even if particles with similar sphericity are compared [22].

A lower bulk porosity (0.46–0.63) was reported in [22] for packed
beds of agglomerated milk powder. It should be noted that in this
work, the packingmethodwas different and the porositywasmeasured
after 100 taps. The packed bed of particles was, thus, more compact and
the porosity lower.

Due to the irregular structure of maltodextrin agglomerates, it is not
easy to find a clear relationship between the agglomerate morphology
and the bulk porosity. Similar to our agglomerates, most industrially
available powders show a very complex morphology. Commonly they
are agglomerated to a certain degree and thereby show a large polydis-
persity amongst the agglomerates. The shapes of the larger agglomer-
ates also vary widely. This generates problems when linking the
particle morphology to the bulk porosity for these types of complex
samples [22]. Generally, compared to spheres, the larger, less spherical
agglomerates are expected to yield beds with larger porosities due to
disturbances in the close packing patterns.

4.3. Circularity and sphericity

The circularity of the agglomerates produced in the spray fluidized
bed was measured by the Camsizer for more than 2000 agglomerates
which lie in 25 size classeswith awidth of 0.08mmeach. Thismeasure-
ment was repeated for three different samples and the results are
shown in Fig. 14. As can be seen, the circularity generally decreases
with increasingparticle size, and fourmain regions are recognizable. Re-
gion A refers to very small particles which could not be separated from
the starting material of the process. These very fine particles seem to
have very high values of circularity. However, such very high values
Fig. 12. The open pore porosity of agglomerates, determined by three different methods.
may also be related to the image resolution since the perimeter acquisi-
tion is highly resolution-dependent for small particles [32]. This would
limit the ability tomeasure precisely the irregularity of thefine feed par-
ticles from the images acquired in the Camsizer and lead to an overesti-
mation of the circularity according to Eq. (10). Once the size range of
unagglomerated primary particles has been reached, a plateau in the
graph is observed (region B) and the circularity remains rather constant
until the size of small agglomerates (~0.4 mm) has been attained. Then
for intermediate agglomerates (region C), a clear trend of decreasing
circularity with increasing agglomerate size is visible. In the agglomera-
tion process, after awhile these intermediate agglomerates stick togeth-
er and secondary agglomeration occurs. Therefore, the circularity
increases noticeably for agglomerates with a size of about 1 mm. After
that, again by increasing the size of secondary agglomerates, the circu-
larity decreases slightly (regionD).Maltodextrin sprayfluidized bed ag-
glomeration in two stages is also reported in Avilés-Avilés et al. [4].

The sphericity of the agglomerates was measured from the 3D re-
constructed X-ray images (Fig. 15). The results are compared with the
2D Camsizer image results in Table 4. The mean sphericity value of ag-
glomerates obtained from the X-ray images is 0.19. Similar values of
sphericity (0.20–0.23) were reported by Hafsa et al. [10] for laboratory
grains produced under low shear conditions along with higher values
(0.41–0.45) for industrial grains produced under high shear conditions.
Moreover, even higher values of sphericity (0.78–0.87) were reported
for granules produced in a twin screw extruder by Lee et al. [33]. In
the present work, the overall trend of agglomerate sphericity (Fig. 15)
is similar to the trend of the circularity results (Fig. 14). The sphericity
decreases with the agglomerate size, but remains significantly smaller
than the circularity. The differences in these results may be due to
image resolution. Circularity measurement in the Camsizer can proba-
bly not fully consider the surface irregularity of the agglomerates, so
that the overall shape of the agglomerates appears to bemore spherical
than the real structure. Moreover, the analysis of single randomly-
selected 2D projections clearly leads to incomplete results. It is not yet
clear how many projections of an irregular agglomerate are needed in
order to guarantee reliable characterization of its size and shape [23].

As illustrated in Fig. 15 and Table 4, an increase in sphericity is ob-
served by applying the dilation morphological operator with a certain
structuring element (SE-Ball 3) on the X-ray images. By implementing
the dilationmethod, the small scale structural irregularity is diminished
and the results becomemore compatible with the 2D Camsizer images.
Increasing the size of the structuring element to SE-Ball 5 leads to a
higher degree of filling of the pores and cavities, and to values closer
to the circularity from the Camsizer. However, the 3D image analysis
without manipulation may still be expected to more closely reflect the
true physical shape of the agglomerates. Although the2D image analysis
yields a similar trend and requires less time and labor, the circularity
values seem to be overestimated by about 50% compared to the spheric-
ity values.

In general, 2D structural properties can be easily obtained from
projected image analysis, however 3D parameters such as volume, sur-
face area and sphericity need more sophisticated instruments (e.g. X-
ray micro-computed tomography) that are more time consuming and
in most cases cannot be applied to a large number of agglomerates.



Fig. 13.Maltodextrin agglomerate: (a) overall 3D view illustrating the irregular structure of the agglomerate with open pores (X-ray image), (b) plasticized surfaces after agglomeration
(REM image), (c) cross-sectional view showing the small and large internal pores (REM image).
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Many studies can be found in the literature that explore the possibility
of obtaining 3D parameters from 1D and 2D variables [34–37]. Howev-
er, a comprehensive investigation on this subject is still missing, since
most of the previous studies did not measure 3D parameters directly
and/or their relationships with 1D and 2D properties were not analyzed
in detail. It is also reported in [23] that out of all the correlations found
for estimating 3D parameters from 1D and 2D variables, those related
to sphericity have the highest average errors. It can be concluded that
sphericity is a challenging parameter to be estimated from 2D variables.

4.4. Fractal dimension

The logarithmic representation of Eq. (12) for a series of agglomer-
ates is depicted in Fig. 16. As can be seen, linearity is fulfilled with a
good accuracy. Therefore, the maltodextrin agglomerates produced in
fluidized bed can be considered as fractal-like, i.e., they satisfy Eq. (12)
even though they are not self-similar over many length scales. The
values of the fractal dimension and the pre-factor are Df = 1.81 and
Kg=1.04, respectively. The lowvalue obtained for the fractal dimension
in this research illustrates the non-compact and fluffy structure of
maltodextrin agglomerates. As reported by Eggersdorfer et al. [38], Df

of around 1.8 or 1.9 corresponds to the open structure of aerosol
fractal-like particles whichwere generated by diffusion-limited mecha-
nism. During sintering, the value of Df increases up to 3 when the parti-
cles become fully compacted. The same work illustrates the usefulness
of fractal dimension in describing the change in structure for a process
that starts with aggregates consisting of several hundreds of primary
particles and ends upwith just one large spherical object. The fractal di-
mension of glass bead agglomerates, which were produced in the same
spray fluidized bed at similar process conditions, was reported to be in
the range of 2.09–2.94 [39]. The smaller fractal dimension of maltodex-
trin agglomerates compared to the relatively compact glass bead ag-
glomerates is an expected result. Also, in contrast to glass bead
agglomerates, maltodextrin agglomerates consist of primary particles
with different sizes, as shown in Fig. 6. It is pointed out in Eggersdorfer
Table 4
Values for sphericity and circularity of primary particles and agglomerates.

Particles/method Sphericity/circularity

Primary particles/2D Camsizer images 0.60 (±0.021)
Agglomerates/2D Camsizer images 0.37 (±0.06)
Agglomerates/3D X-ray imagesa 0.19 (±0.027)
Agglomerates/3D X-ray images + dilation (SE-Ball 3)a 0.24 (±0.033)
Agglomerates/3D X-ray images + dilation (SE-Ball 5)a 0.36 (±0.041)

a Presented values are for 25 agglomerates.
and Pratsinis [24] and Eggersdorfer et al. [38] that low fractal dimension
of agglomerates can be attributed to primary particle polydispersity.
Broadening the primary particle size distribution of the agglomerates
decreases monotonically their Df, and for a sufficiently broad distribu-
tion (standard deviation N 2.5) the Df reaches about 1.5 regardless of
the collision mechanism [24].

4.5. General discussion

In this study, efforts have been undertaken to describe in detail the
morphological features of maltodextrin agglomerates produced in a
spray fluidized bed by X-ray 3D imaging. The question arises, which ad-
vantages this sophisticated characterization method would have in
terms of its ability to providemorphological data that canbe used for as-
sessment, modeling or simulation of product properties when com-
pared to conventional characterization techniques. This shall be briefly
discussed in the present section, along with some remarks on struc-
ture–property relations and on merits and limitations of 3D imaging
and conventional characterization methods.

An important application property of particulate products is their
ability to withstand storage without loss of quality. During storage, hy-
groscopic products of biological origin that can undergo glass transition
(such as maltodextrin) are in danger of sintering [40]. Moisture uptake
from the atmosphere reduces significantly the glass transition tempera-
ture, so that the product may become rubbery at ambient conditions
Fig. 14. Circularity of particles after agglomeration measured by Camsizer.



Fig. 15. Sphericity of different agglomerates evaluated from 3D X-ray images with the real
structure and with structures modified by the dilation method.
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and sinter, which would completely destroy its whole user property
profile. The most advanced models and scaling laws presently available
for agglomerate sintering come for aerosol science and refer to flame
produced nanoparticle aggregates [24,38,41]. The key morphological
descriptor contained in them is, as already indicated, the fractal dimen-
sion of the aggregates, which controls and expresses both, the rate of the
sintering process and the change of morphology during this process.
However, fractal dimension is not accessible by any conventional char-
acterization method, so that 3D imaging and the method, which has
been introduced in the present work for identification of primary parti-
cles, are indispensable for future application of thosemodels and also to
agglomerates made of bigger particles.

Apart from sintering and the activity of nanoparticles, the morphol-
ogy of aerosol and colloidal agglomerates, expressed by fractal dimen-
sion and the radius of gyration, is known to affect their hydrodynamic
properties, specifically their mobility diameter and, in consequence,
scattering, suspension and precipitation behavior [26]. The precipitation
behavior of agglomerates produced in a spray fluidized bed inwater and
Fig. 16. Number of primary particles per agglomerate vs. the normalized radius of
gyration.
their movement in the fluidizing air during the production process are
expected to depend on morphology in a similar way. The former is es-
sential for instant product properties (i.e. fast dissolution), the latter
(via interparticle collision frequency) for the rate of the spray fluidized
bed process. Since the key background morphological descriptors are
not accessible by conventionalmethods, characterization by 3D imaging
is, again, crucial for future exploration and better understanding of
these effects.

Another important application property of agglomeratedmaterial is
the mechanical strength of the agglomerates. Early simplistic models
correlate strength with just the open porosity of agglomerates, stating
that the mechanical strength increases with decreasing open pore po-
rosity [40]. However, newer and better performing models make use
of the number of primary particles in the agglomerate, the coordination
number for the contacts of primary particles with each other, and the
strength of contact bonds [40,42]. Alternatively, discrete simulation
methods can be applied, namely the discrete element method (DEM)
[42,43]. It is very clear that neither advanced models for agglomerate
strength nor DEM simulations can be conducted on the basis of conven-
tional characterization methods, because such methods simply cannot
provide the necessary information about morphology. In contrast, all
necessary morphological data are provided by X-ray μ-CT. To these be-
long the number of primary particles, grace to the method introduced
for primary particle identification, and primary particle coordination
number, which is easy to evaluate after the primary particles have
been identified, though not explicitly discussed in this paper. Moreover,
X-ray μ-CT provides full data for the morphology of individual agglom-
erates (including the bonds between primary particles), so that the
DEMcould be applied on real agglomerate structures (including respec-
tive statistics), instead of reconstructing numerically agglomerate struc-
tures from previously selected or identified morphological descriptors
[42].

The list of structure dependent application properties can be arbi-
trarily expanded. For example, the bulk porosity of agglomerated pow-
der is known to affect the stress and flow behavior in storage, handling
and transportation equipment [44]. Properties such as rehydration, dis-
solution, and disintegration of agglomerates in water also depend on
the presence and type of pores. For dry food agglomerates, the rehydra-
tion ratio andmoisture diffusivity increase with the bulk and open pore
porosities as these pores allow for a quick penetration of water into the
particle matrix and thus wetting phenomena occur faster [14,45]. Good
dispersion of agglomerated powder in the liquid is necessary in order to
achieve an efficient reconstitution with limited lump formation,
presupposing an efficient wetting of the porous bed, which relates to
bed structure and void space [45–47]. In all these cases the same argu-
ments hold as previously discussed: Conventional characterization
methods can give some hints about structure–property relationships,
but they cannot provide the detailed information needed in order to
apply or develop sophisticated and newmethods for modeling or simu-
lating such relationships.

To further point out the limitations of conventional characterization
methods let us return to the example of agglomerate strength and as-
sume that this can be unequivocally and uniquely correlated with po-
rosity, as the earliest models for agglomerate strength imply. Even
then, mercury porosimetry, i.e. the standard method for the determina-
tion of porosity and pore size distribution, would not provide reliable
input data in case of instant agglomerates for two main reasons. Firstly,
because of the shape and structure of maltodextrin (or similar) agglom-
erates, it is eventually impossible to determine the intrusion starting
point [14]. This is due to the fact that the pores and cavities are of similar
size as the void space between agglomerate particles. Therefore, the re-
sults from mercury porosimetry are considered to be more representa-
tive of the bulk porosity, whereas μ-CT can measure the porosity of any
single agglomerate. Secondly, instant agglomerates are often docile and
fragile, so that they can be compacted or damaged during mercury
porosimetry. Moreover, mercury porosimetry cannot detect closed



59R. Pashminehazar et al. / Powder Technology 300 (2016) 46–60
pores and uses a model in order to derive structural information from
the primary measurement result, whereas X-ray μ-CT relies directly on
the distribution of different phases in space. The limitations of mercury
porosimetry have been quantitatively pointed out in [11].

Concerning the size of agglomerates (in its traditional definitions)
conventional measuring techniques are well established. However, par-
ticle shape is also important for the properties of particulate products,
for example bed porosity [22], and enormously variable in foodpowders
and agglomerates, which range from extreme irregularity (grindedma-
terials such as spices and sugar) to approximate sphericity (starch and
dried yeast) or well-defined crystal shapes (granulated sugar and salt)
[48]. 2D image analysis gives only partial information about the particle
shape, whereas 3D image analysis allows for the measurement of true
particle characteristics [28]. Hence, 3D shape data can be used to discuss
the accuracy of other methods. In this study, the shape (and also the
size) of particles was investigated in both, two and three dimensions
with the Camsizer and X-ray μ-CT, respectively, and the results were
compared. On these grounds, two lines of future development are
seen in this field: To develop correlations between 3D shape results
(which require time-consuming X-ray μ-CT to be retrieved) and 2D
shape results (which are easier and faster to obtain); to better delineate
the adequacy and applicability of 2D or 3D shape results for computa-
tion of application properties.

Despite its discussed known and potential advantages, X-ray μ-CT
can only be conducted on a limited number of agglomerates, a lot less
than the thousands of particles analyzed by traditional size measure-
ment techniques or the number of agglomerates usually analyzed by
mercury porosimetry. However, it is not the number of investigated ag-
glomerates that counts in terms of statistical significance in some cases,
but the much higher number of other and smaller structural elements,
for example the number of primary particles or closed pores for the re-
spective size distributions (Figs. 7 and 11). In the case of internal poros-
ity and sphericity of single agglomerates measured by the μ-CT, small
standard deviations were obtained, with values of ±1.5% and ±0.027,
respectively (see Tables 3 and 4). The internal porosity and circularity
values obtained for the primary particles had standard deviations of
merely ±1.2% and ±0.021, respectively. These small standard devia-
tions indicate that the amount of samples analyzed here represents
the properties of the whole population of particles quite reliably.
Concerning the reliability in the determination of fractal properties,
Dadkhah and Tsotsas [39] asked the question by how much the fractal
dimension originally determined for about 28 agglomerates would
change by considering a significantly smaller number of agglomerates.
To answer this question, they randomly picked half of the agglomerates
from the original sample and determined again the value of Df. Forty re-
alizations of this procedure resulted in a small standard deviation and in
a mean value very close to the value of Df previously determined for the
original, large sample.

5. Conclusion and outlook

The present work provided a comprehensive characterization of the
internal structure of maltodextrin agglomerates produced in spray flu-
idized bed by means of X-ray microtomography. This technique gave
the opportunity to completely visualize and quantify the internal struc-
ture of such agglomerates in 3D at scales down to the micron level.
Then, by a series of image processing steps performed on the X-ray im-
ages, the porosity of single agglomerates was calculated in terms of
closed pores and open pores. The bulk porosity of the packed bed was
also investigated for maltodextrin particles before and after agglomera-
tion. The sphericity of maltodextrin agglomerates with an irregular
structurewas calculated based on the volume and surface area obtained
from the 3D X-ray images. Sphericity was compared to the circularity of
agglomerates obtained from an analysis of 2D images acquired by a
Camsizer. The rather large difference of these two values was first ex-
plained by differences in the image resolution between the two
techniques. Second, for irregular particles, the 2D image analysis gives
only partial information on the shape, whereas 3D image analysis al-
lows the measurement of the true characteristics of the particles.

The separation of the primary particles of maltodextrin with a non-
spherical shape was done by an improved preflooded watershed seg-
mentation method. In order to separate the primary particles of the ag-
glomerate in a reasonable way, the suitable minimal pixel number was
found for this kind of agglomerates, which exhibit a complex structure.
Based on the information obtained from separated primary particles,
the radius of gyration and the fractal dimensionwere calculated for a se-
ries of agglomerates. The low value of the fractal dimension, the high
value of the porosity and the low value of the sphericity proved that
maltodextrin agglomerates produced in a spray fluidized bed exhibit
an irregular, open and fluffy structure.

The present work demonstrates the ability of the X-ray μ-CTmethod
to describe the 3D morphology and the internal microstructure of food
agglomerates. The most serious limitation concerns the time and effort
necessary formeasurement and, especially, for image processing, which
limits the number of agglomerates that can be analyzed and assessed.

In the future, for higher accuracy and for comparison, the radius of
gyration and fractal dimension will be calculated for the real structure
of the agglomerate from the voxel coordinates and voxel gray values
of 3D X-ray images. Also, the values and the behavior of the evaluated
morphological descriptors will be presented and discussed for agglom-
erates produced at different process conditions. In this work, the long
term vision is to link the morphology of particulate materials with the
process conditions on one side and with their end-user properties
(e.g. strength, flowability, compressibility, instant properties) on the
other side. The presentedmorphological characterization is an essential
step along this path.
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