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The internal structure of granules produced by spray fluidized bed agglomeration was investigated by means
of X-ray micro-computer-tomography. The X-ray tomography delivers three-dimensional volume images,
which are first used to count primary particles and derive center coordinate position, radius and volume
for each of them. Further analysis by add-on algorithms results in a variety of morphological descriptors: ra-
dius of gyration, porosity, fractal dimension and pre-factor, coordination number distribution, and coordina-
tion angle distribution. Values and the behavior of these descriptors are presented and discussed for
agglomerates consisting of a different number of primary particles, from 4 up to 310. The primary particles
were made of porous γ-Al2O3, and they were nearly mono-dispersed and spherical. The distribution of solid-
ified binder (hydroxyl-propyl-methylcellulose, originally as dilute solution in water) was not investigated.
The agglomerates were produced in a top-spray fluidized bed at constant operating parameters.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Fluidized bed agglomeration is a size enlargement process used to
improve or modify the properties of small particles [1,2]. Typically, a so-
lution of binder is sprayed on or in a bed of fluidized particles, so that the
surface of the particles is wetted and liquid bridges are formed after
interparticle collisions. The solvent – usually water – evaporates from
the liquid into thefluidizing gas, forming solid bonds between the prima-
ry particles in the agglomerate [3,4]. Alternatively, a solidifyingmeltmay
be used [5]. Agglomerate properties depend on materials, the type of
equipment used, and operating conditions [6,7]. Although spray fluid-
ized bed agglomeration is widely applied in industry, the formulation
of new products is still challenging.Wetting, drying andmixing occur si-
multaneously in the bed, therefore they are difficult to control indepen-
dently. Final products have different microscopic structures, resulting in
different macroscopic characteristics and end-use properties, such as
strength, stability, flowability, rewetting, redispersion or active ingredi-
ent release [7,8].

Our understanding of spray fluidized bed agglomeration has been
significantly enhanced by recently developed Monte Carlo simulation
methods which implement many of the underlying micro-scale pro-
cesses [3,4]. Suchmodels can, for example, explain how the time neces-
sary for the drying of deposited droplets influences the agglomeration
rate. However, they are very coarse in respect tomorphology, assuming
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spherical particles of a certain porosity, with a quite arbitrarily chosen
value of ε=0.60 [3,4].

Themain reason for such coarse assumption is that the structure of ag-
glomerates produced in spray fluidized beds has rarely been investigated
in literature, despite its importance for both, process kinetics and end-
user properties. The few existing publications concentrate on specific as-
pects, such as agglomerate shape (aspect ratio, circularity, roundness) [8],
or porosity [9]. A similar lack of data exists for other wet agglomeration
processes. In [10], porosities and pore size distributions are reported for
agglomerates produced in high-shear or low-shear mixers, whereas the
porosity of steam jet agglomerates was investigated in [11]. In [12], ag-
glomerates were produced by dropping on a packed bed, consolidation
in a rotary drum, and subsequent drying. However, analysis in this work
aims at input data for discrete element simulation of agglomerate break-
age, so that structural features are not really communicated.

The situation is better in respect to atmospheric aerosols [13] or ag-
glomerates produced in flames [14–16], which may either be pollutants
or nanoparticle products. Respective authors concentrate on the evalua-
tion of fractal dimension and fractal pre-factor of the agglomerates.More
parameters characterizing the morphology – so called morphological
descriptors – can be derived for numerically simulated aggregates. Sev-
eral authors have made use of this opportunity to different extents
[17–23], though stressing the necessity of experimental validation of
the purely computational results.

Concerning the experimental methods, the structure of flame-
produced or atmospheric aggregates is usually investigated by means
of light scattering or transmission electron microscopy (TEM) tech-
niques [13,16]. Spray fluidized bed agglomerates consist of relatively
large primary particles, so that light scattering is not applicable. The
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TEM route appears to be attractive, but it provides only two-
dimensional projected images, raising issues of transition to the
real, three dimensional structure of the object [16]. Such issues are nat-
urally removed in case of illumination fromdifferent angles and compu-
tationalfield reconstruction. Respective tomographicmethods based on
X-ray attenuation lead to genuine three dimensional information. They
do not possess the resolution necessary in order to resolve the structure
of nanoparticle aggregates, but they are verywell applicable to granular
and porous materials that consist of larger primary particles [24]. Despite
its adequacy, the use of X-ray micro-computer-tomography (X-ray μ-CT)
to investigate the structure of particles produced by wet agglomeration
has until nowbeen limited to very few studies, such as the previous refer-
ence [9] for spray fluidized bed agglomerates and the previous references
[10,12] for agglomerates formulated by other wet processes. More results
are available for consolidated materials, such as compacts produced from
particles spray-dried at different conditions [25], see also the review in
[24].

Due to the described lack of data, the present investigation seeks
to contribute to a better understanding of the three-dimensional, in-
ternal morphology of spray fluidized bed agglomerates by means of
X-ray μ-CT. First, materials and the experimental methods used for
agglomerate production and structural analysis are presented. After a
brief outline of image processing, themorphological descriptors consid-
ered are introduced and their evaluation is explained. Such descriptors
are the radius of gyration, porosity, fractal dimension and pre-factor, co-
ordination number distribution, and coordination angle distribution. Fi-
nally, respective results are presented and discussed. All the methods
presented in this report are very effective for aggregates, the primary
particles of which do not deviate too much from the spherical shape.
It should be pointed out that the analysis concentrates on the spatial
distribution of the primary particles. The spatial distribution of binder
is, under certain conditions, also measurable, but outside of the scope
of the present paper.
2. Materials and experimental methods

2.1. Agglomerate production

A total of 18 agglomerates consisting of 4 to 310 primary particles
have been analyzed in the present work. The primary particles were
made of porous γ-Al2O3 (Sasol GmbH, Germany) and they were nearly
spherical andmono-dispersed.Measurements by Camsizer (Retsch Tech-
nologies GmbH, Haan, Germany) resulted in a very narrow range of pri-
mary particle diameters between 580 and 650 μm, an average diameter
of 616 μm, and a high sphericity of 0.972.

Agglomerationwas conducted in a batch-wise operatedfluidized bed
granulator with 300 mm inner diameter of the cylindrical fluidization
chamber (customized construction by Pergande Co., Weißandt-Gölzau,
Germany). The solution injected in top spray configuration consisted
of water with 2% (mass fraction) hydroxyl-propyl-methyl-cellulose
(c)(b)(a)

Fig. 1. Image processing procedure for primary particle identification and separation: (a) rea
Matlab drawing.
(HPMC, trade name Pharmacoat 606, from Shin-Etsus, Japan) as the
binder. The nozzle provided by Düsen-Schlick GmbH, Untersiemau,
Germany, model 940, was a two-fluid nozzle positioned 430 mm
above the distributor plate, and 100 to 120 mm above the bed surface.
By means of appropriate measuring and process control facilities all es-
sential process parameters could be kept at constant values. These are
air inlet temperature at 70 °C, fluidization air velocity at 1.7 m/s, and
liquid spraying rate at 100 ml/min. The initial mass of bed material
was 5 kg. Agglomerates consisting of different numbers of primary par-
ticles were extracted after different process times, up to 1 h.
2.2. X-ray tomography

The μ-CT equipment used in the present investigationwas a custom-
ized device manufactured by ProCon X-ray GmbH, Garbsen, Germany,
denoted by CT Procon alpha 2000. The X-ray source was operated at
45 kW and 350 μA. The agglomerate to be investigated was placed as
close as possible to the tube and around 400 mm from the detector.
By rotation of the sample holder, each agglomerate was scanned in
the entire range of 0–360°. The increment of angle change was 0.45°,
and three pictures were made at each projection angle, with an expo-
sure time of 1.5 s. Typical acquisition time was about 1 h. The size of
each voxel of the reconstructed volume is 5 μm. In this study each vol-
ume image consists of at least 600 two-dimensional images.
3. Image processing and image analysis

For image processing and quantitative analysis the MAVI software
of the Fraunhofer Institute for Technical and Industrial Mathematics
in Kaiserslautern, Germany, was used.

After scanning the samples in the μ-CT,weprocessed their volume im-
ages. This involved a sequence of operations to gain information from the
image, as following:

(1) extraction of the region of interest
(2) binarization
(3) filtration, using reflective, double-edged filters
(4) segmentation, using pre-flooded watershed.

Fig. 1 shows images from theprocessing procedure. It should benoted
that in Fig. 1b and c two-dimensional slices of the volume image are
depicted. Fig. 2 shows, for two agglomerates, both the original image of
the aggregate and the idealized Matlab drawing, based on data obtained
from the processed image.

Using the data extracted from volume images, the primary particles
contained in the agglomerate can be labeled and counted, providing the
number of primary particles Np per agglomerate. Center coordinates, ra-
dius and volume of each primary particle are identified and stored in
matrices, which contain all the data needed for further evaluation.
(d) (e)

l agglomerate, (b) binarization, (c) segmentation, (d) μ-CT volume image, (e) idealized



(b)

(a)

Fig. 2. Agglomerates containing (a) 21 primary particles, (b) 67 primary particles; in
each case, the left-hand side picture is the original picture scanned in μ-CT, whereas
the right-hand side picture shows the agglomerate structure redrawn in Matlab.
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4. Morphological descriptors

Based on data gained from volume images, additional Matlab codes
were developed to characterize particle morphology by means of the
following morphological descriptors:

1. Radius of gyration
2. Porosity
3. Fractal dimension and pre-factor
4. Coordination number
5. Coordination angle

4.1. Radius of gyration

The radius of gyration, Rg, is one of the primary properties to charac-
terize an aggregate. If the entire mass of an object were concentrated at
the radius of gyration, then themoment of inertia would be the same as
for the original object. Consequently, the radius of gyration describes
the size of the object, but it also shows how the mass is distributed
around the gravity center. The radius of gyration in respect to a point
is defined as:

Rg ¼
ffiffiffiffiffi
I
M

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Np

XNp
i ¼1

Ri2

vuut : ð1Þ

Here, I is the moment of inertia, M is the mass of the aggregate

M ¼
XNp
i ¼1

Mi: ð2Þ

Mi stands for the mass of the particle i, Ri is the distance of the pri-
mary particle from the considered point (usually the center of mass),
and Np is the number of primary particles in the aggregate.

For the purpose of computation, Eq. (1) can be transformed to

Rg¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2Np2

XNp
i ¼1

XNp
j ¼1

Ri�Rj

� �2vuut ; ð3Þ

see, for example, [21,26,27]. In Eq. (3), which has been used in the pre-
sent work to evaluate the radius of gyration, Ri and Rj are the position
vectors of the i'th and j'th primary particles from the center of mass.
The result can be interpreted as a mean value for the radius of gyration,
because Eq. (3) considers first the center of each primary particle as a
reference point for the calculations, and then calculates the average of
the resulting values over all primary particles. The main assumption is
that all primary particles are of equal mass, which is closely fulfilled
for the investigated agglomerates.

4.2. Porosity

Porosity –more precisely, the average volumetric porosity – of the
agglomerates is defined as

ε ¼ 1�
XNp
i ¼1

Vi=V

 !
; ð4Þ

where Vi is the volume of primary particle i,∑Vi is the sum of all pri-
mary particle volumes, and V is the total volume of the agglomerate.
Primary particle volumes and their sum result directly from the μ-CT
data. However, the total volume V is, obviously, a matter of definition.
Three different approaches for evaluating porosity from the imaging re-
sultswere examined in the presentwork and comparedwith each other,
based on different derivations of the total volume.

4.2.1. Porosity from the radius of gyration
Assuming a spherical outer surface of the agglomeratewith an equiv-

alent radius, Re, its central moment of inertia can be calculated to

I ¼ ∫
Re

0

R2dM ¼ ∫
Re

0

R2
:ρ:dV ¼ ∫

Re

0

4:R4
:ρ:π:dR ¼4:π:Re5:ρ

5
; ð5Þ

where ρ is the apparent density. At the same time, the volume of the ag-
glomerate can be expressed by

V ¼4
3
:π:Re3; ð6Þ

and its mass by

M ¼4:π:Re3:ρ
3

: ð7Þ

Inserting Eqs. (5) and (7) in Eq. (1), the equivalent radius, Re, is
obtained as a function of the radius of gyration, Rg, to

Re ¼
ffiffiffi
5
3

r
Rg: ð8Þ

With known radius of gyration, Rg, the equivalent radius, Re, and
then the total volume, V, Eq. (6), can be calculated. Inserting the latter
in Eq. (4), agglomerate porosity is obtained.

Fig. 3 shows exemplarily the equivalent radius for one of the in-
vestigated agglomerates.

4.2.2. Porosity from convex hull
The convex hull of a set of points is by definition the smallest convex

region containing all these points. The convex hull is typically represented
by a sequence of the vertices of the line segments forming the polygonal
boundary of an object, ordered along this boundary. In the present work
the matrices of primary particle center coordinates and radii were used
as the input data of a Matlab code that calculated and drawn the convex
hull of each investigated agglomerate particle. Then, the volume within
the convex hullwas computed and set equal to the total volumeof the ag-
glomerate to calculate porosity by Eq. (4).

4.2.3. Porosity by dilation
Dilation is a basic operation in mathematical morphology. The main

effect of the operator on an image is to gradually enlarge the boundaries
of regions of foreground pixels. Thus areas of foreground pixels grow in
size while holes within those regions become smaller. Themathematical



Fig. 3. Equivalent spherical boundary and equivalent radius for agglomerate containing
49 primary particles.
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definition of dilation for grayscale images is, according to [28,29], as fol-
lows: suppose that X is the set of Euclidean coordinates corresponding to
the input binary image, and that K is the set of coordinates for the struc-
turing element. Let Kx denote the translation of K so that its origin is at x.
Then the dilation of X by K is simply the set of all points x such that the
intersection of Kx with X is non-empty.

Dilation takes two pieces of data as an input, an image to be dilated
and a structuring element, which determines the precise details of the
effect of the operator on the image and on the local pixel configuration.
The structuring element consists of a pattern specified as the coordi-
nates of a number of discrete points relative to some origin [30].

Grayscale dilation with an approximate ball as the structuring ele-
mentwas used in this study. Bright regions (the foreground) surrounded
by dark regions (the background) grow in size, whereas dark regions
surrounded by bright regions shrink in size. Small dark spots in images
will disappear as they are filled by the surrounding intensity value.
Small bright spots will become larger spots. The effect is most obvious
at places in the image where the intensity changes rapidly. Regions of
fairly uniform intensity will be largely unchanged, except at their edges.

Regarding the control of the dilation function, resolution and pixel
size of the captured image were known via measurement in the present
work, and themean size of the primary particles was available from pre-
vious steps of the image data analysis. Therefore, the size of the structur-
ing element could be defined in a way that helped to avoid that any
unfilled volume remained within the volume image. The effect of dila-
tion is illustrated in Fig. 4. Setting the volume of the dilated agglomerate
Fig. 4. (a) Volume image, (b) dilated picture, (c) subtra
equal to the total volume, V, Eq. (4) can again be applied to derive the
porosity.

In Fig. 5 results of the three discussed procedures are schematical-
ly shown for an agglomerate with Np=310.

4.3. Fractal Dimension and Pre-factor

The fractal dimension, Df, is a statistical quantity that gives an indica-
tion of how completely a fractal object canfill the space [31]. The value of
Df ranges from unity for strings to three for regular three-dimensional
objects, and it can be a non-integer. Even if not strictly fractal, aggregates
can be characterized by the fractal dimension [16], according to the sta-
tistical scaling law:

Np¼ kg
Rg

ri

� �Df

: ð9Þ

Here, Rg is the radius of gyration, ri is the primary particle mean radi-
us, and kg is the fractal pre-factor (the so-called lacunarity [32]). Plotting
the number of primary particles versus the ratio of the radii in logarith-
mic coordinates and linear regression immediately yield the fractal di-
mension from the slope and the pre-factor from the intercept.

4.4. Coordination number

The coordination number, CN, of a certain particle in a structure is the
number of the contacts of this particle with surrounding particles. Apart
from their morphological significance, mean coordination number and
coordination number distribution (CND) can strongly affect aggregate
properties, such as the mechanical strength or the effective thermal
conductivity.

The coordination number is determined by calculation of the center–
center distance between each primary particle and its associated neigh-
bors. If this distance is equal or smaller than the sum of the radius of the
primary particle and the radius of its considered neighbor, then one con-
tact is counted to the CN. This evaluation is obviously sensitive to prima-
ry particle radius, ri. Therefore, a different determination of ri has been
used in the presentwork for the derivation of CN andCA (see subsequent
section) than for all other purposes. The usual determination throughout
the work was by an equivalent sphere – i.e., perfect sphere containing
the same amount of voxels as the primary particle – which is accurate
enough at high sphericity (cf. Section 2.1). In the case of CN of CA, how-
ever, ri was defined as the mean value of primary particle radii obtained
in 13 discrete directions on the cuboidal lattice (three coordinate direc-
tions, six face diagonals and four space diagonals). Values of ri obtained
in this way were found to be systematically larger than the equivalent
sphere values by about 3%. Their use in the determination of CN or CA
guarantees that no contacts that should be counted are overseen.
ction of primary particles from the dilated image.

image of Fig.�3


Fig. 6. Illustration of one coordination angle between a primary particle and its con-
tacting neighbors.

Fig. 5. Illustration of the three procedures to evaluate agglomerate porosity; (a) equivalent radius from gyration radius, (b) convex hull, (c) dilation.
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4.5. Coordination angle

The coordination angle, θ, is defined as the angle between the vectors
connecting the center of each primary particle to the centers of two of its
contacting neighbors. If, for example, a particle has four contacting
neighbors, then this particle also has four coordination angles, as illus-
trated in Fig. 6. In contrast to the scalar variables discussed until now, co-
ordination angles and their distribution provide access to tensorial
features of the considered aggregate. In the presentwork, all vectors con-
necting contacting primary particles were identified and the angles be-
tween them were evaluated by means of the dot product of vectors.

5. Results and discussion

Many of the results of the evaluation conducted on 18 agglomerates
with different numbers of primary particles are summarized in Table 1.
Notice that two of the agglomerate granules had, by coincidence, the
same number of primary particles, namely Np=71. Those two granules
are distinguished by a) and b).

A first finding concerns the average radius of primary particles in each
agglomerate granule. The average of these averages is 317.6 μm, which
means that the respective diameter of 635.2 μm corresponds within ex-
perimental and sampling accuracy to the Camsizer diameter of 616 μm
from Section 2.1. Furthermore, the standard deviation of primary particle
radii in Table 1 is, with about 5%, very small, in, again, good agreement to
the Camsizer results.

Results concerning all evaluated morphological descriptors will be
discussed in the following.

5.1. Radius of gyration

The values of gyration radius are difficult to immediately interpret,
apart from the fact that Rg has – within a certain stochastic variation –

the natural trend of increasing with increasing number of primary parti-
cles, Np. However, an interpretation of Rg becomes possible by compari-
son with the maximum projected length (2D) of an aggregate, L, which
has also been evaluated and is tabulated in Table 1. These results sum
up to an average value of L/(2Rg)=1.715 with a standard deviation of
8.7%.

Experimental data for flame-generated aggregates from [16], which
include data from [14,15] and from some additional primary sources,
show values of the ratio L/(2Rg) located in the range 1.47 to 1.78. In
[18], L/(2Rg)=1.50 is reported for simulated aggregates of similar type.
At a first glance, the present value of L/(2Rg)=1.715 for spray fluidized
bed agglomerates appears to be in the range of the literature values for
flame generated aggregates. However, spray fluidized bed agglomerates
are more compact in their structure than sooth and have a higher fractal
dimension (cf. Section 5.3), so that one would expect for them L/(2Rg)-
values at the lower end of the range of 1.47 to 1.78 for sooth, whereas
the experimentally determined L/(2Rg)=1.715 is at the upper end of
the range. Application of theoretical equations that connect L/(2Rg)
with the fractal dimension from [16] leads with the fractal dimension
Df=2.611 of the spray fluidized bed agglomerates (see Section 5.3) to
L/(2Rg)-values from 1.33 to 1.36.

This is a certain contradiction, indicating that the fluffy, flame-
produced aggregates from [16] – or the comparably fluffy simulated ag-
gregates from [18] – differ from the spray fluidized bed aggregates not
only in the fractal dimension, but also – to a certain extent – in the be-
havior of the ratio of maximal projected length to the radius of gyration
and in the interrelation between fractal dimension and this ratio. Hence,
L/(2Rg) does not appear to be a good indicator of compactness or fluff-
iness when agglomerates produced in completely different ways are
compared with each other. It should be noted that the present results
cannot be compared with other data for spray fluidized bed agglomer-
ates, or for other agglomerates of medium or high compactness, be-
cause such data cannot be found in literature.

5.2. Porosity

The results on average volumetric porosity obtained by the three dif-
ferent evaluationmethods explained previously are listed in Table 1 and
plotted in Fig. 7. The comparison shows that the three methods of eval-
uation are in relatively good agreement with each other. As to the influ-
ence of aggregate size, porosity appears to be low for small agglomerates
and then increase to reach a plateau of rather constant values of about
ε=0.63. Very large agglomerate granules seem to have somewhat
lower porosities, probably because such particles are old in respect to
the time point of their extraction from the spray fluidized bed process,
having experienced compaction by collisions with other particles and
being the survivors of breakage events. Consequently, the plot of porosity
shows a mild decrease at very large primary particle numbers.

It should be noted that the X-ray μ-CT used in the present work does
not recognize the solidified binder, considering the respective volume as
void. Therefore, the real porosity of the investigated agglomerates may
have been somewhat lower than the porosity values of Table 1 and
Fig. 7. However, such an effect is considered to be very small in our specif-
ic case, because very dilute binder solutions have been used (cf. with

image of Fig.�6


Table 1
Result of evaluated porosity, coordination number and angles for all measured agglomerates.

Np ri [μm] Rg [μm] L[μm] L/2Rg Porosity by Rg Porosity by convex hull Porosity by dilation Mean CN σ CN Skewness CN Frequent. Θ [degree]

4 323.2 513.3 1868.8 1.820 0.655 0.521 0.676 2 0.82 0 59
6 327.9 441.8 1598.9 1.809 0.430 0.255 0.525 4 0 – 56
17 329.1 835.1 2617.0 1.567 0.540 0.554 0.518 4.35 1.46 0.489 40
21 310.5 847.3 2945.0 1.738 0.540 0.501 0.562 4.38 1.47 0.191 61
36 311.8 1075.5 3585.5 1.667 0.652 0.617 0.547 3.22 1.42 0.701 61
40 311.5 1107.8 4001.9 1.806 0.614 0.580 0.580 3.85 1.44 0.213 60
49 325.4 1140.7 3815.7 1.672 0.558 0.564 0.546 4.16 1.65 0.439 60
67 319.7 1474.2 4751.5 1.612 0.746 0.693 0.725 3.97 1.76 0.484 60
71b 312.7 1544.4 5034.0 1.629 0.743 0.686 0.705 3.21 1.56 0.604 60
71a 314.5 1391.8 4587.0 1.648 0.557 0.551 0.582 4.90 1.68 0.247 59
88 313.2 1477.3 4877.6 1.651 0.630 0.613 0.622 4.36 1.82 0.462 60
121 316.3 1755.2 5977.8 1.703 0.689 0.631 0.628 3.57 1.32 0.299 60
146 312.4 1709.0 5759.8 1.685 0.630 0.681 0.624 3.94 1.83 0.542 60
170 321.7 1741.7 5891.9 1.692 0.595 0.627 0.629 4.35 1.75 0.173 60
186 314.8 2041.7 7184.3 1.759 0.705 0.696 0.637 3.65 1.59 0.351 60
270 316.1 2057.1 7562.0 1.838 0.601 0.595 0.515 5.53 1.81 −0.063 61
292 318.8 2083.2 7148.5 1.716 0.554 0.564 0.559 5.43 1.81 −0.141 59
310 318.3 2154.2 8084.2 1.876 0.576 0.578 0.575 5.48 1.80 −0.012 60
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Section 2.1), the totalmass of sprayedbinder beingmuch smaller than the
mass of agglomerated primary particles. Additionally, the primary parti-
cles were porous, so that some of the binder penetrates them and solid-
ifies in their interior (cf. with [4]). Such binder is utterly unimportant
for the here considered external agglomerate porosity. As already indicat-
ed, binder distribution will be the topic of further research.

Thementioned value of ε=0.63 is somewhat higher than the poros-
ity values of about ε=0.58 reported in [10] for agglomerates produced
in mixers under conditions of low or moderate shear (denoted by LS
and HS2 in the original paper). Conditions of really high shear (denoted
byHS1) led tomuchmore compact agglomerate granuleswith ε=0.124
in the same work. Remarkably, the porosity assumed in [3,4] for the
purpose of computation of the size of spray fluidized bed agglomerates
simulated bymeans ofMonte Carlomethods lieswith ε=0.60 quite ex-
actly in between the value of about ε=0.63 from the present work and
ε=0.58 from [10]. Taking scatter into account, the agreement between
the present results and [3,4,10] can be considered as very good.

The same is true for the comparison with the porosity of simulated
aggregates from [17]. In [17], porosity is analyzed in dependence of
the freedom, or not, of primary particles to assume energetically more
favorable positions by so called rolling events after their addition to
the considered simulation box. Increasing number of allowed rolling
eventsmeans restructuring and compaction of the resulting aggregates.
In this way, aggregate porosity is obtained to ε=0.85 without any
rolling event, ε=0.62 with one rolling event, ε=0.48 with two rolling
events, ε=0.44 with three rolling events and, finally, ε=0.42 at the
limit of minimal potential energy for every primary particle considered.
Np
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Fig. 7. Porosities evaluated by the three different methods versus number of primary
particles per aggregate.
The present value of about ε=0.63 agrees very well with the value of
ε=0.62 for one rolling event in [17], indicating moderate restructuring
of fluidized bed agglomerates by particle–particle collisions and/or se-
lective breakage. As alreadymentioned, large residence times in the flu-
idized particle systemare in favor of restructuring andmay, thus, lead to
somewhat lower agglomerate porosity values. It should be noted that
the potential influence of aggregate restructuring is also discussed in
[19,20,33].

Surprisingly, much smaller measured porosities are reported in [9]
for agglomerates produced in spray fluidized beds. These range between
ε=0.20 and ε=0.40, increasing from the lower to the higher valuewith
increasing mass fraction of the polymeric binder used. Such porosities
are, as already indicated, rather typical of high shear than of fluidized
bed granulation. The most likely explanation is that the water-soluble
and soft materials used in [9] – namelymannitol, or a pharmaceutical ex-
cipient, or blends of them – led to compaction of the resulting agglomer-
ates by sintering. Notice that the compacting influence of particle–particle
overlap has been discussed in, among others, [20], based on simulation
results.

The opposite behavior can be observed in the results from [11]. These
show agglomerate porosities which start at more or less low values
(down to ε=0.40) to then increase with agglomerate size to very large
porosities in the range of ε=0.70 to 0.80. Apparently, the steam jet ag-
glomeration process used in [11] produces fluffier granules than the
spray fluidized bed process. The dependence of porosity on agglomerate
size is assumed to bemonotonically increasing with an asymptotic max-
imum in [11], which differs from the increasing-constant-decreasing
trend of our present data. Amore detailed discussion of this aspect is dif-
ficult, because information on the size of primary particles in the agglom-
erated food-component powders is missing from [11], so that the size of
the resulting agglomerates cannot be reasonably scaled.
5.3. Fractal dimension and pre-factor

The double-logarithmic representation of Eq. (9) for our data is
depicted in Fig. 8. As the figure shows, linearity is fulfilled with good ac-
curacy. The values of fractal dimension and pre-factor obtained are
Df=2.611 and kg=1.617, respectively. Linear regression without the
first two points of the plot for the smallest agglomerates with Np=4
and 6 results with Df=2.840 in a somewhat higher value of the fractal
dimension, and with kg=1.121 in a smaller value of the pre-factor.

For comparison, fractal dimensions in the range Df=1.40 to 1.86 are
reported in [16] for aggregates produced in flames (see also [14,15], and
the further primary literature from [16]). The respective pre-factors
range from kg=1.23 to kg=3.49. The smaller fractal dimension of
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flame aggregates in comparison to relatively compact spray fluidized
bed agglomerates is an expected result. Scatter in the pre-factor is typ-
ically larger in literature, and its interpretation is more difficult.

The fractal properties of atmospheric aerosols are, according to [13],
similar, but they have wider ranges of Df=1 to 2.5 and kg=0.6 to 8.0,
with an average of about kg=2.9. However, a significant increase of Df

within thementioned rangewith increasing number of primary particles
is reported in [13]. This increasemay be due to excessive restructuring by
aging of the atmospheric aerosols, and it does not correspond to the be-
havior of spray fluidized bed agglomerates.

Finally, comparison is possible with an extended analysis of the frac-
tal properties of simulated aggregates from [20]. There, aggregates have
been composed either by particle–cluster (PC) or by cluster–cluster (CC)
coalescence. In the PC-case, when every new aggregate is produced by
addition of just one primary particle to an already existing aggregate,
Df=2.75 and kg=0.51was obtained. The very good agreement of fractal
dimension with the present data indicates similarity in particle forma-
tion between sprayfluidized beds and the PC-algorithm. Indeed, peculiar-
ly shaped cluster–cluster aggregates are unlikely to survive collisions in a
fluidized bed without either breaking or restructuring, which may give a
selective advantage to particle–cluster combinations. Consequently, CC-
aggregates from [20] with Df=1.82 and kg=1.27 rather resemble
flame particles than spray fluidized bed granules. When accounting com-
putationally for sintering in the CC-aggregates, the fractal dimension does
not change, but the pre-factor increases up to kg=2.21. Simulated res-
tructuring of CC-aggregates resulted in Df=2.01 and kg=1.82 [20],
which is, again, much closer to the present results.

5.4. Coordination number

Average values of the coordination number are listed in Table 1 for
every investigated agglomerate granule, and also plotted in Fig. 9. The
distribution of coordination number is shown for four selected agglom-
erates with medium to large sizes in Fig. 10a, whereas Fig. 10b depicts
the same information for the largest investigated granule (Np=310) in
form of a histogram. Additionally, the standard deviation and the skew-
ness of the CND are tabulated in Table 1.

The data for the two smallest agglomerates with Np=4 and Np=6
are not really significant in terms of coordination number, due to the
very small number of primary particles involved. In case of Np=4 for ex-
ample, one of the four primary particles had only one contact to other
primary particles, two of them had two contacts each, and the fourth
one had three contacts, resulting in an average CN equal to 2 and in
zero skewness (perfectly symmetrical distribution) in Table 1. For the
larger agglomerates, themean coordination number appears to be rather
constant at around CN=4, whereas the three largest granules investigat-
ed show higher mean coordination numbers of about CN=5.5 (Fig. 9).
Concerning the CND, its standard deviation is rather constant throughout
(Table 1). The skewness is also relatively constant, with the exception of
the three largest agglomerates, which show a very low skewness of
their CND, meaning that the CND becomes symmetrical and close to a
normal distribution for these particles (Table 1, Fig. 10b). The described
behavior means in Fig. 10a that the three agglomerates with Np=40,
88, 146 have most frequent CN-values in the vicinity of CN=4. The low-
est possible CN is unity, whereas the asymmetric CNDs tail above the
most frequent CN towards the limit of the maximal possible CN, which
is CN=12 for nearly mono-dispersed and spherical primary particles
(densest hexagonal regular arrangement).

There is a lack of measured CN data in literature, so that the pre-
sent results can only be compared with results for simulated aggre-
gates from [17] and [20]. There is excellent agreement between the
present mean value of about CN=4 for medium size aggregates and
the value of CN=3.99 from [17], which was computed for the case
of primary particles allowed to experience one rolling event after
their addition to an aggregate. This is fully consistent with the already
discussed agreement between the present work and [17] regarding
aggregate porosity (Section 5.2). Our three biggest aggregates have
larger mean coordination numbers, but they also have lower porosi-
ties, so that the consistency between coordination number and poros-
ity still holds. These aggregates go into the direction of more than one
rolling events in terms of the computational algorithm from [17], for
which mean coordination numbers of around CN=6 were predicted.

Concerning [20], their simulated particle–cluster aggregates have co-
ordination number distributions that start at CN=1as themost frequent
value and then decrease monotonically. Despite agreement in the fractal
dimension (see Section 5.3), this behavior does not cope with measured
CNDs from the present work (Fig. 10a). Cluster–cluster aggregates from
[20] have a most frequent CN at two –which is too small in comparison
to our data, and still too many primary particles with CN=1. However,
agreement with simulated CC-aggregates without restructuring could
not be expected, because such aggregates are rather typical of flame-
produced particles, as already discussed in Section 5.3. Increased coordi-
nation numbers are obtained in [20] after restructuring of the CC-
aggregates, with most frequent values at CN=3. Consequently, the res-
tructuring operation appears to bring the simulated aggregates closer to
the structure of spray fluidized bed agglomerates, as it was also the case
for the fractal dimension. It should additionally be noted, that the depen-
dence of the CND on the number of primary particles was always insig-
nificant in [20]. This is in relatively good agreement with the present
findings formedium size agglomerates (in exception of the three biggest
ones).
5.5. Coordination angle

Coordination angle distributions are shown in Fig. 11a for several in-
vestigated agglomerates and in Fig. 11b for just one, with Np=270. The
plots reveal that the sensitivity of CAD upon the number of primary
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particles is low, and that themost frequent coordination angle is always
at about 60°. Values of the most frequent CAs are also listed in Table 1,
whereby CA is given as the integer center of 1° intervals. Non uniformi-
ties in the CAD, such as the secondary maximum in the histogram of
Fig. 11b, may indicate some anisotropy in the structure.

Most frequent CAs at 60° and the shape of our measured CADs
(Fig. 11) are in accordance with comparable simulation results from
[20] for restructured CC-aggregates, cf. Sections 5.3 and 5.4. Additional-
ly, the simulation results from [20] show the same independence of CAD
from the number of primary particles as our present results. However,
this similarity holds only for restructured CC-aggregates, whereas all
other aggregates simulated in [20] – i.e. PC-aggregates, CC-aggregates
without restructuring, sintered PC- or CC-aggregates – behave differ-
ently — their CADs are rather symmetrical and have much higher
most frequent values. This is one more indication for the importance
of agglomerate restructuring in fluidized beds.

6. Conclusions and outlook

The presentwork provided for thefirst time a comprehensive charac-
terization of the internal structure of agglomerates produced in sprayflu-
idized beds by means of X-ray micro-tomography. This characterization
embraced the number of primary particles, maximal projection length,
radius of gyration, porosity, coordination number distribution and coor-
dination angle distribution for every investigated agglomerate granule,
as well as their fractal properties (fractal dimension and pre-factor),
with the following main conclusions:

– Concerning the porosity of produced agglomerates, spray fluidized
beds are placed betweenflame, aerosol and steam jet agglomeration
processes at the one side, and low shear mixers, sintering fluidized
bed processes and high shear mixers at the other side – stated in a
sequence of decreasing agglomerate porosity.

– The determined porosity values agree quite well with the porosity
used in recent micro-process based Monte Carlo simulations of
spray fluidized bed agglomeration [3,4]. In this way, the originally
rather arbitrarily selected agglomerate porosity value of the simu-
lations could be successfully verified.

– Furthermore, there is excellent agreement between the measured
porosity values and the predictions of agglomerate formation al-
gorithms with one rolling event after particle addition from liter-
ature [17].

– The present results on fractal dimension, coordination number and
coordination angle comparewith literature results for otherwise pro-
duced or simulated aggregates in a way which is consistent with the
behavior of the porosity results.

– On contrary, the ratio ofmaximal projection length to the radius of gy-
ration of the spray fluidized bed agglomerate granules is larger than
expected from fractal dimension and flame aggregate results. Hence,
this ratio does not appear to be a good indicator of compactness or
fluffiness when comparing agglomerates produced in completely dif-
ferent ways.

In regard of the experimentalmethod, X-raymicro-tomographywas
shown to be a powerful technique that can provide three-dimensional
volume image data with the contrast and resolution necessary in
order to derive detailed micro-structural information. Methods of digi-
tal image analysis which can be used to this purpose were presented
and applied to real spray fluidized bed agglomerates.

It should be noted thatmost of themorphological descriptors derived
from the X-ray μ-CT data are not accessible in any other way. As already
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pointed out in the introduction, light scattering is not applicable to ag-
gregates consisting of relatively large primary particles, whereas TEM
techniques are limited due to their two-dimensional nature. Standard
methods that derive particle porosity from the comparison of apparent
particle density to the skeletal density of the solid phase are accurate
for nearly mono-dispersed and spherical particles. In any other case
however, they either require severe, falsifying assumptions, or they
must be upgraded by optical determination of the outer contour of single
particles (see [11]), in a way that makes them comparably laborious to
the X-ray μ-CT. Mercury porosimerty does not work properly with ag-
glomerates, as previously pointed out in [11]. Such inherent deficiencies
can explain the lack of data for even the porosity of spray fluidized bed
agglomerates in the previous literature — with the exception of the al-
ready discussed values from [9], which were also obtained by means of
X-ray μ-CT.

The most serious limitation that X-ray μ-CT has in common with
other imaging techniques concerns the time and effort necessary for
measurement and, especially, for data post-processing, which limits the
number of objects that can be analyzed. Fortunately, the statistical signif-
icance of several investigated agglomerate properties increases with in-
creasing number of primary particles in the compound. However, a
larger number of investigated agglomerates – at best, a larger number
of agglomerates with the same number of primary particles – would
also be desirable. Continuing measurements will further contribute to
this direction, though within a certain range of feasibility.

Apart from the quantitative augmentation of the set of data,work on
mainly two further aspects is planned for the near future. First, the spa-
tial distribution of solidified binder shall be investigated. Data of this
kind do not exist in literature, but they would be valuable for, e.g., the
further development of advancedMonte Carlomodels of sprayfluidized
bed agglomeration (such as themodel very recently presented in [34]).
Second, essential parameters of the agglomeration process, which have
been kept constant in the present work, shall be changed, and their in-
fluence on the resulting morphology shall be studied. The long term vi-
sion is to connect the morphology of particulate materials with, at the
one side, process conditions and equipment involved in their produc-
tion and, at the other side, their end-user properties. The presented
morphological characterization is an essential step on this way.

Notation

Df fractal dimension
I moment of inertia
kg pre-factor
L maximum projected length of an aggregate
M mass of an aggregate
Mi mass of particle i
Np number of primary particles in an aggregate
ri mean radius of the primary particle
Re equivalent radius
Rg radius of gyration
Ri distance of primary particle from a considered point
V total volume
Vi volume of the primary particle
ε porosity
θ angle
ρ density
σ standard deviation

Abbreviations
μ-CT micro-computer-tomography
CC cluster–cluster
PC particle–cluster
CN coordination number
CND coordination number distribution
CA coordination angle
CAD coordination angle distribution
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