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SUMMARY

Nanoparticles have properties of interest in biology, physics, ecology, geology, chem-
istry, medicine, aerospace, food science, and engineering among many other fields, due
to their intrinsic properties arising from their large surface area to volume ratio and
small scale. Most nanoparticle applications require particle’s surface adaptations, for
which numerous methods have been developed. For this purpose, the characteristics
of fluidization that make it an attractive processing technique are the large gas-solid
contact area, no solvent, potential scalability, and suitability for continuous processing.
Nanoparticles are not fluidized individually, but rather as clusters, which form due to the
relatively large interparticle forces. As a result, fluidization dynamics is strongly linked
to nanoparticle agglomeration.

Nanoparticle agglomeration is a hierarchical process, and the structures found at
each level have unique properties. The first level develops during production, where in
flame synthesis for example, primary nanoparticles sinter together creating chain like
structures of a few hundred nanometers called aggregates. While stored, these chains
connect by physical interparticle forces forming highly-porous simple agglomerates of a
few microns. Finally, when fluidized, the simple agglomerates coalesce into even larger
clusters called complex agglomerates, which can be hundreds of microns in size. Given
that nanoparticles fluidize as complex agglomerates, these structures are the key ele-
ments in nanopowder fluidization. Hence, nanoparticle agglomeration and fluidization
are the main focus of this thesis.

The work in this thesis presents a quantitative analysis of basic agglomerate proper-
ties and the techniques used to obtain them. It is known that complex agglomerates are
extremely fragile structures with a solid fraction below 0.05, making them challenging to
study since manipulation might introduce morphological modifications. Additionally,
agglomerate properties and dynamic behavior during fluidization are hard to predict.
Nonetheless, this thesis presents experimental and theoretical characterization of static
and fluidized nanoparticle clusters. In situ techniques allowed us to study the morphol-
ogy of aggregates and agglomerates during fluidization, while ex situ methods were em-
ployed to measure mechanical properties of the large agglomerates. To strengthen the
results, simple models were used to predict the experimental data.

The morphology at each structural level was studied using two techniques to cover
the whole range of relevant length scales. The two techniques are the Spin-Echo Small-
Angle Neutron Scattering (SESANS) for structures smaller than 20 µm, and the settling
tube for those between 20 µm and 1 mm in size. The morphology was described by the
mass fractal dimension, which also provides information about the formation process.
The fractal dimension obtained for aggregates, simple agglomerates, and complex ag-
glomerates was found to differ among all three scales. Also, static and fluidized samples
were compared, showing that simple agglomerates are affected by fluidization dynamics
since they are extremely porous and relatively weak compared to the sintered aggregates.
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x SUMMARY

As fragile, highly-porous structures, nanoparticles agglomerates are expected to be
extremely susceptible to morphological changes. As an assessment of such softness,
the elasticity of these structures, quantified in terms of the Young’s modulus, was mea-
sured by Atomic Force Microscopy (AFM). The AFM experiments were performed on
nanopowder samples prepared by spreading some material on flat sticky substrates. The
sample is placed under a 3.5 µm glass colloid which approaches, presses, and retracts
from the sample. The obtained plot of the force exerted during the pressing versus the
colloid penetration distance is used to calculate the Young’s modulus, found to be equiv-
alent to that of a hard cell or soft gel, in the order of 10-200 kPa for all nanopowders
tested. This property defines the size distribution inside the fluidized bed since it deter-
mines the outcome of collisions, and thus, the fluidization dynamics.

The agglomerate size distribution inside the fluidized bed was predicted by a sim-
ple force balance model, which relies on agglomerate and powder properties, and flu-
idization conditions. Two size values were estimated from a comparison between the
adhesion and separation forces acting on a fluidized agglomerate. These values are the
agglomerate size at maximum and zero force difference, corresponding to the size at the
inflection point and the mode of the distribution, respectively. The model was validated
with experimental data obtained from literature and our own experiments. Nonetheless,
the current version of the model is limited to the complex agglomerate scale.

The full size distribution in the freeboard above the bed was measured experimen-
tally. Structures with size in the nano to micron range were counted by a Nano-Particle
Spectrometer, an Optical Particle Counter, and the settling tube techniques. The results
showed a per-count dominance of nanostructures and a mass dominance of micron-size
clusters. The powder was homogeneously distributed along the freeboard with consis-
tent size distribution and powder concentration at each height. However, the overall
powder concentration was decreasing significantly during the first 30 minutes of flu-
idization, while still keeping a stable size distribution. These findings are of great rele-
vance for the nano-toxicity and powder-processing fields.

The above mentioned insights in nanoparticle fluidization, besides providing key in-
formation on the topic, open opportunities for future research, some of which are dis-
cussed in the Outlook section of the thesis.



SAMENVATTING

Nanodeeltjes beschikken over interessante intrinsieke eigenschappen voor toepassin-
gen in onder andere biologie, natuurkunde, ecologie, geologie, scheikunde, medicij-
nen, ruimtevaart, voedseltechnologie en techniek. De kleine deeltjesgrootte en de hoge
oppervlakte-volumeverhouding zijn hiervan de belangrijkste onderliggende eigenschap-
pen. Voor de meeste toepassingen van nanodeeltjes is modificatie van het oppervlak ver-
eist, waarvoor verscheidene methoden zijn ontwikkeld. Fluïdisatie is in dit verband een
aantrekkelijke technologie vanwege het grote contactoppervlak tussen gas en vaste stof,
het niet gebruiken van oplosmiddelen, de mogelijkheid tot opschalen en de geschiktheid
voor inpassing in continue processen. Nanodeeltjes fluïdiseren niet individueel maar in
clusters, die gevormd worden door de grote onderlinge krachten tussen de deeltjes. Het
gevolg hiervan is dat het dynamisch gedrag van fluïdisatie sterk afhangt van het agglo-
meratiegedrag.

Agglomeratie van nanodeeltjes is een hiërarchisch proces, en de op elk niveau ge-
vormde structuren beschikken over unieke eigenschappen. Het eerste niveau ontwikkelt
zich tijdens de productie; bijvoorbeeld bij vlamsynthese sinteren de nanodeeltjes aan
elkaar tot kettingvormige structuren van enkele honderden nanometers, die aggregaten
worden genoemd. Tijdens opslag ontstaan er verbindingen tussen deze aggregaten on-
der invloed van de onderlinge fysische krachten tussen de deeltjes, waarbij eenvoudige
poreuze agglomeraten worden gevormd van enkele micrometers. Tijdens de eigenlijke
fluïdisatie groeien deze agglomeraten aan elkaar tot grotere clusters, die complexe ag-
glomeraten worden genoemd en waarvan sommige met het blote oog kunnen worden
waargenomen, omdat deze tot honderden micrometers groot kunnen worden. Onder-
zoek naar fluïdisatie van nanopoeders richt zich dan ook op het bestuderen van deze
complexe agglomeraten. Daarom ligt de nadruk in dit proefschrift ook op agglomeratie
en fluïdisatie van nanodeeltjes.

In dit proefschrift worden technieken beschreven om agglomeraten te karakterise-
ren, alsmede een kwantitatieve analyse van de eigenschappen van deze agglomeraten.
Het is bekend dat complexe agglomeraten zeer fragiele structuren zijn met een fractie
vaste stof kleiner dan 0,05. Dit maakt bestudering ervan tot een ware uitdaging, omdat
elke manipulatie van deze agglomeraten tot morfologische aanpassingen zou kunnen
leiden. Daarnaast zijn eigenschappen en dynamisch gedrag van agglomeraten tijdens
fluïdisatie moeilijk te voorspellen. Niettemin bevat dit proefschrift experimentele en
theoretische karakterisering van statische en gefluïdiseerde clusters van nanodeeltjes. In
situ technieken geven ons de mogelijkheid de morfologie van aggregaten en agglomera-
ten te bestuderen tijdens de fluïdisatie, terwijl ex situ methodes de mogelijkheid bieden
de mechanische eigenschappen van grote agglomeraten te bepalen. Om de resultaten te
onderbouwen zijn eenvoudige modellen gebruikt waarmee experimentele data kunnen
worden voorspeld.

De morfologie is op elk structureel niveau bestudeerd door gebruik te maken van
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xii SAMENVATTING

twee technieken waarmee het gehele gebied van relevante lengteschalen kan worden ge-
dekt. Deze twee technieken zijn de Spin-Echo Small Angle Neutron Scattering (SESANS)
voor structuren kleiner dan 20 µm, en de settling tube voor structuren tussen 20 µm en 1
mm. De morfologie wordt beschreven met behulp van de fractale dimensie op basis van
massa, die tevens informatie verschaft over het vormingsproces. Er is vastgesteld dat de
resulterende fractale dimensies van aggregaten, eenvoudige agglomeraten en complexe
agglomeraten verschillen. Vergelijking van statische en gefluïdiseerde agglomeraten laat
zien dat eenvoudige agglomeraten worden beïnvloed door fluïdisatie omdat zij extreem
poreus en zwak zijn vergeleken met gesinterde aggregaten.

Het is te verwachten dat agglomeraten van nanodeeltjes, die fragiele en zeer poreuze
structuren vormen, extreem gevoelig zullen zijn voor morfologische veranderingen. Ter
kwantificering van deze eigenschap is de elasticiteit van de structuren gemeten, uitge-
drukt als de Young’s Modulus, gemeten met Atomic Force Spectroscopy (AFM). De AFM
experimenten zijn uitgevoerd op monsters van nanopoeders, bereid door het materiaal
uit te strooien op een vlak, adhesief substraat. Het monster wordt onder een 3,5 µm
glazen deeltje geplaatst, dat vervolgens naar het monster toe beweegt, het indrukt, en
zich daarna weer terugtrekt. De grafiek, die verkregen werd door de uitgeoefende kracht
gedurende het indrukken uit te zetten tegen de penetratiediepte, werd gebruikt om de
Young’s Modulus te berekenen. Dit resulteerde in waarden tussen 10 en 200 kPa voor alle
geteste nanopoeders, wat overeenkomt met die van een zachte gel of een harde cel. Deze
eigenschap bepaalt de deeltjesgrootteverdeling in het gefluïdiseerde bed aangezien het
de effecten van botsingen weergeeft en dus een maat is voor de dynamiek van de fluï-
disatie. De grootteverdeling van agglomeraten in het gefluïdiseerde bed werd voorspeld
door middel van een eenvoudig model op basis van een krachtenbalans, die afhangt van
de eigenschappen van het agglomeraat en het poeder en de fluïdisatiecondities. Door de
krachten van adhesie en separatie die inwerken op een gefluïdiseerd agglomeraat met
elkaar te vergelijken konden twee waarden voor de deeltjesgrootte worden geschat. Dit
zijn de grootte bij het maximale verschil in krachten en die bij geen verschil in krach-
ten, die overeenkomen met de waarde op het buigpunt en die van de distributiemodus.
Het model werd gevalideerd met experimentele data uit de literatuur en uit eigen expe-
rimenten. Echter, de huidige versie van het model is alleen geldig voor het niveau van de
complexe agglomeraten.

De deeltjesgrootteverdeling in de ruimte boven het bed is experimenteel gemeten.
Structuren in de ordegrootte van nanometer tot micrometer werden waargenomen en
geteld met de Nano-Particle Spectrometer, een Optical Particle Counter en de settling
tube technieken. Nanostructuren komen in de grootste aantallen voor, terwijl micro-
structuren het grootste deel van de massa uitmaken. Het poeder was homogeen ver-
deeld over de ruimte en vertoonde een consistente deeltjesgrootteverdeling en concen-
tratie op elke hoogte. Echter, de totale poederconcentratie nam significant af gedurende
de eerste 30 minuten van de fluïdisatie, terwijl de deeltjesgrootteverdeling stabiel bleef.
Deze bevindingen zijn van groot belang voor nanotoxiciteit en poederverwerking.

Naast het verschaffen van belangrijke informatie over het onderwerp, leveren de
bovengenoemde inzichten in de fluïdisatie van nanodeeltjes ook mogelijkheden voor
toekomstig onderzoek, waarvan enkele besproken worden in de Outlook sectie van dit
proefschrift.



1
INTRODUCTION

W ITH the current development of nanotechnology, nanoparticles (NPs) have acquired
more attention given their potential application in a wide variety of fields which

include catalysis, solar energy, consumer products, and medicine [1–4]. For many appli-
cations, single-material nanoparticles are not sufficient; thus requiring modifications to
attain a certain functionality. A promising method to process these particles is fluidiza-
tion, the suspension of powder in an upward gas flow, which provides a large gas-solid
contact for particle surface modifications. Nanoparticles create clusters in the gas phase
due to large adhesion forces, thus the structures present during fluidization are large
nanoparticle agglomerates [2, 5–8]. The understanding of fluidized agglomerate forma-
tion, behavior, and morphology is crucial in order to improve the efficiency of nanopow-
der processing (e.g. fluidization) and applications.

1



2 1. INTRODUCTION

1.1. NANOPARTICLES
Nanoparticles are defined as having at least one dimension under 100 nm (Fig.1.1). The
scale of these particles provides key advantages to fields involving catalysis, biomedicine,
solar energy, and electronics among many others, due to their unique characteristics
such as high surface area to volume ratio, ability to enter cells, and tunable optical prop-
erties. To get an idea of their size, a chain of 1000 nanoparticles will cover the diameter
of a strand of hair, a small nanoparticle (2.5 nm) has the diameter of a strand of human
DNA, and 2 seconds of fingernail growth will result in a nail growth to fit a 60 nm size
particle [9].

Water       Glucose  Antibody           Virus       Bacteria    Human Cell  A period           Baseball  

                     

 

0.1                      1[nm]            10                 100              1000  10,000  100,000 1,000,000      10,000,000       100,000,000 

              Nanoparticle Size Range 

Figure 1.1: Comparison of the relative size of a nanoparticle (1-100nm).

Nanoparticles can be produced in many different ways: in liquid or gas-phase, at
high or low temperatures, by combining precursors or breaking materials, etc. The pro-
duction method determines the final shape (spherical, cylindrical, irregular, etc.), struc-
ture (aggregated or segregated), dispersion (mono- or polydispersed), and surface prop-
erties (hydrophobic, hydrophilic, etc.). Such features affect the interaction among nanopar-
ticles, thus giving the production method a significant weight on nanoparticle research
and applications.

A crucial feature of nanoparticles is their relatively strong attractive interactions. These
particles have the intrinsic tendency to cluster when surrounded by gas, which con-
cerns many production and processing methods. Hence, thorough understanding of
the nanoparticle cluster properties in the gas-phase is necessary to optimize the use of
nanopowders.

1.2. AGGLOMERATION
The main challenge with nanopowders in the gas-phase is their agglomeration due to
strong particle interactions, which include capillary, electrostatic, solvation, and van
der Waals forces [3, 10–15]. This agglomeration behavior enables the handling of large
amounts of particles; however, it limits the dynamics and properties of the individual
nanoparticles such as the effective surface area to volume ratio.

Nanoparticles agglomerate in a hierarchical fashion (Fig.1.2)[12]. After production,
the primary particles are found linked by solid necks forming chain-like structures called
aggregates, reaching no more than a few hundred nanometers in size [16]. During stor-
age, these aggregates cluster into simple agglomerates of a few micrometers in size with



1.2. AGGLOMERATION 3

a close-to-spherical shape and high porosity. When suspended in an upward flow of gas
(fluidization), simple agglomerates form complex agglomerates, which are hundreds of
micrometers in size and extremely fluffy, resembling the structure of a snowflake.

Figure 1.2: Hierarchical nanoparticle agglomeration process. From left to right are the primary particle, aggre-
gate, simple agglomerate, and complex agglomerate.

The morphology of the structures at each agglomeration step can be characterized by
their fractal dimension [6, 11, 17–21]. This fractal dimension describes the distribution of
nanoparticles as the agglomerate grows, and the mechanism of agglomerate formation.
Decreasing the fractal dimension lowers the solid fraction of the agglomerate. Addition-
ally, the agglomeration process can be particle-cluster or cluster-cluster, each of which
have three subclasses with their corresponding fractal dimension [18]. One subclass is
the reaction-limited, where particles with random walk have a sticking probability less
than 1 in case of collision. Another subclass is the ballistic, where the mean free path of
the colliding bodies is much larger than their size, and their trajectories are linear. The
final subclass is the diffusion-limited, where collisions arising from random motion al-
ways lead to sticking. A value of 2.5 for the fractal dimension has been widely accepted
to describe complex agglomerates, corresponding to the diffusion-limited model of the
particle-cluster mechanism of formation, which describes a fractal directly formed by
individual nanoparticles [3, 6, 8, 11, 14, 21–29]. However, it is known that the agglomer-
ation process is hierarchical, thus agglomerates are formed by a cluster-cluster mecha-
nism for which a fractal dimension of 2.5 does not apply. The expression correlating the
properties of the nanoparticles to those of the large fractal structures is:

Np = kn

(
da

dp

)D f

(1.1)

which in terms of density becomes:

ρa = ρp kn

(
da

dp

)D f −3

(1.2)

where Np is the total number of particles with size dp and density ρp forming a
cluster of size da and density ρa . kn is a prefactor used to meet the limits of a single
nanoparticle and an extremely large cluster, and D f is the mass fractal dimension used
to describe the cluster [30]. For multi-scale analysis of nanoparticle agglomeration, the
structures at each agglomeration step should be considered independently.
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Nanoparticle clusters are known to be highly-porous with void fraction above 0.95.
Additionally, agglomerates are extremely fragile and dynamic during gas-phase process-
ing. As such, in situ experiments to study these structures are scarce and challenging.
Systems consisting of high-speed cameras or electron microscopes have been widely
used in nanoparticle research. Nonetheless, methods requiring sampling or any form of
powder manipulation are of questionable reliability.

1.3. FLUIDIZATION
Nanoparticles often require functionalization for targeted applications where charac-
teristics of interest can be enhanced, protected, or inhibited. A method used for par-
ticle functionalization in the gas-phase is fluidization, which converts the powder be-
havior from solid-like to fluid-like. Fluidization is promising for nanoparticle process-
ing due to excellent gas-solid contact area, lack of solvent, and potential scalability [4,
7, 12, 31–33]. Powder fluidizability has been categorized by Geldart, based on particle
size and particle-fluid density difference [34]. Even though nanopowders belong to Gel-
dart’s group C (see Fig.1.3), characterized as almost impossible to fluidize, they fluidize
as highly-porous agglomerates mainly located outside Geldart’s original diagram.

 

 

 

Agglomerates 

Nanoparticles 

Figure 1.3: Geldart’s classification of powders according to their fluidizability based on particle size and
particle-gas density difference. The dotted line shows the limit of the original Geldart’s diagram.

Nanopowders show two types of fluidization behavior, homogeneous or with bub-
bles. The uniform fluidization characterized by large bed expansion and homogeneous
distribution of the powder is called agglomerate particulate fluidization (APF). On the
other hand, the agglomerate bubbling fluidization (ABF) has dynamics influenced by
bubble-bursting. The contrasting fluidization behaviors affect the formation, proper-
ties, and dynamics of the complex agglomerates inside the bed. Thus, nanopowders
belonging to different groups should be evaluated independently.

1.4. MODELING
Since nanoparticle processing can be troublesome due to agglomeration and unknown
hazards arising from such small size, modeling is particularly valuable. Multiple models
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have been developed to predict the average agglomerate size inside the fluidized bed.
These models are often based on the Richardson-Zaki equation relying on the superfi-
cial gas velocity, bed voidage, single agglomerate terminal velocity and Stoke’s law; or on
a force or energy balance of the fluidized agglomerate. These models are designed to es-
timate only the average size, leaving the details on the whole size distribution unknown
[19, 35–40]. Furthermore, the experimental validation of the models has not been trivial.

Many assumptions have to be made in order to estimate complex or unknown prop-
erties of the primary particles and nanoparticles clusters. In this work, model develop-
ment is simplified by skipping the disputed fractal morphology of the cluster, assum-
ing the agglomerates to be highly-porous spheres with an homogeneous distribution of
nanoparticles. For the study of specific properties, the agglomerate surface is taken as
perfectly smooth, dry, and susceptible to deformation, assumed to be elastic. It has to
be noted that the increased ease outweighs the induced error of these assumptions.

1.5. THESIS OBJECTIVE
The work presented in this thesis is one piece of a larger project focused on elucidating
the physics of nanoparticle agglomeration and fluidization, simulation of fluidization
dynamics, and efficient nanoparticle coating by Atomic Layer Deposition (ALD).

The topic of this thesis is the formation mechanism, structural characterization, and
fluidization dynamics of nanoparticle agglomerates. The main objective is to under-
stand the effect of fluidization on the agglomerate’s morphology and the properties of
the different structures formed during the step-wise agglomeration process. Some es-
sential questions on nanoparticle fluidization concerning this work are:

• What are the properties of the fluidized complex agglomerates?

• What is the size of the structures present in a fluidized bed of nanopowders?

• Can the size distribution inside the bed be predicted via a simple analytical model?

• To what extent does fluidization affect the hierarchy of the agglomeration process?

These questions are addressed in the coming chapters, providing insight on nanopar-
ticle agglomerate properties and dynamics during fluidization, and potential opportu-
nities for future research.

1.5.1. OUTLINE
This thesis contains seven chapters. This first chapter is the introduction to the topics of
this work, and the seventh (last), the conclusion of the discussed research and opportu-
nities for future studies as continuation of this work. The five chapters constituting the
main body of the thesis are explained below.

In Chapter two, the fractal dimension of fluidized complex agglomerates is analyzed
experimentally using an in situ technique to verify the expected cluster-cluster mech-
anism. The results differ form the widely accepted 2.5 as the fractal dimension of the
fluidized complex agglomerates. This value suggests that the agglomerates are formed
by a particle-cluster mechanism, which does not agree with the known hierarchical na-
ture of the process.
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Given that collisions are a main component in fluidization dynamics, the elastic
property of the colliding complex agglomerates is crucial information. Chapter three
provides the Young’s modulus of three ceramic oxide nanoparticle agglomerates mea-
sured by Atomic Force Microscopy (AFM). The sample preparation, measuring, and data
analysis methods for elasticity measurements of highly-porous fragile structures are ex-
plained.

Nanoparticles are assumed to always agglomerate in the gas-phase, and thus signifi-
cantly decreasing their toxicity. Nonetheless, fluidization dynamics can break agglomer-
ates, creating nanofragments of which the presence, concentration, and behavior were
unknown. Chapter four presents experimental measurements of the size distribution
above the fluidized bed, covering the whole nano to micron size range. Despite the in-
trinsic property of nanoparticles to form agglomerates in the gas-phase, the detection of
nanostructures brings concerns on health risks in case of exposure.

Nanoparticles agglomerate in a step-wise fashion forming weak highly-porous clus-
ters, which are constantly breaking-up, coalescing, and rearranging during fluidization.
The morphological properties of the structures at each agglomeration step are expected
to be different, as well as their sensitivity to external factors such as those arising from
fluidization. Chapter five describes the morphological distinctions among all three struc-
tural levels of agglomeration, and the effect of fluidization on them.

The average agglomerate size inside the fluidized bed has been predicted several
times using the force balance approach, without any description of the size distribution.
As a straightforward method, a force balance model is developed in chapter six to predict
the size distribution of fluidized nanoparticle agglomerates. The model is validated with
experimental data, and found to be in good agreement.
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2
THE FRACTAL SCALING OF

FLUIDIZED NANOPARTICLE

AGGLOMERATES

It is widely reported in literature that fluidized nanoparticle agglomerates have a mass
fractal dimension about 2.5, representing a dominant particle–cluster diffusion limited
agglomeration (DLA) mechanism. In this paper, we show that a fractal dimension 2.5
–which is calculated assuming a prefactor one in the fractal scaling law– approximates
the density of the agglomerates in a limited range of sizes but does not describe the scal-
ing of the agglomerate density (or agglomerate mass) with the agglomerate size, which
is the ultimate meaning of a mass fractal dimension. By studying the settling of fluidized
agglomerates, we have found that the mass fractal dimension describing the power–
law scaling of the agglomerate mass with the size for complex agglomerates is about 2,
whereas the prefactor can be up to two orders of magnitude larger than one. The fractal
dimension can be explained considering that simple agglomerates link to form complex
agglomerates with cluster–cluster ballistic aggregation. The large prefactor represents
the multidimensional nature of nanoparticle agglomerates. These results replace the
general idea of a dominant particle–cluster DLA mechanism in the fluidized bed.

Published as: L. de Martin, A. Fabre, and J. R. van Ommen. The fractal scaling of fluidized nanoparticle ag-
glomerates. Chemical Engineering Science, 112:79 – 86, 2014 [1].
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2.1. INTRODUCTION
Fluidization is an attractive method to process nanoparticles, for instance, to produce
coated nanoparticles [2, 3]. Nanoparticles, peculiarly, do not fluidized individually but
forming agglomerates as a result of van der Waals forces [4, 5], capillary bridges [6] or
hydrogen bond formation [7]. Although nanoparticle fluidization has been extensively
studied in the last decade, the interplay between nanoparticle and agglomerate proper-
ties, and fluidization dynamics is still not fully resolved. A reason is the lack of knowledge
about the agglomerate structure.

The agglomerate structure is commonly described by means of fractal geometry [4, 5,
8, 9]. In a mass fractal cluster formed by monodisperse particles of size dp , the number of
particles Np or agglomerate density ρa scales to the power of the ratio da/dp according
to

Np = kn

(
da

dp

)D f

or ρa = ρp kn

(
da

dp

)D f −3

(2.1)

where da is the agglomerate diameter, ρp is the particle density, kn is a prefactor and
D f is the mass fractal dimension, from now on denoted as "fractal dimension".

The popularity of the fractal dimension arises from the large amount of information
deduced from it. It describes the agglomerate structure, necessary to model diffusion
processes inside the agglomerates and agglomerate breakage, and it also gives informa-
tion about the growth mechanism of the agglomerates [8, 9]. The cluster–cluster diffu-
sion limited aggregation (DLA) mechanism forms open clusters with fractal dimension
D f = 1.80, whereas D f = 2.50 would indicate dominant particle–cluster diffusion limited
aggregation. A fractal dimension 3.0 is found in clusters formed by a particle–cluster bal-
listic aggregation and reaction limited aggregation with low sticking coefficient (Fig. 2.1).
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Figure 2.1: Kinetic growth models in a 3D embedding space and fractal dimensions associated (based on [9]).

It is extensively reported in literature that fluidized nanoparticle agglomerates have a
fractal dimension about 2.5, suggesting a dominant particle–cluster DLA mechanism in
the bed [4, 5, 10–21]. This seems counter–intuitive because in the particle–cluster DLA
mechanism individual particles link to existing clusters, therefore requiring a medium
containing free moving nanoparticles. This contradicts the well known fact that nanopar-
ticles fluidize as agglomerates, not individually [4, 5]. Moreover, nanoparticles produced
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in flame reactors –such as commercial nanoparticles typically used in fluidization studies–
already form sintered aggregates with cluster–cluster mechanism during their synthesis
[22, 23]. Thus, to claim that large fluidized nanoparticle agglomerates are formed by
a particle–cluster mechanism is, at least, questionable. If there is a dominant mecha-
nism in the formation of large fluidized agglomerates, it seems more logical to expect a
cluster–cluster mechanism.

Papers claiming a fractal dimension about 2.5 assume that the number of particles in
the agglomerate, Np , relates to the ratio da/dp like in Eq. (5.1), with kn = 1. Papers that
use image analysis to estimate D f analyze fluidized nanoparticle agglomerates larger
than ∼100 µm [10, 24, 25]. In bed expansion studies [12, 18, 19], the expansion is de-
termined from the average properties of the agglomerates, such as average density and
average agglomerate size. Thus, the fractal dimension and prefactor used to characterize
the expansion are those values that predict the average agglomerate density, associated
to the average agglomerate size ∼100-300 µm [16, 26]. So far, no one has studied the
scaling of the number of nanoparticles in a fluidized agglomerate with the agglomerate
size. In all cases, D f is calculated from the agglomerate density and da in the inter-
val ∼ 100−300 µm and applying Eq. (5.1) with kn = 1, without further discussion. The
exponent 2.5 obtained in this way, is the value that explains the observed agglomerate
density or bed expansion for kn = 1. The question is, if the value 2.5 also explains the
power–law scaling of the agglomerate density with the agglomerate size, which is the
ultimate meaning of a fractal dimension [27].

Let us discuss the assumption kn = 1 in detail. According to Sorensen et al. [28],
the prefactor of fractal clusters has a value so that Eq. (5.1) has the correct Np = 3 limit,
and that limit is a linear arrangement of three monomers. According to Jiang and Logan
[29], for an Euclidean object, kn is a function of the packing factor and the ratio of the
shape factors of the aggregate and the primary particles. The prefactor of the agglomer-
ates generated by the six mechanisms displayed in Fig. 2.2 is well known. Although the
prefactor can be affected by the overlap of particles due to sintering [30] or polidispersity
[31], most of real agglomerates have a prefactor between 0.5 and 3 [28, 32]. Ehrl et al. [33]
studied the geometry of simulated clusters formed by rigid monodisperse primary par-
ticles with a fractal dimension in the range from 2.2 to 3. They propose a correlation for
the prefactor with the form kn = 4.46D−2.08

f , which gives a prefactor kn ∼ 1 for D f = 2.0

when using particle radius and agglomerate gyration radius in Eq. (5.1).

Therefore, without further information, the assumption kn = 1 seems a reasonable
starting point. However, all previous studies report prefactors for mono-dimensional
clusters; that is, clusters in which the building unit is the particle and all the scales are
described by a unique fractal dimension. This might be the case of agglomerates formed
by micron–sized particles, but does not hold for nanoparticle agglomerates. Yao et al.
[34] were the pioneers in describing fluidized nanoparticle agglomerates as three level
hierarchical structures, a picture broadly accepted in literature [4, 10, 35]. According
to these authors, nanoparticles first form strong aggregates –probably during the flame
synthesis of the nanoparticles– with a very open structure and a size of a few hundreds
nm. Later, these aggregates link to form simple agglomerates with an average size of a
few dozens of microns. In a fluidized bed, simple agglomerates combine to form larger
complex agglomerates. A remaining question was whether the fractal dimension is dif-
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ferent for each hierarchical level, as already suspected [16]. So far, this question has
been unanswered due to the lack of proper in–situ analysis techniques. However, in a
recent work by de Martín et al. [36] using in–situ neutron scattering, two different fractal
dimensions were found in the range 20 nm – 20 µm, corresponding to aggregates and
simple agglomerates. The technique cannot reach the large scales of complex agglom-
erates, however, based on the work of Yao et al. [34], we expect a third fractal dimension
representing the agglomeration mechanism of simple agglomerates in the fluidized bed.

If complex agglomerates have three fractal dimensions, Eq. (5.1) needs to be re–
interpreted to understand what kind of information is deduced from the relation be-
tween agglomerate density and size. In a mono–dimensional agglomerate, the building
block is the particle. In a three level fractal formed sequentially, the building block of the
tertiary fractal (complex agglomerates) is the secondary fractal. The secondary fractals
(simple agglomerates) are built by primary fractals (aggregates), which in turn are built
by particles. Let us illustrate this with an example. A tertiary cluster of size d3 is built by
N3,2 blocks of size d2 which link with a mechanism characterized by a fractal dimension
D f ,3 and a prefactor k3. A secondary fractal of size d2 is built by N2,1 blocks of size d1

which link with a mechanism characterized by a fractal dimension D f ,2 and a prefactor
k2 and so on (Eq. 5.2).

N1,p = k1

(
d1

dp

)D f ,1

N2,1 = k2

(
d2

d1

)D f ,2

N3,2 = k3

(
d3

d2

)D f ,3

(2.2)

Assuming that all the building blocks are monodisperse and all the blocks of the level
i belong to the level i −1, the total number of particles in the tertiary fractal (complex
agglomerate) is Np = N3,2N2,1N1,p , which combined with Eq. (5.2) gives

Np = k̂n

(
d3

dp

)D f ,3

(2.3)

where

k̂n = k1k2k3d
D f ,3−D f ,1
p d

D f ,1−D f ,2

1 d
D f ,2−D f ,3

2 . (2.4)

So the prefactor k̂n , which relates the number of particles in a complex agglomerate
Np to the ratio (d3/dp )D f ,3 , so often considered one, is actually a function of the size
of the aggregates and primary agglomerates, and the fractal dimensions D f ,1, D f ,2 and

D f ,3. For a mono–dimensional fractal, D f ,1 = D f ,2 = D f ,3, and indeed k̂n ∼ 1 assuming

ki ∼ 1. Nonetheless, for multidimensional nanoparticle agglomerates, k̂n can be up to
two orders of magnitude larger than one, as we will show.

To circumvent the need of guessing a prefactor, D f ,3 can be obtained from the slope
log(Np ) vs. log(da/dp ) in the range of sizes corresponding to complex agglomerates. Al-
though simple in concept, this method is quite challenging because in order to have a
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good estimation of the fractal dimension, the power–law scaling (Eq. 5.1) must be ob-
served in at least one decade of scales [37].

The goal of this work is therefore to estimate the mass fractal dimension of fluidized
and complex nanoparticle agglomerates. That is, the exponent of Eq. (5.1) that describes
the power–law scaling of the agglomerate mass with the agglomerate size in the range
of sizes corresponding to the complex agglomerates, 40–400 µm. Opposite to previous
studies, we calculate the fractal dimension from the slope log(Np ) vs. log(da/dp ), instead
of from Eq. (5.1) assuming kn = 1.

2.2. EXPERIMENTAL SET UP

2.2.1. REACTOR

The experiments were carried out in a 4.5 × 4.5 cm square cross–section column made
of PMMA (Fig. 2.2a). Nanopowders were fluidized with pure nitrogen at a superficial
velocity u0 = 13.0 cm/s, supplied to the bed through a porous plate gas distributor. The
nitrogen leaving the system passes through a water bubbler and a HEPA filter to remove
the entrained powder.

A black tube made of polyoxymethylene is placed in the middle of the bed to collect
fluidized agglomerates and visualize their settling with a borescope (Fig. 2.2b). The tube
has a rectangular inlet of 1×4 mm, an internal cross–section of 4×8 mm and a height of
33 mm. The thin inlet placed in the middle of the cross–section makes the agglomerates
fall at a similar distance from the borescope, minimizing errors in the agglomerate size
due to different amplification. The large cross–section of the tube ensures that the set-
tling of agglomerates smaller than ∼ 400 µm is not affected by the walls [38]. The tube
has a secondary gas inlet to empty it before recording the falling agglomerates. During
the agglomerate settling, there is no gas circulating through the tube. Details about this
technique can be found elsewhere [39].

Main gas supply

Borescope

Secondary 
gas supply

(a)

(b)

Figure 2.2: Sketch of the experimental set–up. (a) Fluidized bed with a settling tube to collect agglomerates, (b)
Detail of the settling tube. The inlet has been highlighted for a better visualization.
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(a)(a) t(b) (c)

Figure 2.3: Example of image treatment. (a) Original , (b) processed and (c) thresholded.

2.2.2. POWDERS

Three commercial nanopowders manufactured by Evonik were fluidized (Table 6.1). TiO2

T805 is the hydrophobic version of TiO2 P25, where the hydroxyl groups on the surface
of P25 have been substituted by trimethoxy octyl silane groups CH3(CH2)7Si(OCH3)3

[7, 40].

The bed height at the beginning of the experiments was 3 cm for TiO2 T805 and TiO2

P25, and 2 cm for Al2O3. Experiments have been repeated three times for each powder
to ensure the reproducibility of the results.

Table 2.1: Properties of the fluidized nanopowders. The particle density and size are provided by the manufac-
turer.

Powder Surface ρp (kg/m3) dp (nm)
TiO2 T805 hydrophobic 4000 21
TiO2 P25 hydrophilic 4000 21

Al2O3 Alu C hydrophilic 3800 13

2.2.3. DATA ACQUISITION SYSTEM

A Phantom Vision Research Phantom v9.1 high–speed camera was attached to an Olym-
pus R040–021–000–60 S5 industrial rigid borescope to record the settling agglomerates.
The borescope tip has a diameter of 4 mm and its own light source to illuminate the
tube from inside. The distance between the borescope tip and the settling plane is the
same for all the experiments and equal to 4 mm. The amplification at this distance cor-
responds to a pixel size of ∼ 17 µm, obtained by calibration of the borescope.

The accuracy of the length is 0.5 pixel, which leads to a maximum error of ∼ 28% for
30 µm agglomerates. Errors due to pixel locking are not taken into account [41].

All movies have been recorded at 800 fps during 20 seconds and processed identi-
cally. An example is shown in Fig. 2.3. The agglomerates have been tracked with the
algorithm detailed in [39].
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2.3. RESULTS

2.3.1. FRACTAL ANALYSIS
From the movies recorded in the settling tube, we obtain the terminal velocity Ut and the
projected area Aa of the agglomerates. The agglomerate density ρa is estimated from the
terminal velocity using Eq. (6.5),

U 2
t = Va

AaCD

2(ρa −ρ f )g

ρ f
(2.5)

where Va and dh are the volume and equivalent diameter of the agglomerates (dh =p
4Aa/π) [32], ρ f is the gas density and CD is the drag coefficient, which is a function of

the Reynolds, sphericity and permeability of the agglomerates. We assume that the ag-
glomerates are impermeable, this assumption is justified in the Appendix. For rigid and
impermeable particles, Haider and Levenspiel [42] proposed the following correlation,
valid for Re < 2.6 ·105.

CD = 24

Re
(1+ AReB )+ C(

1+ D
Re

) (2.6)

where A, B , C and D are function of the agglomerate sphericity φ.
The sphericity (φ) of the agglomerates can be approximated from their circularity

(Θ) if the averaged agglomerates show all possible structures and orientations [24, 43].
There are multiple ways to define the circularity of a 2D silhouette (for a review see [43]).
In this work, we use the definition given by Riley [44], where the circularity is the square
root of the ratio of the diameter of the largest inscribed circle (di ) to the diameter of the

smallest circumscribing circle (dc ), Θ =
√

di
dc

. This definition has been widely used in
sedimentological studies and is recommended in [43].

The histogram of the agglomerate circularity is illustrated in Fig. 2.4, showing that
most agglomerates have a circularity between 0.8 and 0.95. The sphericity is assumed to
be in the similar range given the high number of tracked agglomerates. It will be shown
in the results that the impact of the sphericity on the estimated fractal dimension D f and
prefactor k for the agglomerates in this range of sphericities is negligible as compared to
the uncertainties of D f and k. For this reason, we will choose an sphericity equal to 0.87
for all the agglomerates.

The estimation of the fractal dimension of a cluster from its 2D projection involves
some assumptions. One method consists on relating the area and perimeter of the pro-
jected cluster to its 3D properties, such as the gyration radius [33]. However, this method
requires images with well resolved clusters to get reasonable results; a resolution com-
monly obtained with microscopy. Unfortunately, this resolution is impossible to get with
current commercial borescopes, for which a pixel represents several microns. Brasil et
al. [30] and Bushell et al. [32] have described methods to estimate the fractal dimension
of clusters from their 2D silhouette based on agglomerate length, instead of perimeter.
These methods are less affected by the image resolution and have been used throughout
this work.

To estimate the fractal dimension and prefactor, the agglomerate mass –or number
of particles in an agglomerate– must be represented as a function of some characteristic
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Figure 2.4: Relative frequency of agglomerate circularity. 1286 agglomerates sampled for TiO2 P25, 1576 ag-
glomerates sampled TiO2 T805, 218 agglomerates sampled for Al2O3 AluC.

agglomerate length, such as gyration, maximum or hydrodynamic diameter. Different
lengths will give different prefactors, whereas the fractal dimension is not affected as
long as the agglomerate mass scales the same way with the different lengths [30, 32].

When the agglomerate structure is analyzed with scattering techniques, the char-
acteristic length of Eq. (5.1) is the gyration diameter. To allow a comparison between
techniques, we will choose dgyr as the characteristic length. As discussed in [30, 32], it is
accepted that the maximum projected diameter dc and the gyration diameter dgyr of an
agglomerate are directly proportional, especially in the Stoke’s regime [32]. Brasil et al.
[30] propose that

dc

dgyr
= 1.5±0.05 (2.7)

A more elaborated correlation is given by [32], giving a comparable result.

dc

dgyr
=

(
D f +2

D f

)0.5

(2.8)

Once ρa is obtained from Eq. (6.5), and dgyr is obtained from Eq. (2.7), the number
of particles per agglomerate Np as a function of dgyr/dp can be represented, where

Np = ρa

ρp

(
dgyr

dp

)3

. (2.9)

The plots log(Np ) vs. log(dgyr/dp ) for all runs are shown in the Supplementary Mate-
rial. An example is illustrated in Fig. 2.5 for TiO2 P25. It is worth noticing that the differ-
ence between equivalent and gyration diameters is less than 20 %, so Fig. 2.5 would look
nearly the same if using equivalent diameters. Yet, we prefer to use gyration diameter to
be consistent with our analysis method.

The logarithm of the density and number of particles shows a linear relationship with
the logarithm of the agglomerate gyration diameter in the range 40–400 µm, confirming
the fractal structure in this interval. The prefactors k̂n and fractal dimensions D f ,3 cal-
culated from the fittings log(Np ) vs. log(dgyr/dp ) are shown in Table 6.2. For a detailed
description of the regression analysis and error estimation see Supplementary Material.
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Figure 2.5: Results for TiO2 P25 nanoparticle agglomerates. Variation of (a) agglomerate density and (b) num-
ber of particles as a function of gyration diameter. Red line represents the best fitting. For more information
see Supplementary Material.

Table 2.2: Prefactor and fractal dimension of complex nanoparticle agglomerates. Confidence intervals are 2σ.

Powder k̂n (-) D f ,3 (-)
TiO2 T805 74±9 2.07±0.01
TiO2 P25 17±2 2.24±0.02

Al2O3 AluC 140±50 2.05±0.04

The fractal dimensions found are about 2, significantly different from the value 2.5
commonly reported in literature. A dimension of 2 is more similar to the dimensions
found in clusters formed by cluster–cluster mechanisms than by particle–cluster mecha-
nisms (Fig. 2.2), and could be explained considering that simple agglomerates link with a
cluster–cluster mechanism to form complex agglomerates. If simple agglomerates have
a size 20–30 µm [10, 16], their Peclet number would be higher than 109 [9, 45], indicating
a ballistic motion and a ballistic cluster–cluster mechanism for the complex agglom-
erates. However, the formation of complex agglomerates cannot be ascribed to only
one mechanism. Complex agglomerates form, break, combine, and might even com-
press. Actually, we find slightly different fractal dimensions for the different nanopow-
ders, which means that the formation of complex agglomerates depend on the proper-
ties of the nanoparticles and the fluidization conditions. All nanopowders have a pref-
actor considerably larger than one as a result of the multidimensional nature of complex
agglomerates (Eq. 2.4).

As previously mentioned, the agglomerate sphericity plays a minor role in the re-
sults. For a sphericity of 0.8, the estimated fractal dimension and prefactor of TiO2 P25
agglomerates are 2.25±0.02 and 16±2, respectively. For an sphericity of 0.95, they are
2.23±0.02 and 18±3, respectively.

The agglomerate density as a function of the gyration diameter is shown in Fig. 2.6.
Curiously, there is no significant difference between the density of TiO2 P25 and T805
nanoparticle agglomerates in the studied size range, although their bulk density is ∼130
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kg/m3 and ∼300 kg/m3, respectively [7]. The difference in the bulk densities is larger
than the confidence interval of the calculated densities, revealing that authors should
be cautious when approximating the density of nanoparticle agglomerates as the bulk
density of the powder [4, 34]. Al2O3 agglomerates have a density larger than TiO2 ag-
glomerates, although the particle density is lower and the bulk density is only 60 kg/m3

[7]. The larger density comes from the larger prefactor of Al2O3 agglomerates, which
might be the result of a smaller particle size, among other factors (Eq. 2.4).

The reason of the ubiquity of the fractal dimension 2.5 in literature (values between
2.5–2.6 are typically reported) is illustrated in Fig. 2.6. The exponent 2.5–2.6, combined
with a prefactor one in Eq. (5.1), approximates the density for fluidized agglomerates ba-
sically in the whole range of sizes studied from image analysis and bed expansion, due to
the huge sensitivity of the agglomerate density to this exponent. For instance, Nam et al.
[10] calculated from bed settling experiments the average size and fractal dimension of
Aerosil R974 nanoparticle agglomerates, obtaining 160 µm and 2.57, respectively. Wang
et al. [24] obtained an average fractal dimension of 2.5 working with the same powder
and similar agglomerate sizes. One could argue that a fractal dimension of 2.5 is in agree-
ment with a fractal dimension of 2.57 because the difference is less than 3 %; however,
the densities estimated from these two fractal dimensions differ 100 %. The low sensi-
tivity of the exponent in Eq. (5.1) to large variations in the agglomerate density explains
the apparent agreement in literature on a fractal dimension 2.5 for fluidized nanopar-
ticle agglomerates. The exponent 2.5 should not even be interpreted as an average or
global fractal dimension because its value is not the average of D f ,1, D f ,2 and D f ,3 but
a non–linear combination of them. Eq. (5.1) with kn = 1 must be interpreted as a mere
correlation to (roughly) approximate the density of complex agglomerates.

 

Figure 2.6: Agglomerate density as a function of the agglomerate gyration diameter for (a) TiO2 (b) Al2O3.

Dashed lines represent ρa = ρp
(
dgyr/dp

)D f −3 for D f = 2.5 and D f = 2.6. Error bars are 2σ.

To conclude, we would like to give an outlook on the practical application of our ap-
proach. The prefactor of the complex agglomerates, so far inaccessible and ignored in
the fluidization field in favor of the fractal dimension, contains key information to un-
derstand different aspects of the nanoparticles fluidization. A direct application is the
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evaluation of assistance methods used to improve the fluidization quality of nanopow-
ders by breaking the agglomerates [4]. Although they are successfully implemented, the
mechanism with which the assistance method breaks the agglomerates is far from be-
ing understood. The prefactor can help to this purpose. For instance, if an assistance
method changes the average agglomerate size but maintains constant D f ,3 and k̂n , it
means that the assistance method is not affecting d2 and D f ,2. Probably it is not breaking
the simple agglomerates but only reorganizing them to form smaller complex agglom-
erates. If the assistant method does not change D f ,3 but strongly affects k̂n , it means
that d2 and/or D f ,2 are being affected by the method (assuming d1 and D f ,1 constant
because they represent the sintered aggregates). Independently of the average agglom-
erate size, an assistance method that strongly affects k̂n would be more efficient than a
method that does not, because the former method is able to break and reorganize the
smaller and stronger agglomerate scales.

2.4. CONCLUSIONS
The fractal dimension of fluidized nanoparticle agglomerates obtained from settling ex-
periments and the slope log(Np ) vs. log(dgyr/dp ) (Eq. 5.1) in the range ∼ 40-400 µm
reveals that complex agglomerates have a fractal dimension about 2, and a prefactor be-
tween 17 and 140, as a result of the multifractal nature of the powder.

The fractal dimension between 2.5 and 2.6 commonly reported in literature, is an ar-
tifact from using a prefactor unity in the fractal scaling law (Eq. 5.1). A prefactor close to
one might be found for mono–dimensional clusters, where the building block is the par-
ticle, but does not hold for nanoparticle agglomerates. An exponent 2.5–2.6 combined
with a prefactor one roughly approximates the agglomerate density in the range of sizes
studied from image analysis and bed expansion. However, this exponent does not de-
scribe the scaling of the density with the agglomerate size, which is the real meaning of
a fractal dimension, and it does not represent any agglomeration mechanism.
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APPENDIX 2.A
PERMEABILITY OF THE AGGLOMERATES
According to Brinkman Brinkman [46, 47], the drag coefficient of a permeable sphere CD

relates to the drag coefficient of the same impermeable sphere C∗
D as CD =ΩC∗

D , where
Ω is a parameter that depends on the size and structure of the porous sphere. For flow in
the Stoke’s regime and agglomerates with D f > 2,Ω can be determined with Darcy’s Law
(Eq. 2.10).

Ω= 2ξ2

2ξ2 +3
(2.10)

For the same flow and agglomerates with D f < 2,Ω can be determined with Brinkman’s
Law (Eq. 2.11) [32].

Ω= 2ξ2(1− tanhξ/ξ)

2ξ2 +3(1− tanhξ/ξ)
(2.11)

where

ξ= dh

2
p
κ

(2.12)

and [32, 48]

κ=
d 2

p

18γ3

3−4.5γ+4.5γ5 −3γ6

3+2γ5 (2.13)

where γ= (1− ε)1/3, dp is the diameter of the primary particles and dh is the hydro-
dynamic diameter of the agglomerates.

To establish whether it is necessary to account for permeability in the agglomer-
ates we will focus on two hypothetical agglomerates: one with a size of d1 = 30 µm and
ρa1 = 200 kg/m3 and one with of d2 = 400 µm and ρa2 = 10 kg/m3. These agglomerates
represent the smallest and largest agglomerates measured in this work. Real agglomer-
ates are denser than these two cases; thus, if the permeability can be neglected for these
hypothetical agglomerates, it can certainly be neglected for the real agglomerates.

For a particle density of 3900 kg/m3, similar to the particle density of TiO2 and Al2O3,
the porosity of the agglomerates is ε1 = 0.949 and ε2 = 0.998. For a particle size of 17 nm,
ξ1 = 1262 and ξ2 = 2678, leading to Ω1 ∼ Ω2 ∼ 1 for Darcy’s and Brinkman’s Laws. The
agglomerates can therefore be considered impermeable.
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CONTACT MECHANICS OF HIGHLY

POROUS OXIDE NANOPARTICLE

AGGLOMERATES

Efficient nanopowder processing requires knowledge of the powder’s mechanical prop-
erties. Due to the large surface area to volume ratio, nanoparticles experience relatively
strong attractive interactions, leading to the formation of micron-size porous structures
called agglomerates. Significant effort has been directed towards the development of
models and experimental procedures to estimate the elasticity of porous objects such
as nanoparticle agglomerates; however, none of the existing models has been validated
for solid fractions below 0.1. Here, we measure the elasticity of titania (TiO2), alumina
(Al2O3), and silica (SiO2) nanopowder agglomerates by Atomic Force Microscopy, using
a 3.75µm glass colloid for the stress-strain experiments. Three sample preparations with
varying degree of powder manipulation are assessed. The measured Young’s moduli are
in the same order of magnitude as those predicted by the model of Kendall et al., thus,
validating it for the estimation of the Young’s modulus of structures with porosity above
90%.

Published as: A. Fabre, S. Salameh, L. Colombi Ciacchi, M. T. Kreutzer, J. R. van Ommen. Contact mechanics
of highly porous oxide nanoparticle agglomerates. Journal of Nanoparticle Research, 18:1-13, 2016 [1].
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3.1. INTRODUCTION
The mechanical properties of nanopowders are critical for the optimization of their pro-
cessing [2–4]. These properties are crucial in gas phase processes involving agglomerate
collision such as in flame aerosol reactors [5, 6], lung nanoparticle uptake studies [7], and
nanopowder fluidization [8]. The processing method of fluidization, where the powder
is suspended in a gas stream moving upwards, is known to enhance fluid to solid contact
by powder dispersion [9–13], which is beneficial for heat and mass transfer, and widely
used in gas-solid reaction, granulation, and particle coating, drying, and mixing, among
many other applications. Nonetheless, nanoparticles (NP) fluidize as clusters called ag-
glomerates [14–17], making the dynamics within the fluidized bed complex and chal-
lenging to study, mainly due to the lack of accurate characterization of the agglomerates
[18].

Nanopowders agglomerate in a stepwise fashion [19]. During synthesis at high tem-
peratures, primary particles form chemical bonds creating chain-like structures called
aggregates, reaching sizes of 100s of nm. These aggregates then cluster together by phys-
ical interactions forming simple agglomerates with sizes of a few 10s of µm, mainly dur-
ing powder storage. Finally, the simple agglomerates assemble into complex agglom-
erates, which can reach sizes of 100s of µm. As a hierarchical process, each level has
structures with particular features such as fractal dimension [20, 21]. This research fo-
cuses on the agglomerate properties since these are the structures readily available from
stored nanopowder and found during nanopowder processing in the gas phase.

Agglomeration arises from the relatively strong attractive interactions among NPs,
which include capillary, solvation, van der Waals, and electrostatic forces [10, 22–28].
Electrostatic forces diminish in the presence of humidity, but can occur in very dry envi-
ronments. In earlier studies, it was shown that physisorbed water molecules situate be-
tween the nanoparticles creating an attractive interaction described by a combination of
capillary and solvation forces, which can surpass the van der Waals contribution [18, 22].
During nanopowder processing, attractive forces are challenged by external separation
forces such as collision [8]. In order to estimate the magnitude of the forces acting on
the agglomerates, and thus, their morphological stability at the given conditions, their
Young’s modulus must be known. The high porosity (>90%) and rather large size of these
structures (≈ 100 µm) make them extremely fragile. Therefore, stress measurements to
study their mechanical properties are particularly challenging.

Because of their large void fraction, nanoparticle agglomerates are expected to have a
relatively low Young’s modulus. Due to their fragile nature, any type of manipulation can
easily compromise the morphological integrity of the agglomerates and reproducibility
of the results. Thus, all techniques considered for the study of agglomerates have to be
evaluated for the degree of morphological modification and data reproducibility. Addi-
tionally, the number of available techniques to study structures in the micron-size scale
with nano scale resolution is very limited. A quite challenging property to measure is
elasticity, mainly due to the structural and technical limitations just mentioned. There
have been novel techniques to measure elasticity of soft microscopic objects such as mi-
crocapillaries, relying on pressure-induced deformation of microscopic deformable par-
ticles in a dilute suspension [29], the ultrasonic pulse-echo method by measuring the
velocity of ultrasonic waves in materials along a known crystal direction for isotropic,
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millimeter thick samples [30, 31], or the compression and indentation techniques such
as Atomic Force Microscopy (AFM). Methods that require the samples to be in the liq-
uid phase, specifically oriented, or placed at a set location will considerably affect the
original structure of the nanoparticle cluster and hinder result reproducibility.

Agglomerate elasticity has been measured before; however, those agglomerates had a
significantly higher solid fraction, well defined geometry, and/or customized formation
process than those of interest in this research. In 1987, Kendall et al. [32] measured the
elasticity of ceramic NP clusters to study the effect of solid fraction, developing a model
to estimate the effective Young’s modulus in terms of the volume packing, and particle
interface energy, size, and modulus. Nonetheless, the experiments were limited to struc-
tures with porosity below 70% [32]. Later on, in 1992, Kendall focused on the elasticity of
spray-dried spherical agglomerates of uniformly packed 210 nm zirconia particles [33],
modeling the steps towards agglomerate fracture, and describing the use of a nanoin-
denter to study agglomerate deformation; again, facing the porosity limitation. In 2001,
Bika et al. [3] presented a summary of studies done on the mechanical properties of wet
and dry agglomerates, highlighting their morphological frailty, and the lack of proper
measuring techniques and realistic theoretical models to obtain accurate values of the
agglomerate mechanical properties. Nonetheless, all the data gathered from literature
and reviewed by Bika et al. is for agglomerates with porosity bellow 75%.

The elasticity, represented as the Young’s modulus, of porous materials can be pre-
dicted from theoretical models found in literature [30]. These models consider the ag-
glomerate volume fraction and primary particle Young’s modulus as critical variables
to determine the agglomerate Young’s modulus. However, the models of Hasselman
[34], Wang [35], Martin-Haynes [36], and Phani-Niyogy [37] have fitting parameters that
rely on elasticity experimental data; thus, not really predicting the value. The mod-
els of Hashin [30] and Hashin-Rosen [30] require previous knowledge of the shear and
bulk modulus of the porous structure, and Poisson’s ratio of the NP, which leads to a
straightforward calculation of the elasticity. Nonetheless, these values are unknown for
nanoparticle agglomerates. Kendall et al. [32] developed a model with a simple expres-
sion that uses the agglomerate solid fraction and NP Young’s modulus, work of adhe-
sion, and diameter to estimate the effective elasticity of the porous agglomerate, which
can be obtained from commercial suppliers or literature. However, to the best of our
knowledge, none of these models has been experimentally validated for structures with
porosity above 90% such as those seen in nanopowders.

A well-established technique to study the elasticity of soft matter is the AFM, which
works by forcing an interaction between a probe and the sample. The versatility of the
technique allows for the visualization of topographic characteristics to an atomic level,
the quantification of interacting forces between nano-sized objects, metal deposition
on electroconductive substrates, and the measurement of mechanical properties of soft
materials [4, 18, 38–47]. This includes fragile micron/nano-sized systems such as muscle
cells [48] and thin gels [48] among many other applications [4, 18, 49–56]. In earlier stud-
ies, the AFM equipped with a glass colloid attached to the cantilever was used to mea-
sure the Young’s modulus of highly porous NP films [57, 58]. To neglect extra phenom-
ena such as adhesion forces and plasticity, only the approach part of the force curved
was fitted to the Hertz model for elasticity estimations. However, these films differ from
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the fluidized agglomerates on the mechanism of formation, homogeneity, and stability,
with porosity still bellow that of the complex nanoparticle agglomerates. This method is
widely accepted for materials in the kPa-MPa range such as biological samples [59–61].

The objective of this work is to present an experimental method to measure the elas-
ticity of nanopowder agglomerates, which typically have a porosity above 90%. The re-
sults are used to validate the applicability of elasticity models for highly porous struc-
tures. Three sample preparation approaches are compared to verify the conservation
of the structure, and measurement accuracy and reproducibility. To preserve the origi-
nal morphology of the agglomerate, the technique requiring the least manipulation dur-
ing sample preparation is used to investigate hydrophilic titania (TiO2 - P25), alumina
(Al2O3 - Alu C), and silica (SiO2 - A130) nanopowders. The experimental results are com-
pared to theoretical models from literature, and the Kendall et al. [32] method was found
to give a descent estimation.

3.2. EXPERIMENTAL SECTION

3.2.1. POWDER CHARACTERIZATION
The nanopowders used in this study are Aeroxide P25 (TiO2), Aeroxide Alu C (Al2O3), and
Aerosil A130 (SiO2), obtained from Evonik with the specifications given in Table 4.2. To
verify the powder characteristics, the primary particle size was determined from TEM
images by manually counting 250, 678, and 706 particles for TiO2, Al2O3, and SiO2, re-
spectively, using the open source image processing software ImageJ. The mean values
obtained are 22±8 nm, 16±6 nm, and 8±2 nm for TiO2, SiO2, and Al2O3, respectively
(Fig.3.1), where the ± values are the standard deviation of each dataset. These values
agree with those specified by the supplier (Table 4.2), with the exception of Al2O3, which
showed a significantly lower mean size. The discrepancy could arise from the subjec-
tive particle selection during image analysis by measuring only those shades that clearly
seem to be individual particles, as most of them are sintered (connected by solid necks)
(Fig.3.1 inset). Also, the inconsistency could come from the use of different measur-
ing techniques since the average size given from production is determined by the gas
adsorption-desorption method, which could deviate from that obtained from the TEM
image analysis.

Table 3.1: Properties of the nanopowders as provided by the manufacturer and obtained from TEM image
analysis.

powder surface ρp (kg/m3) dp (nm) dp(T E M) (nm)
TiO2 P25 hydrophilic 4000 21 22±8

Al2O3 AluC hydrophilic 3800 13 16±6
SiO2 A130 hydrophilic 2200 16 8±2

3.2.2. SAMPLE PREPARATION
Three sample preparation methods were tested, referred to as: pressed on glass, dou-
ble sided tape, and rough substrate. For the powder pressed on glass, a small amount
of the nanopowder is placed on a glass microscope slide over an area of about 1cm2,
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Figure 3.1: Size distribution of nanoparticles measured from TEM images using ImageJ. 250, 678, and 706
particles were counted for TiO2, Al2O3, and SiO2, respectively. The inset is a TEM image of Al2O3 showing
sintered nanoparticles.

and pressed using a thick piece of flat glass until leaving a homogeneous layer of powder
looking uniform to the naked eye. The double sided tape method involves the spreading
of powder over a transparent double sided tape (Scotch) attached to a glass slide. Then,
the sample is gently shaken to remove any loose powder without blowing or touching, to
prevent morphological changes. Similarly, the rough surface preparation starts with the
spreading of powder on the rough side of a microscope slide, with a final gentle shake to
remove the excess powder. These spreading and shaking steps are repeated a few times
to ensure a thick enough powder layer for AFM measurements. Due to the extent of ma-
nipulation, the pressed on glass method deliberately modifies the structure of the pow-
der; while the sample on the rough substrate is expected to have an almost unchanged
morphology. Comparably, the double sided tape technique is believed to preserve the
original structure of the agglomerates. However, the effect of the glue on the mechanical
properties was questionable, and thus, evaluated.

All three samples were characterized by SEM imaging. A SEM (Jeol JSM-6010 LA) was
used to evaluate the general morphology of the nanopowder film on the smooth glass,
rough surface, and double sided tape. To assess the glue-powder integration, images
of the tilted double sided tape sample were taken and analyzed. Before SEM imaging,
the samples were slightly blown to prevent nanopowder contamination of the sample
chamber.

3.2.3. ELASTICITY MEASUREMENTS

The stress-strain measurements were done in a Nanowizard 3 AFM from JPK. The exper-
iments were performed using a probe with a glass colloid of 3.5 µm in diameter bought
from sQube (CP-FM-SiO-B)(see Appendix). This colloid size is large enough to prevent
local indentation through the primary particles, and apply pressure on an area encom-
passing nanoparticles agglomerates. The spring constants of 2.6 N /m, 3.5 N /m, and 3.9



32 3. CONTACT MECHANICS OF HIGHLY POROUS OXIDE NANOPARTICLE AGGLOMERATES

N /m for Al2O3, SiO2, and TiO2 on double sided tape, respectively; and 3.8 N /m and 4.4
N /m for TiO2 on a rough substrate and pressed on glass, respectively, were determined
using the thermal noise method [62, 63]. Single force curves were recorded on 8×8 grids
in an area of 10×10 µm to average local differences. The applied force was 150 nN with
a cantilever approach/retraction speed of 2 µm/s. To avoid glue-colloid contact, the
agglomerates were located before each stress-strain experiment by a microscope posi-
tioned right below the sample (Fig.3.2).

Figure 3.2: Schematic representation of the experimental set up for the double sided tape sample preparation
method. The nanopowder is attached to a glass microscope slide (substrate) using transparent double sided
tape. The 3.5 µm colloid attached to the cantilever is aligned to the desired position on the sample with the
help of a microscope located directly below the sample before each elasticity measurement. The image on the
right is of Al2O3 on double sided tape, taken by the AFM microscope.

The Young’s modulus was calculated using the JPKSPM Data Processing software
by fitting the Hertz model [64] to the approach curves. First, the baseline was sub-
tracted from the curves to set the point of cantilever-sample contact at zero and have
displacement equal to indentation. Then, the x offset (contact point) was adjusted and
the height for cantilever bending, corrected previous to the Young’s modulus estima-
tion using the embedded "‘determine elasticity from indentation"’ software function.
Retraction curves were not considered for elasticity measurements of the agglomerates;
hence, only the approach curves are presented and used for the estimation of the Young’s
modulus. Other contact mechanics models such as Johnson-Kendall-Roberts (JKP)[65],
Derjaguin-Muller-Toporov (DMT) [66], and Maugis-Dugdale (MD)[67], which account
for adhesion forces [51, 53], were also considered.

3.3. RESULTS & DISCUSSION

3.3.1. SAMPLE CHARACTERIZATION
From the TEM pictures, it is evident that nanoparticles are found in clusters. These
structures are very porous and expected to be susceptible to changes by external distur-
bances. Therefore, any powder manipulation and processing will dramatically modify
their original morphology. Insufficient analysis and understanding of the handling ef-
fect can lead to erroneous conclusions regarding the nature of the nanoparticle clusters.

Sample preparation was thoroughly evaluated to prevent false conclusions due to
the fragility of the agglomerates. The soft spreading and gentle shake for the rough sur-
face and double sided tape sample preparation methods show fluffy structures, as ex-
pected from unprocessed nanopowder (Fig.3.3, (a-b)). On the other hand, the powder
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pressed on glass shows a flat and dense surface arising from the pressing step (Fig.3.3,
(c)). Nonetheless, the pressed film seems to keep a highly porous morphology under-
neath the flat surface (Fig.3.3, (d)). The SEM images showed a morphology similar to
naturally formed complex agglomerates for the rough surface and double sided tape
samples, while there was considerable modification on the pressed on glass nanopowder
film.

Figure 3.3: SEM pictures of TiO2 nanopowder samples. (a) and (b): spread on double sided tape. (c) and (d):
pressed on glass. The porosity, distribution, and morphology of the powder clusters are noticeably different
between the double sided tape and pressed on glass samples. Images (a-b) show the agglomerates attached to
the double sided tape. The pressed powder cluster shows a very uniform flat surface with a few loose agglom-
erates on top (c), and an edge that resembles the structure of the spread powder (d).

Besides the preparation method, the sample substrate could also affect the AFM
measurements. From SEM images, it was seen that the powder film thickness is con-
siderably larger than the colloid indentation depth (Fig.3.3), and since the elasticity of
the solid substrates is known to be orders of magnitude higher than that of the porous
film, the substrates should not have an effect on the measurements. However, the possi-
bility of glue penetration by capillary into the highly porous structures led to extra evalu-
ation of samples placed on the double sided tape. These samples were assessed by tilted
SEM imaging, where the glue was found to immerse less than 0.5 µm of the attached
agglomerates (Fig.3.3, (b)). Thus, the glue, as well as the solid substrates, is expected to
have negligible to no influence on the AFM measurements, leaving any measurement
discrepancy to the preparation method itself.

3.3.2. FORCE CURVE ANALYSIS
For an ideal elastic sample, the slope of approach and retraction part does not differ.
However, in the case of the highly porous agglomerates, there is a large hysteresis be-
tween approach and retraction (Fig.3.4 (a)). To investigate the elasticity of porous sam-
ples by AFM, the approach part of the force curve should be analyzed [58]. This is due to
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the complexity of the retraction curve, which includes other phenomena such as strong
short range adhesion forces between the colloid and the agglomerate that lead to defor-
mation of the agglomerate while the cantilever retracts. Moreover, a certain amount of
approach curves (< 33%) show plastic deformations and an inaccurate fit of the Hertz
model (Fig.3.4 (b)); hence, were eliminated from data analysis (see Appendix).

(a) (b)

Figure 3.4: (a) Full force curve of an alumina (Al2O3) sample measured by AFM. The approach part of the curve
is shown in blue and the retraction part, in green. The horizontal axis is the separation between the colloid and
the sample. The hysteresis between the approach and retraction curves, in addition to the multiple peaks on
the retraction curve suggest elastic deformation of the sample. (b) Force versus displacement curve showing
particle rearrangement. Example of a plot not included in the analysis.

The approach part of the force curves obtained from the AFM measurements were
fitted using the Hertz model [64] to calculate the Young’s modulus of each sample (Fig.3.12(a)).
A total of five samples were analyzed, consisting of Al2O3, SiO2, and TiO2 on double
sided tape, TiO2 on a rough surface, and TiO2 pressed on glass. None of the samples
showed measurable long distance adhesion forces towards the colloid; therefore, mod-
els such as DMT, JKR, and MD, which require adhesion for proper fitting, were excluded
(Fig.3.12(c)).

The Hertz model is described by the following equation:

FHer t z = 4

3

E∗

1−ν∗2 R
1
2

T i p (s0 − s)
3
2 (3.1)

where E∗ and ν∗ are the Young’s modulus and Poisson’s ratio of the powder sample,
respectively; RT i p is the radius of the glass colloid, s0 is the colloid-sample contact dis-
tance, and s is the penetration depth. The Hertz model assumes an isotropic and linear
elastic solid sample, non-deformable indenter, no additional interactions between the
indenter and sample, negligible indentation compared to the sample thickness, abso-
lute elastic behavior, and a homogeneous sample [68]. Relative to the soft powder films,
the indenter is considered non-deformable. Furthermore, the approach curves used for
elasticity analysis did not show additional interactions between the colloid and the film.

The calculated Young’s modulus agrees with the hypothesis developed based on the
level of powder manipulation during sample preparation. The moduli of the double
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(a) (b) (c)

Figure 3.5: Hertz fit to the approach part of an experimental force versus displacement curve (a). Hertz contact
model curve in a force versus displacement plot (b). General force versus displacement curve for the DMT, JKR
and MD models, which account for the effect of adhesion (c).

sided tape and rough substrate are in the same order of magnitude, with a slightly wider
distribution for the rough substrate, and a maximum and minimum values similar to
those of the double sided tape. Nonetheless, the pressed on glass sample has a Young’s
modulus more than one order of magnitude higher (Fig.3.6) as a consequence of the
denser film made by pressing. The pressed on glass sample also shows a wider distribu-
tion, which could arise from the loose agglomerates present on the surface (Fig.3.3, B), or
any film defect caused by uneven compression or irregular release behavior. Therefore,
we have selected the double sided tape technique as the most reliable sample prepara-
tion method.

3.3.3. ELASTICITY OF DIFFERENT MATERIALS

The elasticity of the nanopowder depends on the particle packing, size distribution,
shape, surrounding conditions, powder processing, and contact forces. Three common
oxide nanopowders of different material and primary particle size were studied, namely
Al2O3, SiO2, and TiO2. The packing density depends on the size distribution, powder
processing, and particle shape, affecting the space available for particle rearrangement.
Additionally, the interparticle forces are affected by material properties such as the Hamaker
coefficient and surface hydrophobicity. Thus, each of the three powders has an elasticity
which depends on the unique material properties and particle morphology.

The Young’s modulus of the powders was calculated by fitting the Hertz model to 219,
305, and 142 curves for SiO2, Al2O3, and TiO2, respectively. Two of the materials, Al2O3

and TiO2, showed a Young’s modulus within the same range in the order of 100 kPa,
while SiO2 was an order of magnitude lower (Fig.3.7), and with a noticeably narrower
distribution. The low Young’s modulus means that the SiO2 agglomerate layer is easier
to compress. During the measurements, the force applied on the sample by the colloid is
specified; this force is directly proportional to the Hamaker coefficient and elastic defor-
mation of the sample [69]. Since the Hamaker coefficient of silica (SiO2) is about an order
of magnitude smaller than that of Al2O3 and TiO2 [70], a more prominent deformation
was expected and indeed obtained, describing a soft, highly elastic material. Further-
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Figure 3.6: Young’s modulus of TiO2 measured using different sample preparation methods. The double sided
tape and rough substrate preparation methods consist of powder spreading on substrate, and gentle shaking
to remove excess powder. The pressed on glass method squeezes the powder between two flat pieces of glass.
The asterisks are the mean values and the empty circles are the maximum and minimum values. The box
encompasses the second and third quartiles, divided by a line corresponding to the median. The top and
bottom whiskers are the outliers with coefficient 1.5.

more, other factors such as the degree of particle surface roughness and porosity could
contribute to the low Young’s modulus of SiO2, and should be further investigated.

Figure 3.7: Young’s modulus measured for TiO2, SiO2, Al2O3 on double sided tape

As seen from Figure 3.7, the values show a wide distribution. This distribution is typ-
ical for AFM measurements. Even in the case of perfectly flat substrates such as mica
or silicon, AFM values always show wide distribution based on a different number of
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molecules coming into contact at each measurement [44, 58]. However, in the case of
porous agglomerates, the contact scenario shows even more variation between mea-
surements since the sample surface is rather heterogeneous, leading to a wider range of
measured values.

3.3.4. THEORETICAL ELASTICITY
The elasticity of each powder was calculated theoretically using the model of Kendall et
al. (1987). According to Kendall’s model, the effective elasticity of the powder sample
can be estimated from:

E∗ = 17.1φ4
[

E 2Γ

dp

]1/3

(3.2)

where φ is the solid volume fraction, and E , Γ, and dp , the Young’s modulus, work of
adhesion, and diameter of the nanoparticles, respectively. This model was developed for
anisotropic packing of spherical particles into complex structures with different shapes.
All shapes fell into one curve represented by equation (5.1) where the coefficient 17.1 is
found from the fit. The dependence of the effective Young’s modulus on the solid fraction
to the fourth power arises from a square dependence on the shear modulus (G), and a
second one on the coordination number (NCo).

The applicability of the model to highly porous nanoparticle agglomerates was eval-
uated. The coordination number of porous structures with solid fraction between 0 and
0.1 still has a square dependence as estimated from literature [71]. The original expres-
sion to calculate the coordination number is an exponential sum that leads to the Taylor
series NCo = 1.99+0.59φ+11.02φ2−0.02φ3+10.27φ4+O(φ5), which results in a parabola
for smallφ. Additionally, the square influence of the density packing on the modulus de-
scribed for the material with a random distribution of isolated spherical holes [72] could
still apply to highly porous structures with randomly distributed particle chains such as
nanoparticle agglomerates. A Taylor expansion of the original formula reads as:

G =Σ∞
n=1

4 ·3n−1kn
0 µ0φ

n

(3k0 +4µ0)n (3.3)

where k0 is the bulk modulus and µ0 the shear modulus, which can be taken as a
quadratic polynomial for solid fractions in the nanoparticle agglomerate range since
terms with higher degrees lead to values more than two orders of magnitude smaller.
Therefore, we believe that Kendall’s model can be used to estimate the elasticity of struc-
tures with solid fractions lower than 0.1 such as the highly porous nanopowder layers
presented in this work.

For hydrophilic TiO2 (P25), with a solid fraction of 0.03 [73], work of adhesion of 0.8
J/m2 [32, 74], particle diameter of 22 nm (Fig.3.1), and particle elasticity of 234 GPa [75]
we obtain a Young’s modulus of 174 kPa, which is in close agreement with the results
from the AFM. The values used for SiO2 (A130) and Al2O3 (AluC) are shown in Table 6.2,
resulting in Young’s moduli of 10 kPa and 129 kPa, respectively. The work of adhesion
is calculated as twice the surface energy of the material, which is taken from Navrotsky’s
paper [74]. Since the estimation of surface energy depends on the experimental method
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and conditions showing strong variations in literature, the paper of Navrotsky et al. was
chosen as it includes all three powders used in this study. The theoretical and exper-
imental values are compared in Figure 3.8, where the empty circles correspond to the
theoretical values with bars representing the spread arising from the nanoparticle size
distribution; and the solid circles representing the experimental mode with error bars as
the standard deviation for log-normal distribution of the data.

Figure 3.8: Experimental and theoretical values of the Young’s moduli for SiO2, Al2O3, and TiO2 on double
sided tape. Experimental values obtained from AFM measurement (solid circles), and theoretical from equa-
tion(5.1) (empty circles) are shown. Error bars are the standard deviation of the curves used to calculate the
log-normal experimental elasticity, and the standard deviation from the nanoparticle size distribution as esti-
mated from TEM images.

Table 3.2: Values used for the estimation of the effective Young’s modulus

material φa Γ [J/m2]b E [GPa]c dp [nm]
TiO2 - P25 0.03 0.8 234 22±8

Al2O3 - AluC 0.02 5.2 400 8±2
SiO2 - A130 0.02 0.18 70 16±6

a Solid volume fraction [73]
b Nanoparticle work of adhesion [74]
c Nanoparticle Young’s modulus [32, 75]

Kendall’s model can estimate the elasticity of the highly porous sample to the right
order of magnitude, which is known to be extremely challenging. The slight discrepancy
between the theoretical and experimental Young’s modulus values can be attributed to
the partial plasticity of the agglomerates. In all three cases, the experimental value is
lower than the theoretical one since plastic deformation based on aggregate rearrange-
ments during agglomerate compression by the colloid is not accounted for in Kendall’s
model. This plasticity of the system must be too small (compared to the spring constant
of the cantilever) for the experimental equipment and data analysis software to find the
elastic Herzt model unsuited.

The parameters needed to calculate the elasticity for the different sample prepara-
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tion methods are presumably known for the rough substrate and double sided tape, and
assumed to be the same; however, the porosity of the pressed on glass sample is un-
known. A porosity of 91±5% was back-calculated from the Kendall model for the TiO2

pressed on glass sample using the AFM measurements as the effective Young’s modulus
(Fig 3.6). This, means that even after the squeezing step, the pressed powder shows a
highly porous morphology, which from the SEM images (Fig 3.3, C) seems appropriately
described by the estimated value.

Other theoretical models to compute the Young’s modulus were considered [30, 76–
80]. Nevertheless, some of them include fitting parameters that require experimental
data [34–37, 80], which defeats the purpose of the analytical calculation for this study;
and those from Hashin and Hashin-Rosen [30] use as parameters properties of the porous
material that are still unknown due to technical limitations similar to those encountered
for the Young’s modulus [81]. Alternative models listed in Choren et al.’s review [80] that
only depend on agglomerate porosity and Young’s modulus of the nonporous material,
estimate moduli in the gigapascal (GPa) range (see Appendix), more than four orders of
magnitude higher than the experimental values obtained from the AFM.

3.4. CONCLUSIONS
The research presented in this paper describes a method to experimentally determine
the Young’s modulus of structures with porosity higher than 90%. The focus of the study
is on nanoparticle agglomerates, which are a few hundred micrometers in size and very
fragile, formed due to strong attractive interactions among the primary particles. The
experiments are done by AFM on five different samples including three materials (Al2O3,
SiO2, TiO2) using the double sided tape sample preparation method, and three sample
preparation methods (pressed on glass, rough surface, double sided tape) for one of the
nanopowders (TiO2). The results validate the applicability of Kendall et al. model to
predict the elasticity of non-spherical highly porous structures. A more detailed analysis
on the extrapolation of Kendall’s model to low solid fractions and/or irregularly shaped
particles will lead to a better understanding of the solid fraction’s effect on the effective
elasticity of porous structures. The proposed experimental technique can be used for
validation of current or future models.
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APPENDIX 3.A
CANTILEVER WITH COLLOID

Figure 3.9: SEM images of used cantilevers. From left to right, on rough substrate, double sided tape, and
pressed on glass, respectively. The cantilevers were bought from sQube (CP-FM-SiO-B) with a glass colloid of
3.5 µm in diameter attached to it.
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(a)

(b)

(c)

(d)

(e)

Figure 3.10: Hertz model fitting of multiple force curves obtained from AFM measurements of titania-TiO2
(a-b), alumina-Al2O3 (c-d), and silica-SiO2 (e) samples on double-sided-tape.
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(a)

(b)

(c)

Figure 3.11: Example of curves not considered for measurement, but saved for further analysis of the nanopow-
der film morphology. Curves show particle rearrangement, not suitable for Hertz fitting.
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Figure 3.12: Comparison of models that estimate the elasticity of porous structures based on porosity, without
fitting parameters. Properties of TiO2 (P25) were used for the calculations.





4
ENTRAINMENT OF NANOSIZED

CLUSTERS FROM A NANOPOWDER

FLUIDIZED BED

The release of nanosized particles from fluidized beds of ceramic oxide nanopowders,
namely TiO2 (P25), Al2O3 (AluC) and SiO2 (A130) has been assessed for the first time.
Previous models and experiments for processing engineered nanoparticles (ENP) using
fluidized beds reported only the formation of micron-sized cluster agglomerates in the
gas phase. In this work, aerosol spectrometry techniques such as scanning mobility par-
ticle sizing (SMPS) and optical particle counting (OPC) have been combined with pow-
der technologies, such as the borescope high-speed camera system, to determine the
particle size distribution from 5 nm to 1 mm above a fluidized bed. Furthermore, the
morphology of nanoparticulate aerosol at different locations in the bed was determined
by offline electron microscopy. The results demonstrate that free nano and micron-sized
particles are released in significant quantities from fluidized beds. The structures found
above the bed are also expected to be present within fluidized beds. These findings urge
a revision of existing nanoparticle fluidization models, and ask for improved safety and
control measures in reactors for gas-phase ENP processing to avoid or reduce nanopar-
ticle release.

Parts of this chapter have been published in 000, 000 (2016) [].
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4.1. INTRODUCTION
Nanoscale products continue to grow in number and variety, covering a wide array of
applications in the latter years [2–10], including polymer composites, energy harvest-
ing, catalysis, textiles, medicine, and sensors, to name a few. Worldwide revenue from
nano-enabled products increased from $339 billion in 2012 to $731 billion in 2015, and
is estimated to exceed the $1 trillion mark in 2018 [11].

In terms of nanomaterial processing, engineered nanoparticles (ENPs) have been
produced in both liquid and gas phase usually at small scale, and in principle with a re-
duced impact in human health or the environment [12–14]. However, since the demand
for nanomaterials continues to increase at an outstanding pace driven by the number
of applications, advanced scaled up processes for the production of these ENP become
essential [15, 16]. In this scenario, gas phase processing is a promising tool, capable of
large throughput that take advantage of fast kinetics at high temperatures [17–19]. Gas
phase processes are able to generate ENP-loaded gas streams at high concentrations, of-
ten over 106 p/cm3, which are eventually collected using filters or wet scrubbers [20, 21].
Yet, together with large yield capabilities, gas-phase methods have shown to be liable to
produce by-side ENP aerosols during handling, reactor loading, or maintenance opera-
tions [22–24]. This has caused concern given the potentially hazardous characteristics
of ENP aerosols for human health [25, 26] and the natural environment [27, 28].

Fluidized bed processing of nanoscale materials is an emerging alternative of huge
potential for gas phase processing, in view of advantages such as no solvent waste, clean
particle surface, potential scalability, large gas-solid contact area, and suitability for con-
tinuous processing [29–31]. However, regarding nanoparticle emission, it has been gen-
erally assumed that nanoparticles fluidize as micron-sized clusters called agglomerates,
due to strong van der Waals forces, capillary bridges, electrostatic interactions [32] and
hydrogen bond formation [33, 34]; thus, with little or no free nanostructure content.
Different gas-solid interactions have been identified during fluidization of nano-sized
solid powders beyond the conventional Geldart’s classification [35]. Initially, uniform
non-bubbling low-density agglomerate particle fluidization (APF) was observed upon
increasing fluidization velocity to produce an enhanced high solid-fluid contact, lead-
ing to particles with homogeneous size distributions [36, 37]. Non-uniform agglomerate
bubbling fluidization (ABF) has been identified when increasing the fluidization veloc-
ity even more, which is described by plugs, channeling, and a bubble-bursting splash
zone in the fluidized bed [37, 38]. The dynamics of each type of fluidization vary, af-
fecting the morphology and size of the fluidized nanoparticle agglomerates. It has been
shown that agglomerate size can be determined from interparticle forces, which depend
on the properties of the nanopowders, bed geometry, and fluidization gas, along with the
processing time. The mean fluidized agglomerate size is commonly predicted by force
and energy balances [39, 40], or from the pressure drop and bed expansion using the
Richardson-Zaki equation [40] giving values only in the micrometer range.

As explained previously, the presence of nano-sized particulate matter in the gas-
phase has been generally ignored. Certain experiments visualizing complex fluidized
agglomerates using a high-speed camera have been performed [40–42]; however, the
camera resolution, which goes down to a couple micrometers per pixel, did not allow
the detection of smaller structures. To the best of our knowledge, in situ measurements
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of the size distribution in or above fluidized beds going through the whole nano to mi-
cron size range have not been done before. For the first time, the present work quanti-
tatively analyzes the particle size distribution within and above the fluidized bed in the
so-called freeboard region. To this end, three different nanoparticulate beds were de-
signed using SiO2, which shows an APF behavior, and TiO2 and Al2O3, which exhibit ABF
behavior [43]. The particle size distribution was determined using aerosol spectroscopy
techniques, namely scanning mobility particle sizing (SMPS) and optical particle count-
ing (OPC) for online monitoring of airborne matter in the range from 5 nm to 20 µm. For
sizes above 20 µm, an in situ visualization technique involving a borescope and high-
speed camera was employed [44, 45]. Finally, the morphology and agglomeration state
of the nanopowders during fluidization was analyzed using electron microscopy tech-
niques on samples captured both within and over the fluidized bed. Results have been
expressed in terms of the variation of the size distributions of nano and micron-sized
particles in the freeboard at different vertical positions, as well as a function of the flu-
idization time for the three oxide nanopowders. The results are crucial to understand
fluidization at the nanoscale, and to raise consciousness on the generation of nanopar-
ticulate aerosols during fluidized bed processing of nanoscale matter.

4.2. EXPERIMENTAL SECTION

4.2.1. POWDER CHARACTERIZATION

Hydrophilic Al2O3 (AluC), SiO2 (A130) and TiO2 (P25) were supplied by Evonik (see Ap-
pendix 4.A for details on material specifications). Nanoparticle sizes were determined
using TEM, counting over 250 particles per sample with the open-source software Im-
ageJ. Due to the production method, most nanoparticles were found to be sintered form-
ing open-chain aggregates of a few hundreds nanometers. While in storage, aggregates
form larger clusters called agglomerates that can restrain powder fluidization [46]. To
avoid this, all powders were sieved to remove particles over 450 µm before every experi-
ment.

4.2.2. EXPERIMENTAL SET UP

A glass column with a 45 x 45 mm square cross-sectional area and height of 150 mm (see
Figure 4.1) was designed for nanoparticle fluidization. One of the sidewalls had seven
evenly distributed 6-mm measuring ports. Nanopowders were fluidized with pure dry
N2 at 0.074 m/s entering from the bottom through a porous distributor plate. In order
to keep a constant bed expansion and overall particle concentration at the measuring
ports for every experiment, 1.2 g of SiO2, 0.5 g of Al2O3, and 2 g of TiO2 were alterna-
tively placed in the column providing initial bed heights of 30 mm, 10 mm, and 20 mm,
respectively. Finally, the gas leaving the fluidization column was passed through a water
bubbler and HEPA filter to retain any entrained powder.

The concentration and particle size distribution in the range from 5 to 500 nm of
the powder suspended in the freeboard was measured with a NanoParticle Spectrome-
ter (NPS, Nano-IDTM NPS500, Particle Measuring Systems, Boulder CO) at a sample flow
rate of 0.2 l/min. Particle concentration and size distribution in the freeboard within the
range 300 nm - 20 µm were quantified by an optical particle counter (OPC, model #1.108
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Grimm Aerosol Technik, Ainring, Germany) at a flow rate of 1.2 l/min. Aerosol sampling
from the freeboard using NPS and OPC was performed through the top four openings
(H7-H4) with a 400-mm flexible conducting pipe with inner diameter of 6.35 mm (1/4”),
kept as straight as possible to prevent morphological alteration of the structures dur-
ing sampling (Figure 4.1). The equipment and pipes were frequently cleaned to prevent
clogging.

Figure 4.1: Schematic representation of the experimental set up. Sieved nanopowder is placed in the column.
Gas is introduced through the bottom of the column suspending the powder, which is sampled through the
wall openings and measured by aerosol spectrometers (NPS and OPC), or recorded using the settling tube
technique with the borescope and high speed camera system. The measurement order and timing used for
the OPC are shown on the left side of the figure.

Agglomerates and particles with sizes above 20 µm were analyzed using the settling
tube technique [44]. This in situ method consists of a small rectangular black box placed
within the fluidized bed at a set position. The settling tube has a 1×2-mm rectangular
inlet at the top to catch falling fluidized powder, and two circular openings on the side,
one on top for the borescope-camera recording system and one at the bottom for a sec-
ondary gas flow to empty the tube before the recordings (Figure 4.1). Videos were taken
at 800 fps through a 4-mm circular window. The videos were analyzed using an in-home
Matlab code that recognizes, tracks, and filters the recorded agglomerates.

To test particle size distributions at different heights and times with the NPS and
OPC, the sampling pipe was periodically shifted upwards and downwards among the
top four height positions (H4 to H7) (see Figure 4.1). Due to the homogeneous fluidiza-
tion of SiO2, the sampling ports were within the fluidized bed, whereas for Al2O3 and
TiO2 they were right above the bed; and therefore, the freeboard was sampled. Consecu-
tive experiments of 120 and 45 min were done with each powder at every sampling port
while extracting samples with the NPS and OPC during fluidization. The settling tube
technique was only used for time studies and it was therefore placed at the same height
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(H4). Videos were taken right at the start of fluidization and after every 10 min until
reaching 1 h.

4.2.3. MICROSCOPY ANALYSIS
Aerosol samples in the freeboard were collected for both SEM and TEM analysis of the
micron and nanostructures produced upon fluidization. Two sampling techniques were
alternatively used for obtaining SEM specimens. One of the procedures consisted in
extracting the aerosol phase from the freeboard at 1.2 l/min for 15 s through a 50-nm
mesh cellulose ester filter (model VMWP04700, Merck-Millipore, Billerica MA) placed
inside a stainless steel in-line 47-mm filter holder (model 16254, Sartorius, Göttingen,
Germany). The second procedure involved a double-sided carbon tape attached to a
microscope glass slide that was directly exposed to the H5 sampling port for 5 s at 5 mm
from the opening. Finally, TEM samples were taken on lacey copper grids located in a
stainless steel aerosol mini-sampler designed at the University of Zaragoza [23, 47] at 1.2
l/min for 5 s (see Appendix).

4.3. RESULTS AND DISCUSSION

4.3.1. POWDER CHARACTERIZATION
The fluidization of nanoparticles started with a powder splash as the gas flow rate in-
creased to the desired value, expelling visible particles of about hundreds of microme-
ters that slowly fell back to the bed. The height effect on the powder concentration and
size distribution in the freeboard was minimal. The size distribution trend in the aerosol
phase was similar for all three powders and heights. Furthermore, the total amount of
particles encountered throughout the multiple vertical levels was generally in the same
order of magnitude (see Table 4.1). Since approximately the same size distribution and
overall particle count for nano and micron-sized structures were found among H4, H5,
H6 and H7, it could be concluded that there was close to uniform particle distribution
within the studied volume. The geometric mean diameter (GMD) calculated by the NPS
(5 to 500 nm) was also consistent among the four heights tested, with average values of
55±2 nm for TiO2, 40±2 nm for Al2O3, and 125±2 nm for SiO2. The OPC measurements
also showed consistent particle concentration among the different freeboard heights in
the micro range (0.3 to 20 µm).

Table 4.1: Total aerosol concentration (# L−1)×106 and geometric mean diameter of structures in the 5 to 500
nm size range present at the different freeboard heights for all powders as obtained directly from the NPS.

Concentration (# L−1)×106

H7 H6 H5 H4 GMD (nm)
P25 6.4 7.7 9.3 7.8 54.7 ± 1.9

AluC 3.5 4.4 3.6 3.2 40.4 ± 1.7
A130 4.7 3.6 3.1 3.3 125.0 ± 1.8

For TiO2 and Al2O3, the particle concentration detected by the OPC was always in
the order of millions, similar to that found by the NPS. However, the size range covered
by the OPC is about 40 times wider than that of the NPS, meaning that freeboard aerosol
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particles in the nano range significantly outnumbered those in the micro range. The
case was more remarkable for SiO2 since aerosol concentration of micron-sized particles
was even one order of magnitude smaller than that in the size range from 5 to 500 nm.
Data from the OPC displayed peculiar, but consistent, particle size distribution profiles,
showing that main particle contributions occurred for sizes smaller than 2µm. For larger
particle sizes, all powders showed a peak at about 6µm, slightly more noticeable for TiO2

(Figure 4.2).

Figure 4.2: Aerosol particle size distributions of the fluidized nanopowder measured after reaching the steady
state. Measurements were obtained from the OPC and normalized by the total number of particles per micron.

Regarding the fluidization time, every material showed different behaviors while at-
taining the steady state. TiO2 was the most consistent on particle concentration over
time, dropping to 1/4 of the original amount after 120 min. The concentration of Al2O3

and SiO2 particles rapidly dropped after 30 min to less than 1/5, reaching an amount
of less than 1/10 of the initial concentration after 120 min (Figure 4.3). During the ex-
periments, the non-uniform agglomerate bubbling fluidization (ABF) behavior of TiO2

was obvious, with a few visible particles above the splash zone. Even though Al2O3 also
showed the ABF behavior, a more uniform fluidization with fewer bubbles than with TiO2

was detected. As the only APF powder studied, SiO2 showed an homogeneous fluidiza-
tion with a barely perceptible density gradient along the bed. At the end of the experi-
ments, a significant quantity of Al2O3 and SiO2 was lost by elutriation upon fluidization,
showing over 30% of mass loss, causing the dramatic drop of the particle count. Ad-
ditionally, only the agglomerate size distribution of TiO2 changed as it approached the



4.3. RESULTS AND DISCUSSION 57

steady state, losing the peak at 6 µm (Figure 4.3).

Figure 4.3: Particle size distributions in the freeboard of (a) TiO2 and (b) Al2O3, and in the fluidized bed of (c)
SiO2 after 15 min and 120 min. The particle concentration of Al2O3 and SiO2 decreased to 1/10, while that of
TiO2 decreased to 10/13. Main aerosol solid concentrations were in the order of 105 part/l for TiO2 and Al2O3,
and of 104 part/l for SiO2

Electron microscopy analysis confirmed the particle size distributions found with
NPS and OPC. Indeed, TEM images showed highly-porous nanoparticle clusters in the
nano range for all the powders in agreement with the aerosol measuring data. The in-
dividual clusters were distinguishable from the images (Figure 4.4 (a-c)), though higher
magnification showed chains of only a few nanoparticles connecting some of the clus-
ters, raising questions about agglomerate recognition as one or two for such a scenario.
SEM images of the filters showed the loose arrangement of the chain-like aggregates into
larger structures. The filters had a predominant concentration of agglomerates smaller
than 10 µm, with detached nanostructures spread on the surface, which could be frag-
ments of the larger bodies or structures extracted directly form the bed (Figure 4.4 (d-f)).
Carbon tape samples of TiO2 showed a larger amount of complex agglomerates around
100 µm in size compared to the other powders, and these agglomerates were highly
porous, formed by simple agglomerates of less than 20 µm (Figure 4.4 (g)).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.4: TEM (a-c) and SEM (d-i) pictures of fluidized agglomerates captured on (a-c) a copper grid, (d-f)
filter, or (g-i) carbon tape. a) P25 sample with clusters smaller than 1 µm. b) AluC cluster of 550 nm. c) A130
micron size agglomerates connected by a chain of primary particles. d-e) A130 fluffy agglomerates attached
to the filter. f) AluC sample of <1 µm clusters grasped by the filter. g) P25 complex agglomerates formed
and decorated by simple agglomerates. h) AluC fluidized powder sample showing a complex agglomerate
surrounded by simple agglomerates. i) A130 sample with fluidized structures of no more than 40 µm each.

Image analysis of the TiO2 filter samples revealed an agglomerate size distribution
with peaks roughly at 1 µm, 6 µm and 8 µm (Figure 4.5). The images from the Al2O3

carbon tape samples showed a relatively large number of small agglomerates and a few
complex agglomerates built by clusters under 10 µm. In the case of Al2O3, the size distri-
bution showed peaks at 2 µm, 6 µm and 8 µm. Finally, image analysis of collected SiO2

particles showed agglomerates under 50 µm with main peaks at 2 µm and 5 µm, which
agree with the values from the OPC, and smaller contributions at 8 µm, 12 µm and 17
µm. Images of TiO2 and Al2O3 showed most of the complex agglomerates fractured,
broken or even disintegrated on the carbon tape and cellulose ester filter.
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Figure 4.5: Agglomerate size distributions of TiO2 (a), Al2O3 (b) and SiO2 (c) from the tape and filter samples
analyzed by SEM imaging (N = 442, 1000 and 745 for TiO2, Al2O3 and SiO2, respectively).

Large agglomerates (above 20 µm) in the TiO2 bed were measured using the settling
tube technique, showing that the average size remained within the same order of mag-
nitude with time, while the size distribution narrowed down after 10 min of fluidization
(Figure 4.6). The steady state was reached in about 15 min with an average agglomerate
size of 115±4 µm from a total of 886 agglomerates analyzed.

Figure 4.6: Time behavior of fluidized P25 nanopowder. Data gathered from in situ visualization of fluidized
agglomerates in the size range of 20-1000 µm. Inset of SEM image of a P25 fluidized nanopowder sample on
carbon tape. The asterisks are the mean values and the empty circles are the maximum and minimum values.
The box encompasses the second and third quartiles, divided by a line corresponding to the median. The top
and bottom whiskers are the outliers within 1.5 interquartile range.

The combination of aerosol and powder technology methods served to show the
whole particle size distributions within or above a fluidized bed of nanopowder. There
was a noticeable per count dominance of clusters below 10 µm (Figure 4.7, top), even
though most of the primary particles were found in agglomerates larger than 50 µm as
seen in the mass contribution plot (Figure 4.7, bottom). It should be noted that mass
contribution was calculated assuming spherical agglomerates with 98% porosity built
by spherical nanoparticles with sizes obtained from TEM image analysis. The transient
behavior of the powder showed an increase on the number of small structures with a re-
markable decrease on the large agglomerates (above 50 µm). Agglomerates below 20 µm
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were still found after an hour of fluidization, whereas the amount of complex agglomer-
ates decreased significantly, leaving only those between 80 µm and 150 µm.

Figure 4.7: Full range size distributions in terms of particle counts (top graph) and mass concentration (bottom
graph) of fluidized TiO2, Al2O3 and SiO2 nanopowders obtained by the combination of NPS, OPC and settling
tube methods. For the settling tube, a particle in-flow of 0.5 cm/s was assumed for calculating the particle
concentration (in part/l) together with the inlet size and recording time.

Results showed that fluidization produces a high amount of nanoparticle clusters
with sizes from nanometers to several microns, along with lower concentrations of larger
agglomerates. Furthermore, it was also found that a significant amount of powder is lost
during fluidization. The considerable decrease on particle number concentration with
fluidization time could be connected to the low Stokes number1 for soft clusters. Estima-
tion of the Stokes number for nanoparticle clusters with sizes between 20 nm and 30 µm
came to 4·10−10 and 9·10−4, respectively, low enough for particles to follow the gas tra-
jectory out of the column. Nonetheless, the decrease in particle count did not affect the
size distribution. All nanopowders showed a stable particle size distribution in the range
from 5 nm to 20 µm, which could be ascribed to a steady generation of nanosized struc-
tures in the bed. It should be noted that continuous generation of nanostructures in the
freeboard with preset sizes might be attributed to the production method and powder
storage conditions. Assuming the formation of soft agglomerates during fluidization,

1Stokes Number (Sk) is a dimensionless parameter that describes a particle’s trajectory in a particular fluid
flow, and is estimated from the ratio of the relaxation time of the particle (τ) to the characteristic time of the
flow as d/u0, where d is the dimension of the obstacle and u0, the fluid velocity: Sk= τu0

d



4.4. CONCLUSIONS 61

their continuous collisions could lead to smaller fragments with the size distributions
measured in this work.

Knowing that there is a continuous entrainment of nanosized structures out of the
fluidized bed along with soft agglomerates have important consequences regarding the
design of gas-phase fluidized bed reactors. The significant mass loss and size-scale of the
lost matter require the implementation of adequate safeguards for gas-phase nanopar-
ticle processing methods to trap the entrained material. Furthermore, the proposed ex-
perimental scheme to determine the particle size distribution and concentration of flu-
idized nanoparticulate beds could be applied to validate models, which in turn might
improve the accuracy of predicting agglomerate population balances, formation mech-
anisms, and nanopowder processing efficiency by fluidization, which are of interest to
industry and studies on the environmental impact of nanoparticle aerosols [48, 49].

4.4. CONCLUSIONS
The fluidization of TiO2, Al2O3 and SiO2 nanopowders showed the entrainment of nanos-
tructures out of the freeboard, along with the expected micron sized agglomerates. All
powders required a starting period of about 15 min to reach a pseudo-steady fluidiza-
tion state. Particle number concentration and size distribution of the nanostructures
showed to be constant along the freeboard height for all the tested nanopowders. The
increase in fluidization time showed however a significant drop on the particle number
concentration, while keeping stable particle size distribution patterns. At all times and
heights, nano-sized particulate matter was overwhelmingly dominant in terms of the
total number of particles, while micron-size agglomerates were still the main contribu-
tors to the total mass observed in the studied volume. The understanding of nanopow-
der fluidization has been brought forward by elucidating the transient behavior of flu-
idized nanopowder, and showing the presence of nanostructures as independent flu-
idized bodies.
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APPENDIX 4.A
MATERIAL SPECIFICATIONS

Table 4.2: Properties of the nanoparticles as provided by the manufacturer.

Powder ρp (kg m−3) dp (nm)
TiO2 P25 4000 21

Al2O3 AluC 3600 13
SiO2 A130 2200 16

The size distribution of all powders was determined from TEM images analyzed with
the open source software ImageJ. The mean primary particle sizes measured were 22 ±
7 nm, 8 ± 2 nm, and 16 ± 7 nm for P25, AluC, and A130, respectively (Figure 4.8). The
discrepancy in the size of AluC particles with respect to nominal values given by the
supplier could be attributed to the particle overlap or partial sintering seen on the TEM
images. Additionally, industry use the gas absorption-desorption method for particle
sizing, which most likely results in different values than image analysis.

Figure 4.8: Primary particle size distribution of titania (P25), alumina (AluC), and silica (A130) nanopowders.
Values were obtained from TEM images analyzed by the open source software ImageJ.

AEROSOL MEASURING DEVICES

The NPS (Nano-IDTMNPS500, Particle Measuring Systems) is a high resolution conden-
sation particle counter with 64 channels/decade, has a sensitivity of 10 nm with a sample
flow rate of 0.2 L min−1 and the lowest zero-count specification in the industry. The OPC
(OPC, model #1.108 Grimm Technik) has 15 channels for particle count in a sample flow
of 1.2 L min−1, able to measure up to 2 million particles per liter with a sensitivity of 2%.
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MICROSCOPE ANALYSIS SAMPLING METHOD
Three different methods were used to capture samples from the fluidized bed for TEM
and SEM imaging.

(a) (b) (c)

Figure 4.9: a) 50 nm mesh filter, b) Double sided carbon tape, and c) copper grid holders for airborne particles
capture. The filter and carbon tape are used for SEM analysis, and the copper grid for TEM imaging. The
arrows show the flow direction from the fluidized bed sampling port.



5
CHARACTERIZATION OF THE

STRATIFIED MORPHOLOGY OF

NANOPARTICLE AGGLOMERATES

Nanoparticles surrounded by gas agglomerate in a hierarchical fashion. From produc-
tion until powder processing in the gas phase, nanoparticles go from individual parti-
cles to aggregates, simple agglomerates, and complex agglomerates. Even though the
structures at each level have unique properties, they are commonly assessed as a whole.
Additionally, the effect of external factors on the morphology of these structures during
gas processing is not well understood, and challenging to study due to the limited tech-
niques for in situ analysis of the dynamic phenomenon. Here, we study three materials
in their hydrophobic and hydrophilic version. We describe the structural characteristics
of each hierarchical level of complex agglomerate formation obtained from two in situ
techniques. The first scale, namely aggregates, are open structures with a fractal dimen-
sion of about 1.5, which then form simple agglomerates with a fractal dimension close to
3, that later cluster into complex agglomerates that present a fractal dimension of about
2. Furthermore, gas dynamics were found to densify the simple agglomerates increasing
their fractal dimension by more than 0.1.

Published as: A. Fabre, T. Steur, W. G. Bouwman, M. T. Kreutzer, J. R. van Ommen. Characterization of the
stratified morphology of nanoparticle agglomerates. Journal of Physical Chemistry C, 000:00 – 00, 2016 [].
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AGGLOMERATES

5.1. INTRODUCTION
Nanoparticle agglomeration is of tremendous importance in medicine, energy storage,
catalysis, consumer products, etc [2]. This process develops in a stepwise fashion, where
the structures formed at each step have unique properties and thus, react differently
to the mechanical interactions they are exposed to [3–5]. This paper presents under-
lying morphological differences among the nanoparticle clusters generated throughout
the agglomeration process, and the effect of external factors during powder processing;
more specifically, during nanopowder suspension in an upward gas flow (i.e. fluidiza-
tion).

Nanoparticles are of great interest in academia and industry due to their unique
properties which make them suitable for applications such as in textiles, electronics,
medicine, and renewable energy [4, 6–12]. Some of these applications require the adap-
tation of the nanoparticles to the desired function [13]. Due to its potential scalability
and large gas-solid contact area, fluidization is commonly used for nanoparticle pro-
cessing [3, 9, 14–18]. Nonetheless, particles at this scale fluidize as clusters due to the
relatively strong adhesion forces [4, 19–26], a behavior that could hamper characteristics
of the individual particles.

Nanoparticle agglomeration is a hierarchical process [3, 4]. During particle produc-
tion at high temperatures, nanoparticles come into contact and form chain-like struc-
tures of a few hundreds of nanometers called aggregates, connected by solid necks and
assumed to be very hard, if not impossible to break [5, 27, 28]. While stored, these ag-
gregates form highly porous clusters named simple aggregates, which can reach tens
of micrometers in size. The stored nanopowder is then processed in a fluidized bed,
where it creates complex agglomerates from the simple agglomerates already present.
As a stepwise growth, each of the three structures have unique properties.

The nanoparticle cluster is commonly characterized by its fractal-like structure [4,
19, 29–34]. The Np number of monodisperse particles with size dp forming a mass fractal
cluster of size da scales to the power of the ratio da/dp according to

Np = kn

(
da

dp

)D f

(5.1)

which in terms of density translates to

ρa = ρp kn

(
da

dp

)D f −3

(5.2)

where ρa is the cluster density,ρp is the particle density, kn is a prefactor, and D f

is the mass fractal dimension [35]. The prefactor is used to give physical meaning to
the expression at the limits of the single nanoparticle and extremely large clusters. The
mass fractal dimension gives information on the nanoparticle distribution within the
structure, which is a key feature to consider when studying cluster morphology.

The agglomerate morphology can be affected by external factors such as the fluidiz-
ing gas or collisions with other solids [8, 19, 36]. Studying the structure of the fluidized
agglomerates in situ is quite challenging. Visualization of fluidized agglomerates has
been achieved before [8, 9, 14, 37, 38]. Nonetheless, it should be noted that visual anal-
ysis is always difficult since the data consists of 2D images of 3D objects. Moreover, all
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camera-based techniques are limited by the maximum resolution of the image. Other
techniques such as γ-rays adsorption densitometry have been used to study the flu-
idized bed [15]; however, the detailed morphology of the fluidized structures could not
be determined from this method.

Previously, de Martin et al. [31] described the morphology of the multiple agglom-
erate scales of static SiO2 (R812) and TiO2 (P25), and fluidized TiO2 (P25). Titania P25
consists of hydrophilic 21 nm primary particles that fluidize with channels and bubbles.
Since only one nanopowder was analyzed in the fluidized state, the applicability of the
results to a wider range of powders was open to debate. Since the inherent morphology
of the agglomerate depends on the properties of the primary particles, which include
material and surface characteristics such as the presence of hydroxide groups [4, 26],
data analysis of a single powder sample suggested interpretations that required further
research.

Here, an in situ study of the morphology of the structures at the different agglomer-
ation levels of six metal oxide nanopowders is presented. We compare the static and flu-
idized states to find the scale at which the fluidization dynamics modify the morphology
of the agglomerates, which presumably should not reach the strong aggregates. More-
over, a preliminary comparison between hydrophobic and hydrophilic powders is made
since the presence of hydroxide groups can strengthen the clusters via hydrogen bonds;
hence, enhancing their resistance to morphological changes. This study determines
the static and dynamic fractal dimension of nanoparticle aggregates, simple agglom-
erates, and complex agglomerates using the spin-echo small-angle neutron scattering
(SESANS) [31, 39, 40] technique for the first two scales, and the settling tube technique
[35, 41] for the third one.

5.2. METHODS

5.2.1. MATERIALS

Hydrophilic (P) and hydrophobic (A) versions of TiO2, Al2O3, SiO2 commercial nanop-
wders from Evonik are used in this work; the same set as in previous studies [26, 42].
The specifications given by the provider are shown in Table 6.1. All six powders were flu-
idized and studied with the settling tube technique. However, only titania and alumina
were studied with SESANS since experiments on silica were limited by the fluidization
dynamics of the powder making it adhere to the walls giving erroneous measurements.

Table 5.1: Properties of the fluidized nanopowders. The particle density and size are provided by the manufac-
turer.

Powder Commercial name Surface ρp (kg/m3) dp (nm)
TiO2-P P25 hydrophilic 4000 21
TiO2-A T805 hydrophobic 4000 21

Al2O3-P AluC hydrophilic 3600 13
Al2O3-A AluC805 hydrophobic 3600 13
SiO2-P A130 hydrophilic 2200 16
SiO2-A R972 hydrophobic 2200 16
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Previous to fluidization, all powders were sieved to remove agglomerates larger than
400 µm in size to improve fluidization [9]. The powders were fluidized within the next 24
hours after sieving to prevent further formation of large clusters. The measurements
with SESANS and the settling tube were made once the fluidized bed had reached a
pseudo-steady state with minimal height fluctuations.

5.2.2. SESANS

The properties of the nanoparticle aggregates and simple agglomerates were studied in
situ by the spin-echo small-angle neutron scattering (SESANS) technique which covers
the size range from 5nm to 20µm [39]. The time required for each experiment varied be-
tween 1 and 5 hours. The measurements are obtained from the polarization of a neutron
beam which passes through a precession device with tilted interface before crossing the
sample, and through a second precession device with opposite magnetic field direction
after the sample, before reaching the detector [31, 39].

The setup for SESANS consists of a fluidization column made by a single piece of
quartz with a 30×25 mm rectangular cross-section. The rectangular area was chosen to
ensure that the whole neutron beam would travel through the sample exactly the same
distance (Fig.5.1). The area of the beam is 16×10 mm with a wavelength of 0.203±0.001
nm. The size of the column was determined from preliminary measurements on neu-
tron depolarization of the different nanopowders using cuvettes. The distance traveled
by the beam through the sample affects the level of neutron depolarization, and the opti-
mum sample depth depends on the material properties; thus, varies among the powders
used. From the cuvette experiments it was determined that all powders required a sam-
ple thickness of 30 mm, with the exception of hydrophobic TiO2-A, which needed 25
mm.

Neutron beam  Electromagnets   Sample   Electromagnets      Detector 

  Guided field 
Polarizer Analyzer 

Figure 5.1: Schematic of the SESANS setup. Main parts are labeled with the neutron beam going from left to
right, passing through the sample placed at the middle of the beam trajectory.

The column had distributor plates at the top and bottom; the bottom one to spread
the fluidizing gas, and the top one to prevent particle loss. After sieving, the powders
were placed inside the column to a height of 6±1 cm, enough to guarantee full sample
coverage of the neutron beam. The powders were fluidized at 4.5 cm/s-8.3 cm/s with N2

gas for about 5 hours. Measurements were taken before, during, and in some cases, after
fluidization for TiO2-P, TiO2-A, Al2O3-P, and Al2O3-A powders.
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5.2.3. SETTLING TUBE

The settling tube setup comprises a 45×45 mm cross-sectional area quartz column, 15
cm high, with a distributor plate at the bottom, and a bubbler and HEPA filter attached
to the top to trap any entrained nanopowder. One of the column’s side walls has two
openings for the connections of the settling tube. This settling tube is a black box with
dimensions 10×6×30 mm, an opening at the top to catch the falling agglomerates, and
two side openings for the borescope-high-speed camera system and the flushing gas
that empties the box before each experiment (Fig.5.2). A rigid Olympus (R040-021-000-
60 S5) borescope and a high-speed Phantom v9.1 camera are used for in situ fluidized
agglomerate visualization [35, 41] in the range of 30 µm to 1 mm.

Figure 5.2: Settling tube with the agglomerate inlet at the top, and the borescope and flushing gas inlet on the
side. A sample image of the recorded fluidized agglomerates is shown.

All six nanopowders were analyzed with the settling tube technique. The nanopow-
ders were fluidized with N2 at 0.13 m/s after being sieved to remove structures larger
than 400 µm. The recordings were taken 15 minutes after fluidization, once the bed
height was steady.

5.3. DATA ANALYSIS

The data obtained from SESANS is the polarization (P ) as a function of the spin-echo
length (z) (Fig.5.3). The spin-echo length covers the range of 5 nm-20 µm. The relation
between polarization and spin-echo length is characterized by the correlation function,
which describes the density of the sample.
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(a) (b)

Figure 5.3: Sample plots of static Al2O3-P (a) and fluidized TiO2-P (b) obtained from SESANS. Polarization is
normalized by that of an empty container (P0). The best fit from equation 5.8 is shown as a red line. The first
and second fractal dimensions (D f 1 and D f 2, respectively), and transition size (rc1) obtained from each plot
are presented.

Since SESANS does not give straight forward information about the sample proper-
ties, thorough data processing and qualitative understanding of the sample morphol-
ogy are necessary.The solid fraction of the fluidized samples was determined from the
voidage of the static powder, and transmission values from the empty column and flu-
idized bed from the following equation:

T = AeB(1−φ f ) (5.3)

where T is the SESANS transmission of the sample, A is the transmission of the empty
column, B is the voidage of the static samples estimated as B = 1−ρb/ρp , and φ f is he
solid fraction of the fluidized powder.

To relate the experimental data to the sample properties, a theoretical polarization
based on known fluidization conditions and powder properties is evaluated, compared,
and reiterated until agreeing with the experimental polarization. The estimation of the
theoretical polarization requires knowledge on the density-density correlation function
for the sample, the projection of the density-density correlation function in the form of
an Abel transform, and the solid fraction of the sample. A detailed description of the
SESANS data analysis can be found in the publications by de Martin et al.[31, 43] and
Andersson et al.[40, 44].

The density-density correlation function for a bifractal system is described as:

γ∝
(

r

rp
+1

)D f ,1−3

r < rc1 (5.4)

γ∝
( r

a
+1

)D f ,2−3
e−

r
ξ r > rc1 (5.5)

Where rc1 is a characteristic length scale indicating the transition from one density-
density correlation function to the other, and not a radius. The correlation length of the
density distribution ξ is equal to the width of the distribution, which means that:
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ξ= 2
∫ ∞

z
γ(r )dr (5.6)

By an Abel transform, the projection of the density-density correlation function reads
as follows:

G(z) = 2

ξ

∫ ∞

z

γ(r )rp
r 2 − z2

dr (5.7)

To analyze the data extracted from SESANS, a theoretical polarization of the neutrons
is estimated and compared to the experimental values for optimization of the initial pa-
rameters (D f 1, D f 2, and rc1). The expression for the theoretical polarization is:

P (z) = e
∑

t (G(z)−1) (5.8)

where Σt depends on the sample thickness t , neutron wavelength λ, neutron scat-
tering length density difference in the sample ∆ρ0, correlation length of the density dis-
tribution ξ, solid fraction φ1, and void fraction φ2 as shown below:

Σt = tλ2∆ρ2
0φ1φ2ξ (5.9)

Once all the values are calculated, the error between the theoretical and experimen-
tal polarizations is evaluated. If the error does not meet the threshold, the loop of calcu-
lation is restarted with new values. In this manner, the fractal dimension and transition
size for the first and second scales can be obtained from the SESANS measurements.

Video analysis of the settling tube experiments is done using in-house MATLAB scripts
[41]. The video have a resolution of 5.6µm per pixel, giving a minimum recognizable
size of ≈12µm. A background frame per video is created after MATLAB evaluates all the
recorded frames, and then subtracts it to remove the noise. The group of background-
less frames are looped to recognize all the agglomerates, track them, and filter the ones
that attach to the window or get out of focus.

Once a list of labeled agglomerates is made with their respective frame location, size,
and sphericity, the settling velocity Ut and gyration diameter da are estimated assum-
ing that the agglomerates follow Stokes Law [35, 41]. As fractal aggregates in the Stokes
regime, the gyration diameter is estimated as 2/3 the outer diameter measured from the
videos [45]. Since the average sphericity δ of the agglomerates is about 0.9, they are as-
sumed to be spheres, thus, the gyration diameter da , area Aa , and volume Va are directly
obtained from the videos. With this data, the Reynold’s number Re is evaluated, which
then is used to calculate the drag coefficient CD , completing all the parameters needed
to determine the agglomerate density ρa as follows:

ρa = U 2
t AaCDρ f

g 2Va
+ρ f (5.10)

The logarithmic form of Eq. 5.2 gives a line which depends on the size and density
of the nanoparticle and agglomerate. The agglomerate size and density are obtained
from the videos, while those of the primary particles are given by the provider. Then,
the prefactor k̂n 3 and fractal dimension D f 3 of the recorded fluidized agglomerates is
calculated.
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5.4. RESULTS AND DISCUSSION

5.4.1. SESANS
SESANS was used to study the structure of the first two formation levels of complex flu-
idized agglomerates, which we call aggregates and simple agglomerates. The varying
parameters were the material, hydrophobicity, and dynamic state of the powder. Aggre-
gates are known to be connected by solid necks that can withstand any external forces
[3], which means that the rc1 obtained for the static powder is fixed for the fluidized
samples. The stable aggregates are characterized by D f 1(Fig.5.4(a)), which should then
be the same for the static and fluidized samples. Hence, D f 1 was left as a fitting param-
eter for the fluidized system to confirm the value obtained for the static sample; indeed,
we found the same D f 1 with experimental accuracy for the static and fluidized systems.
To verify the experimental reproducibility, in addition to D f 1, rc1 was also kept as a fit-
ting parameter and compared for the static and fluidized samples (Appendix 5.A). It was
found that rc1 and D f 1 were consistent between the static and fluidized samples, re-
sulting in a first fractal dimension below 2 and an aggregate size below 500 nm for all
the materials, hydrophobicity, and dynamic state. Hence, fluidization dynamics have no
effect at the aggregate scale.

On the other hand, the values obtained for D f 2 allow for the comparison among
materials, properties, and dynamic state (Fig.5.4(b)). There is no significant difference
among the materials; however, as seen in Figure 5.4(b), the hydrophobic version of the
nanopowders has a higher fractal dimension than the hydrophilic one, showing a dif-
ference slightly higher than the confidence interval. The divergence between the hy-
drophobic and hydrophilic materials can be attributed to the influence of the OH groups
on the interactions among the particles [26, 42]. The presence of OH affect the presence
of H-bonds, which increase the force required to rearrange the particles within the ag-
glomerate, thus making it harder to modify.

(a) (b)

Figure 5.4: First (a) and second (b) fractal dimensions of static (solid) and fluidized (light patterned) nanopow-
ders. Values for TiO2-P, TiO2-A, Al2O3-P, Al2O3-A, and SiO2-P are presented. The error bars are the best fit
confidence interval of Eq.5.8

It is also shown that, in contrast with the TiO2-P results of de Martin el al.[31], the
fluidized nanopowders (light bars) have a higher value for D f 2 than the static sample
(solid bars) (Fig.5.4(b)). During fluidization, agglomerates collide, break, coalesce, and
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deform; a dynamic that has been confirmed by fluidizing nanopowders of three differ-
ent colors (red, green, and white) and finding agglomerates with a combination of all the
colors [14]. The impact of this unsteadiness on the morphology of the agglomerate was
unknown until now. The evident divergence on the second fractal dimension of the static
and fluidized samples suggests that fluidization densifies the structures in the 1-20 µm
size range. As the simple agglomerates collide in the fluidized bed, numerous outcomes
are possible depending on the relative collision velocity and angle, and the properties of
the colliding structures. Some collisions have enough energy to compress the agglomer-
ates by rearranging the aggregates within them, and leading to a bounce or coalesce of
the colliding clusters. Collisions with less energy most likely result in the coalescence of
the simple agglomerates, loosely joined by interparticle forces among protruding aggre-
gates, thus creating the complex agglomerates with very low density known to be in the
fluidized bed and observed with the settling tube.

5.4.2. SETTLING TUBE

From the recordings, the size and settling velocity of the agglomerates can be extracted,
and used to estimate the fractal dimension and prefactor when combined with the pri-
mary particle properties (Appendix D). The size range of the recorded agglomerates is
50-980 µm, which agrees with the size found in literature of 70-900 µm [8, 9, 14, 33, 37].
The prefactor and fractal dimension are estimated from a linear fit using the logarithm of
Eq. 5.2 to the experimental data. In all cases, except for SiO2-P, the coefficient of determi-
nation was above 0.8, which indicates a considerably good fit to the experimental data.
For SiO2-P, the coefficient was 0.53 (Fig. 5.5 (c)). The sparse cloud of data points below
the denser cloud of SiO2-P could be the agglomerates falling close to the window with
an inclined trajectory, at a seemingly lower velocity than their corresponding settling ve-
locity. The prefactor and fractal dimension calculated from the best fit line are shown in
Table 5.2. The error on the prefactor can be quite large since it is obtained from the line
intercept on the l og (ρa/ρp ) axis and the error propagation from the uncertainty on the
agglomerate density results in the given values.
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(a)

(b)

(c)

Figure 5.5: The plots show the data points of the complex agglomerates as recorded by the settling tube, with
the best fit line from which the prefactor and fractal dimension were extracted. Data from TiO2-P (left) and
TiO2-A (right) (a); Al2O3-P (left) and Al2O3-A (right) (b), and SiO2-P (left) and SiO2-A (right) (c).

Table 5.2: Prefactor and fractal dimension of complex nanoparticle agglomerates estimated from the number
of data points indicated on the last column.

Powder k̂n (-) D f (-) Data Points
TiO2-P 51±3 2.12±0.01 3276
TiO2-A 150±6 2.04±0.01 8880

Al2O3-P 367±76 1.89±0.02 295
Al2O3-A 584±51 1.92±0.01 3483
SiO2-P 38±11 2.19±0.03 683
SiO2-A 747±117 1.90±0.02 819

There is no trend among the hydrophobicity and material of the different powders.
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TiO2-P and SiO2-P have a higher fractal dimension than TiO2-A and SiO2-A; whereas for
Al2O3, the opposite seems to be true. Additionally, the pattern on the values according
to the material is not clear given the large discrepancy between the SiO2 powders. Nev-
ertheless, it is clear that the structure of the agglomerates is rather dilute at this scale.

5.4.3. COMBINING ALL THREE SCALES

The results from both techniques, SESANS and settling tube, were merged to give an
overall picture of the fluidized agglomerate structure (Fig.5.6). An estimate of the second
scale prefactor was obtained by equating Eq. 5.2 for the first and second scales with the
fractal dimensions and transition size determined from SESANS. Likewise, the size at the
intersection between the second and third scales was estimated from Eq. 5.2 using the
previously determined fractal dimensions and prefactors (Appendix). A compilation of
all three fractal dimensions for each powder is shown in Table 6.2.

Table 5.3: Fractal dimension of all three hierarchical levels of the agglomeration process during fluidization.

Powder D f 1 (-) D f 2 (-) D f 3 (-)
TiO2-P 1.9±0.2 2.76±0.04 2.12±0.01
TiO2-A 1.7±0.2 2.98±0.02 2.04±0.01

Al2O3-P 1.1±0.3 2.65±0.03 1.89±0.02
Al2O3-A 1.6±0.2 2.74±0.04 1.92±0.01
SiO2-P 1.6±0.2 2.64±0.09 2.19±0.03
SiO2-A 1.90±0.02

The superposition of the data points from the settling tube to the continuous line es-
timated from the values mentioned before shows an extension of the settling tube data
points over the predicted line for the simple agglomerates (Fig.5.6(a)(c)(d)). This misfit
could arise from the large uncertainty of the first fractal dimension and the transition
size obtained from SESANS (Appendix). A smoother continuous prediction of the size to
density correlation could be made with a smaller transition size, or a higher first fractal
dimension. Therefore, further studies on the first scale will confirm the adequate adjust-
ment for the precise values to predict the full agglomeration range.
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(a) (b)

(c) (d)

Figure 5.6: a) TiO2-P, b) TiO2-A, c) Al2O3-P, d) Al2O3-A

As mentioned before, D f 1 and rc1 should be the same for static and fluidized pow-
ders since aggregates are connected by solid necks, resistant to any external force. On
the other hand, the increase of D f 2 on the fluidized samples fits the results from the set-
tling tube. If the second scale was kept the same for the static and fluidized powders,
the connection between the simple and complex fluidized agglomerates would not be
possible (Fig.5.7, dotted blue line). The static powder does not make individual complex
agglomerates since the whole batch of powder is a network without a third agglomer-
ation scale and an overall powder density. The tapped density of TiO2-P given by the
supplier is 100-180 kg/m3 corresponding to the size range 8-30 µm. Therefore, this is the
size expected for nanoparticle agglomerates formed during storage.
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Figure 5.7: Plot of hydrophilic TiO2-P comparing the static (dotted blue line) and fluidized (continuous red
line) predicted size-to-density correlation.

5.5. CONCLUSIONS
In this paper, we employ in situ techniques to analyze the morphology of the three struc-
tural levels, namely aggregates, simple agglomerates, and complex agglomerates, for
commercial metal-oxide nanopowders. The first two scales are studied by spin-echo
small-angle neutron scattering (SESANS), while the third one involves a settling tube
with a borescope-high-speed camera system.

The results show that the first fractal dimension for the aggregate structure is less
than 2 for all the powders. The second fractal dimension lays above 2.6 with a maximum
at 3, and the third one decreases back to values between 1.8 and 2.2. The data obtained
from both methods was combined to understand the correlation between size and den-
sity throughout the nanopowder agglomeration size scales in a fluidized bed. Hence, the
conclusions on the fractal dimension of the specific samples studied by de Martin et al.
[31] are rather general to fluidization of commercial nanopowder.

It was found that fluidization affects the second scale by densifying the structure. The
fractal dimension calculated from SESANS gave higher values for the fluidized samples,
which according to Eq. 5.2, results in a denser structure. This outcome was supported by
the experiments done with the settling tube, which required an increase on the second
fractal dimension to have a continuous correlation among all three scales in the fluidized
state. Therefore, it can be concluded that fluidization dynamics affect the second scale,
creating denser structures that later form large complex agglomerates.
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APPENDIX 5.A

(a) (b) (c)

Figure 5.8: Values calculated from SESANS measurements for static (solid dark) and fluidized (light patterned)
samples keeping rc1, D f 1, and D f 2 as fitting parameters. The plots are the transition size between the first
and second scales (a), the first fractal dimension (b), and the second fractal dimension (c).

Evaluation of the second prefactor and transition size between simple and complex ag-
glomerates. At the intersection points, the size and density of both scales are the same.
Also, in order to meet the boundary condition of a single nanoparticle, k̂n 1 must be equal
to 1. To estimate the second prefactor we used:

k̂n 1

(
da1

dp

)D f 1−3

= k̂n 2

(
da2

dp

)D f 2−3

(5.11)

da1 = da2 = rc1 (5.12)

k̂n 1 = 1 (5.13)

k̂n 2 =
(

rc1

dp

)D f 1−D f 2

(5.14)

For the transition size between the simple and complex agglomerates we got:

da2 = da3 −→ dc2 (5.15)

k̂n 2

(
dc2

dp

)D f 2−3

= k̂n 3

(
dc2

dp

)D f 3−3

(5.16)

dc2 = dp

(
k̂n 2

k̂n 3

) 1
D f 3−D f 2

(5.17)





6
MODELING THE SIZE

DISTRIBUTION IN A FLUIDIZED BED

OF NANOPOWDER

Fluidization is a technique used to process large quantities of nanopowder with no sol-
vent waste and a large gas-solid contact area. Nonetheless, nanoparticles in the gas
phase form clusters, called agglomerates, due to the relatively large adhesion forces. The
dynamics within the fluidized bed influence the mechanism of formation, and thus, the
morphology of the agglomerates. There are many theoretical models to predict the av-
erage size of fluidized agglomerates; however, these estimates of the average lack in-
formation on the whole size range. Here, we predict the agglomerate size distribution
within the fluidized bed by estimating the mode and width using a force balance model.
The model was tested for titania (TiO2), alumina (Al2O3), and silica (SiO2) nanopowders,
which were studied experimentally. An in-situ method was used to record the fluidized
agglomerates for size analysis and model validation.

Parts of this chapter have been published in 000, 000 (2016) [].
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6.1. INTRODUCTION
A balance between adhesion and separation forces (or energies) is a settled theoretic
framework to predict the average agglomerate size of fluidized nanopowders [2–9]. The
average agglomerate size is usually assumed to be that at which the adhesion and sepa-
ration forces balance each other; however, predictions of agglomerate size distributions
are absent. It is well known that cohesive powders form agglomerates with a very wide,
typically log-normal, size distribution [10–13]. The purpose of the present paper is to
explore a conceptual model to predict the width of the distribution using a force balance
approach.

Fluidization is a common method to process nanoparticles [12, 14–16], which flu-
idize as agglomerates due to the relatively strong attractive interactions, particularly van
der Waals and capillary forces [14, 17–20]. As the stable structures of the fluidized pow-
der, the properties of the agglomerates are directly linked to the fluidization dynamics
[14]. Nanopowder fluidization depends on the agglomerate properties and can be clas-
sified as agglomerate particulate fluidization (APF) or agglomerate bubbling fluidization
(ABF) [21]. APF is characterized by uniform, non-bubbly behavior, high solid-gas con-
tact, and homogeneous distribution of powder throughout the bed. On the other hand,
ABF shows a small bed expansion with channels, bubbles, and non-uniform powder dis-
tribution [10, 16]. The fluidization type and agglomerate properties are co-dependent.
As a key property distinguishing the two forms of fluidization, various studies have fo-
cused on the theoretical and experimental estimation of the fluidized agglomerate size.

Visualization techniques for the fluidized nano and micron size scales include the ex
situ Transmission and Scanning Electron Microscopes (TEM and SEM, respectively), and
multiple camera systems for in situ measurements. Sample extraction and preparation
of the fragile fluidized agglomerates for SEM and TEM have led to images of agglomerate
sizes smaller than those expected inside the fluidized bed [22]. This indicates the need
of in situ techniques for more accurate results [22, 23]. A common in situ method used
to measure the fluidized agglomerate size involves laser illumination and a digital CCD
camera [16]. Average agglomerate sizes between 70µm and 900µm have been measured
with this technique for Aerosil R974, Aeroxide TiO2, fumed silica, zirconia, and iron oxide
nanopowders [11, 12, 14, 22–25]. Furthermore, the laser / CCD camera system was also
used for size distribution measurements at the splash zone of the Aerosil R974 fluidized
bed with mode at approximately 140 µm [11] or 200 µm [12], or a positive skewed dis-
tribution in the size range 40-600 µm [23]. Another visualization technique, the Lasen-
tec Focused Beam Reflectance Method / Particle Vision Measurement system, showed a
log-normal size distributions of Aerosil R974 and Aerosil 90 [10, 26]. More recently, de
Martin et al. [5] developed a settling tube technique for the analysis of agglomerate size
distribution, among other properties, at the splash zone of the fluidized bed.

Knowledge of the fluidized agglomerate size distribution is crucial for proper under-
standing of the dynamic process within the fluidized bed, which are of great importance
in nanopowder processing and applications such as in medicine, optics, and solar cells
[27, 28]. Even though the tools to experimentally determine the agglomerate size dis-
tribution are available, most of the studies only focus on the average size values. These
measured sizes are mainly used for qualitative analysis or comparison based on different
fluidization conditions or powder properties, with no further description of the size dis-
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tribution. This includes the limited use of force (energy) balances to estimate the mean
agglomerate size only.

In this work we predict the mode and width of the log-normal fluidized agglomerate
size distribution from a simple force balance. The attractive and repulsive forces were
calculated theoretically to identify the dominating interactions. This model is simple,
and provides a good prediction of the size distribution based on a novel interpretation of
the conventional force balance concept. Simplification of the final expression obtained
from the balance shows that the size distribution of fluidized nanoparticle agglomerates
is self-similar. The calculated size distribution is validated by in situ experiments using
oxide nanopowders showing either APF or ABF behavior.

6.2. MATERIAL AND METHODS
The nanopowders used in this study were bought from Evonik. The characteristics given
by the supplier are shown in Table 6.1. All nanopowders are sieved using a 450 µm mesh
to remove large agglomerates that would prevent proper fluidization. The powders are
fluidized in a 15 cm high quartz column with a square cross-section of 4.5×4.5 cm using
pure nitrogen gas at 0.13 m/s, which enters the column through a distributor plate. The
gas leaving the setup is sent to a water bubbler and HEPA filter to remove any entrained
particles.

Table 6.1: Properties of the fluidized nanopowders as provided by the manufacturer.

Powder Surface dp (nm) ρp (kg/m3) ρTamped (kg/m3)
TiO2 P25 hydrophilic 21 4000 100-180

Al2O3 AluC hydrophilic 13 3800 50
SiO2 A130 hydrophilic 16 2200 50

The fluidized agglomerates are recorded while falling through a settling tube placed
in the splash zone. The settling tube is a black box with an opening at the top to catch
falling agglomerates, and two openings on the side for agglomerate recording and tube
cleaning purposes (Fig.6.1). A rigid borescope (Olympus R040-021-000-60 S5) and high
speed camera (Phantom v9.1) system are used for the recordings, enabling a visible size
range from 30 µm to 4 mm [29].

The videos are taken 10 minutes after starting fluidization to reach an observable
steady state. The movies are analyzed using a MATLAB script by dividing them into
frames, and later processing each frame for light correction, and agglomerate recogni-
tion, tracking, filtering, and measurements. More details on the technique can be found
in the papers by de Martin et al.[29, 30].

An important feature of nanoparticle agglomerates is the solid fraction, which can be
estimated from their density. The agglomerate density can be calculated from the set-
tling velocity and size obtained from the videos. The size distribution is taken directly
from the images, assuming the agglomerates to be spherical [30]. The settling velocity is
also directly calculated from the images since the frame rate is known, and agglomerate
displacement between frames is obtained from the agglomerate recognition step. Set-
tling velocity and agglomerate size are used to calculate the Reynolds number, which is
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Figure 6.1: In-situ analysis of fluidized agglomerates. Nanopowder is fluidized in a square column with the
settling tube placed at the splash zone. A sample frame from a recoded video is shown.

used to estimate the drag coefficient, thus completing the list of parameters needed to
determine the agglomerate density.

6.3. THEORY
The forces acting on a fluidized agglomerate are divided into two categories: adhesion
(those keeping ensembles of particles together) and separation (those breaking particle
ensembles). The forces to be considered, and their classification into the two groups
varies in literature. Van der Waals, capillary, and electrostatic are regularly in the adhe-
sion group, while gravity-buoyancy sometimes is classified as cohesive [3, 4] and some-
times as a separation force [8]. Here, gravity-buoyancy is classified as a separation force.
Bed expansion, drag, and collision forces belong to the group of separation forces. The
gravity-buoyancy force is evaluated with the effective density of the agglomerate. The
bed expansion force is that exerted on nanoparticles by the bubbles inside the bed,
which depends on bubble size, agglomerate pressure around a spherical bubble, gravity,
agglomerate size and density, and coordination number [2]. The drag force calculation
includes a shape factor of 0.9 in the denominator, representing the agglomerate spheric-
ity. Finally, capillary force is estimated as the maximum force assuming the formation of
a liquid bridge between two highly porous spherical agglomerates. Figure 6.2 presents a
comparison of the forces as a function of the agglomerate size, showing that the domi-
nant forces acting on the fluidized agglomerate are van der Waals (FvdW ), capillary (Fc ),
and collision (Fcol l ).

In a dry system, the main forces acting on a fluidized agglomerate are van der Waals
and collision (Fig.6.3). Hence, a simple but representative force balance equating the
effective forces (Eq.6.1) can give valuable approximations to the size distribution within
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Figure 6.2: Contribution from each force to the overall force balance of agglomerates in a fluidized bed. Left
plot corresponds to separation forces; right plot are the adhesion forces. Values were estimated for P25

the fluidized bed.

FvdW = Fcol l (6.1)

F van der Waals van der Waals including deformation of soft bodies 
F collision collisions among fluidized agglomerates 

Figure 6.3: Schematic of the force balance on fluidized agglomerates. Van der Waals is the main force holding
the agglomerates together, counteracted by the dominant separation force of collisions.

Comparing the forces leads to two important values, the size at which the difference
between the adhesion and separation forces is maximum, and that at which it is zero
(Fig.6.4). A crucial concept of this model is that agglomeration is fastest when the differ-
ence between adhesion and separation forces is largest. The agglomerate size where this
occurs has the steepest slope in the log-normal size distribution (i.e. inflection point). A
force difference of zero indicates that the average separation and adhesion forces have
the same magnitude, so that a force unbalance leads to a probability density fall onto
smaller or larger sizes. Hence, the size at zero difference is the mode, denoting a thresh-
old on the distribution.
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Figure 6.4: Estimation of values used to describe the size distribution inside a fluidized bed of nanopowder.
The separation and adhesion forces, together with the force difference versus agglomerate size, are plotted.
The circles show the two key values at maximum and zero force difference used by the model to predict the
size distribution.

6.3.1. VAN DER WAALS FORCE

When two soft bodies are pulled together by attractive forces, there is a flattening at the
location of contact [31]. Therefore, the force between two soft bodies includes the inter-
action between the deformed adhesive areas, and that between the volumes within the
van der Waal’s range. Using the assumptions of small non-elastic deformation, absence
of electrostatic components, and smooth surfaces, the contact force can be expressed as
[32]:

FvdW = hwφRa

16πδ2

(
1+ hwφ

8π2δ3Hr

)
(6.2)

where hw is the Lifshitz-van der Waals constant (hw = πHa4/3), Ra is the agglomer-
ate radius, φ is the solid fraction of the agglomerate, δ is the contact distance commonly
taken as 0.4nm [32], and Hr is the agglomerate Young’s modulus calculated using [33]:

Hr = 17.1φ4

[
E 2

pΓ

dp

]1/3

(6.3)

which depends on the nanoparticle’s Young’s modulus (Ep ), work of adhesion (Γ),
and diameter (dp ) [34]. The Hamaker coefficient (Ha) [35] used to calculate hw is an av-
erage of those considering water or vacuum as the medium, given that water molecules
cannot be completely removed from the nanoparticle surface [36]. Since the Hamaker
coefficient is estimated by integrating the van der Waals’ attractive potential over the
volume and number of molecules, for porous structures, the attraction depends on the
solid fraction. Therefore, the Lifshitz-van der Waals constant is multiplied by the solid
fraction (φ) to account for the void of the agglomerate when calculating the contribution
of the interaction. This results in the final expression of the van der Waals force between
two soft porous agglomerates (Eq.6.2).
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6.3.2. COLLISION FORCE

Due to the dynamics within a fluidized bed, agglomerates are constantly colliding with
each other. The collision force is derived from the theory of elasticity [37] for agglom-
erates colliding vertically. The collision force depends on the degree of compression,
which is a function of the density (ρa), Young’s modulus (Hr ), Poisson’s ratio (ν), size
(da), and relative collision velocity (Vx ) of the agglomerates. The following expression
assumes the agglomerates to be identical spheres colliding in a fluid with viscosity µ and
density ρ f , represented as [3, 4, 6, 8]:

Fcol l = 0.166

(
πV 6

x ρ
3
a

k2

)1/5

d 2
a (6.4)

where

k = 1−ν2

πHr
(6.5)

The estimated relative velocity of the agglomerate depends on the fluidization be-
havior. That for ABF powders is [8, 38]:

Vb = (1.5P̄s,nDb gεb)0.5 (6.6)

where P̄s,n is the dimensionless average particle pressure of a non-sticky system taken
as 0.077 [19, 39], g is the acceleration due to gravity, εb is the void fraction of the fluidized
bed, and Db is the bubble diameter estimated by [38]:

Db = 0.652(At (u0 −um f ))2/5 (6.7)

from the bed cross-sectional area (At ), superficial gas velocity (u0), and minimum
fluidization velocity (um f ), which can be calculated from [38, 40]:

um f =
0.00923d 1.82

a (ρa −ρ f )0.94

µ0.88ρ0.06
f

(6.8)

In the case of non-bubbling fluidization (APF), the relative velocity is expected to
range between ≈ 0 and the agglomerate settling velocity (Stokes regime) plus the super-
ficial gas velocity. The lower limit is for two suspended agglomerates that barely come
into contact in a close-to-parallel trajectory. The upper limit is for an agglomerate mov-
ing downwards at its settling velocity colliding with an upward moving agglomerate at
the velocity of the fluidizing gas. Considering the relative velocity for non-bubbling flu-
idization to have a symmetric distribution, it comes down to:

Vnb ≈ 1

2

[
u0 +

(ρa −ρ f )d 2
a g

18µ

]
(6.9)
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6.3.3. SIZE DISTRIBUTION PREDICTION
To simplify the complexity of fluidized nanoparticle agglomerates, the model includes
some basic assumptions. Only collision and van der Waals, the two dominating forces
acting on a dry fluidized agglomerate, are considered. Agglomerates are assumed to be
spherical with an homogeneous distribution of nanoparticles. The two interacting ag-
glomerates described throughout the model are assumed to be identical. For the model,
all collisions are assumed to be head-to-head at an angle of 180◦. The assumptions that
have the greatest impact on the accuracy of the model prediction are those affecting the
elasticity of the agglomerates, which has a strong dependence on the agglomerate’s den-
sity, or agglomerate solid fraction, as seen in Eq.6.3. From the given assumptions, the
final overall force difference for our model becomes:

∆F = hwφ

32πδ2

(
1+ hwφ

8π2δ3Hr

)
da −0.166

(
πV 6

x ρ
3
a

k2

)1/5

d 2
a (6.10)

From Equations 6.2-6.9 it is clear that hw , δ, k, Hr , and ρa are constant, and Vx hardly
changes with size. Therefore, the force balance has the form:

∆F = ada −bd n
a (6.11)

where b and n depend on the fluidization behavior. Given that the 1 inside the first
parenthesis of Eq.6.10 (van der Waals) was found to have minimal contribution, the sec-
ond term became the coefficient a:

h2
wφ

2

256π3δ5Hr
= a (6.12)

In the case of bubbling fluidization (ABF), minimum fluidization velocity (um f ) de-
pends on agglomerate size (da) to the power of 1.82 (Eq.6.8). Once um f is evaluated
and compared to the superficial gas velocity (u0), it is found to be 2 orders of magnitude
smaller, and thus, neglected. The coefficient b is then evaluated from:

Db ≈ 0.652(At (u0))2/5 (6.13)

Vb ≈ (1.5P̄s,nDb gεb)0.5 (6.14)

0.166

(
πV 6

b ρ
3
a

k2

)1/5

= b (6.15)

giving a simplified model to predict the size distribution by estimating the agglom-
erate size at maximum and zero force difference (∆F ) corresponding to the size at the
inflection point (da(M axG)) and mode (da(Mode)), respectively:

∆F = 0 = ada −bd 2
a −→ da(Mode) = (a/b) (6.16)

d∆F

dda
= 0 = a −2bda −→ da(M axG) = (a/2b) (6.17)
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In the case of non-bubbling fluidization (APF), the velocity expression was fully sub-
stituted in the force balance equation, leading to:

0.166

π( 1
2

[
u0 + (ρa−ρ f )g

18µ

]
)6ρ3

a

k2

1/5

= b (6.18)

which results in the following set of expressions:

∆F = 0 = ada −bd 22/5
a −→ da(Mode) = (a/b)5/17 (6.19)

d∆F

dda
= 0 = a − (22/5)bd 17/5

a −→ da(M axG) = (a/b)5/17(5/22)5/17 (6.20)

The mode size depends on constant parameters from material properties and flu-
idization conditions represented by a and b. The size at the inflection point is half the
mode in ABF powders, and close to 0.65 for APF systems. This characteristic holds if the
average relative particle velocity in ABF is independent from agglomerate size. The self-
similarity in the size distribution of fluidized agglomerates is expected since experimen-
tal data of micron size particulate systems shows the same trend [41, 42]. Furthermore,
the mathematical feature of the collision kernels in the Smoluchowski differential equa-
tion for fractal-like agglomerates are such that self-similar size distributions are possible
[43–45].

The a/b ratio includes the Hamaker coefficient, Young’s modulus, relative particle
velocity, and solid fraction. This ratio indicates that increasing the Hamaker coefficient
will increase the mode size, which is expected as the adhesion force is increased. Addi-
tionally, increasing the Young’s modulus, relative particle velocity, or solid fraction will
decrease the mode and distribution width. This is also foreseen since harder agglom-
erates present less deformation during collision, creating a small area of contact, thus
dissipating little energy on deformation and using most of it on breakage. Moreover, the
model indicates that fluidization gas velocity has minor effect on the agglomerate size,
which is experimentally observed in Quevedo et al. [26], where adding a microjet had
very little impact on the fluidized agglomerate size.

6.4. RESULTS AND DISCUSSION

6.4.1. SIZE DISTRIBUTION
The size distribution of the fluidized agglomerates was experimentally determined from
the images taken by the settling tube technique [29]. For all the powders, the agglom-
erate size varies between 76 µm and 462 µm, which is in good agreement with values
found in literature using a high speed camera [11, 12, 14, 22, 23]. The density distribu-
tion can be calculated once the size and agglomerate settling velocity are known. The
average size and density values for all powders are presented in Table 6.2.

Experimental studies of nanoparticle agglomerates from literature have reported a
log-normal size distribution [10, 26, 46]. This is expected, because for granulation, which
is similar to nanoparticle agglomeration [41, 44, 47, 48], the coalescence principle also
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Table 6.2: Average experimental density and size of fluidized agglomerates obtained using the settling tube.
Confidence intervals are one standard deviation.

Powder ρa (kg /m3) da (µm)
TiO2 P25 101±46 142±66

Al2O3 AluC 55±40 289±173
SiO2 A130 47±26 265±129

predicts a log-normal size distribution. Indeed, we found experimentally that a log-
normal distribution best described the size distribution for all nanopowders.

6.4.2. MODEL PREDICTIONS
Now, the agreement between the size distribution based on the model presented above
and the experimental data is analyzed. There are two interesting aspects to consider.
First, the model predicts that bubbling fluidization leads to a size distribution with a
mode to infection point ratio δ of 0.5, whereas homogeneous fluidization gives a ratio of
δ= 0.65. The second prediction is the absolute values of agglomerate sizes. It should be
noted that the model predicts these features of the agglomerate size distribution without
any fitted parameters, and that it uses independently determined material properties for
the different powders.

Table 6.3 shows key parameters describing the log-normal distribution for our own
data and for powders from other studies. Considering first the bubbling fluidization, the
average value of δ is found to be 0.51, close to the theoretical prediction of 0.5. Similarly,
the data obtained for homogeneous fluidization has 〈δ〉 = 0.58, comparable to the model
value of 0.65. The agreement is not perfect, and there is still significant variation among
the systems within each group. Nonetheless, the data strongly suggests that the type of
fluidization is an important factor in determining this important characteristics of the
distribution.

Table 6.3: Experimental parameters, including representative literature data: µ and σ are the mean and the
standard deviation of the log of the distribution, respectively, and δ is the ratio of the mode and the inflection
point for the log-normal probability density function. Values for titania (P25), alumina (AluC), and silica (A130,
R974) are shown.

Powder µ σ δ Fluidization
TiO2 P25 4.86 0.4414 0.58 ABF

Al2O3 AluC 5.51 0.5531 0.48 ABF
SiO2 A130 5.41 0.4584 0.56 APF

TiO2 P25 [11] 4.59 0.5574 0.48 ABF
SiO2 R974[11] 4.95 0.3698 0.64 APF
SiO2 R974[23] 4.66 0.4858 0.54 APF

Since it has been established that the dimensionless features of the distribution agree
with the model, the absolute size predictions are now evaluated. Note that this is essen-
tially based on a single number for each powder, i.e. the ratio of a and b in Eq 6.11.
Fig. 6.5 shows the experimental histograms, together with the model predictions. The
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experimental values of µ, σ and δ are presented in Table 6.3, while the model values are
(µ,σ,δ) = (4.88,0.387,0.50) for TiO2, (5.61,0.387,0.51) for Al2O3, and (5.47,0.312,0.60) for
SiO2. Taking into consideration that there are no fitted parameters, the agreement is no-
tably good. An important caveat, however, is the use of the experimentally determined
density, of which the uncertainty propagates strongly into the uncertainty of the pre-
dicted size. The distributions obtained from the model by keeping density as a fitting
parameter are included in the Appendix. Still, Fig. 6.5 is the more impressive demon-
stration of the importance of the model.
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Figure 6.5: Log-normal prediction of the size distribution for titania (P25), alumina (AluC), and silica (A130).
Histogram of raw data and model prediction for each material are plotted.

6.5. CONCLUSIONS
A simple model based on a separation versus adhesion force balance was developed
to estimate the size distribution in a fluidized bed of nanopowder. The model predicts
two key values from which the fluidized agglomerate log-normal size distribution can be
evaluated. One value is the size at the inflection point, determined as that at which the
difference between the adhesion and separation forces is maximum. And the second be-
ing the mode size, that at which separation and adhesion forces balance each other. The
two sizes are related by a factor of 0.5 and 0.65, for ABF and APF, respectively. The model
was validated with experiments using three commercial metal oxide nanopowders and
data from literature showing both, bubbling (ABF) and uniform (APF), fluidization be-
haviors. The prediction of the size distribution is quite close to the experimental data.
Nonetheless, further refinement is required for applicability to hydrophobic materials
and inclusion of clusters smaller than 10 µm.

NOMENCLATURE
a Force balance coefficient
At Bed cross-sectional area [m2]
b Force balance coefficient
c Force balance exponent
da Agglomerate size [m]
da(M axG) Fluidized agglomerate diameter at the distribution’s inflection point [m]
da(Mode) Fluidized agglomerate mode diameter [m]
Db Bubble size [m]
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D f Agglomerate fractal dimension
dp Nanoparticle diameter [m]
Ep Nanoparticle Young’s modulus [Pa]
g Gravitational acceleration [m2

s ]
Ha Hamaker coefficient [J ]
Hr Agglomerate Young’s modulus [Pa]
hw Lifshitz-van der Waals constant [J ]
K Function of Poisson’s ratio and Young’s modulus
kn Agglomerate prefactor
Np Number of particles in an agglomerate
P̄s,n Dimensionless particle pressure
Ra Agglomerate radius [m]
Rt i p Colloid radius [m]
s Indentation depth [m]
s0 Point of zero indentation [m]
um f Minimum fluidization velocity [m/s]
uo Superficial gas velocity [m/s]
Vx Collision relative velocity [m/s]
FHer t z Hertz force [N ]
FvdW Van der Waals force [N ]
Fcol l Collision force [N ]
εa Agglomerate void fraction
εb Fluidized bed void fraction
δ Separation at contact [m]
∆F Adhesion and separation force difference [N ]
γ Water surface tension [N /m]
Γ Work of adhesion [J/m2]
µ Fluid viscosity [N ]
ν Agglomerate Poisson’s ratio
ρa Agglomerate density [kg /m3]
ρ f Fluid density [kg /m3]
ρp Nanoparticle density [kg /m3]
ρTamped Nanopowder bulk density [kg /m3]
φ Agglomerate shape factor
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APPENDIX 6.A
LOGNORMAL DISTRIBUTION FROM PREDICTED VALUES
A log-normal distribution profile was found to be the best standardized fit for all the
nanopowders. The relevant equations are shown in this section. The so called ”Inflection
Point” value corresponds to the size at which adhesion and separation forces have the
largest difference. Thus, this is expected to be the size where growth rate is maximum

( d 2Log Nor mal PDF
d x2 ). The ”Mode” agglomerate size calculated by the model is that at which

separation and adhesion forces balance each other. The set of equations is:

Log Nor mal PDF = 1

xσ
p

2π
e−

(lnx−µ)2

2σ2 Mode = eµ−σ
2

(6.21)

M axGr ow thRate = e
1
4 (±

p
4σ4+16σ2−6σ2+4µ) V ar i ance = (eσ

2 −1)e2µ−σ2
(6.22)

Mean = eµ+
σ2
2 Medi an = eµ (6.23)

MODEL PREDICTION WITH DENSITY FIT
Density is kept as a fitting parameter to model the size distribution of the data (Fig.6.6).
Even though the difference on the fitted and experimental density values is small, the
prediction is noticeably better for the fitted case due to the strong dependence of the
model on the density.
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Figure 6.6: Log-normal prediction of the size distribution for titania (P25), alumina (AluC), and silica (A130).
Histogram of raw data and model prediction for each material, with density as a fitting parameter.

The fitted values fall within the range of the experimental density within one stan-
dard deviation (Fig.6.7). The fitted density is slightly higher than the experimental mean
for all the powders. Hence, a precise method to measure the density of the fluidized ag-
glomerates is required to adjust the model, and further improve its prediction accuracy.
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Figure 6.7: Fitted agglomerate density (stars) compared to the density distribution obtained from experimental
data (solid dots).





7
CONCLUSIONS AND OUTLOOK

7.1. CONCLUSIONS
This thesis presents new insights on nanoparticle fluidization by analyzing the agglom-
eration process, agglomerate properties, and fluidization dynamics. The materials used
in this study are the commercial metal oxide nanopowders titania (TiO2), alumina (Al2O3),
and silica (SiO2) in their hydrophobic and hydrophilic versions. Since nanoparticles are
widely used in industry, consumer products, and medical treatments, it is crucial to fully
understand their properties and behavior, which include their interactions and dynam-
ics during processing.

Nanoparticles tend to agglomerate in the gas-phase due to their relatively strong at-
tractive interactions. The agglomeration process has three main steps starting during
production (forming aggregates from nanoparticles), followed by storage (forming sim-
ple agglomerates from aggregates), and finalizing with fluidization (forming complex
agglomerates from simple agglomerates). Nanoparticle agglomerates are known to be
very fragile, with porosity above 95%, making them extremely challenging to study, thus
forcing the development of subtle in situ techniques such as aerosol spectrometry tech-
niques, SESANS, and the settling tube described in this thesis.

Morphological properties of the nanoparticle clusters were studied experimentally.
These clusters are described by their mass fractal dimension. Aggregates were found
to withstand the effect of fluidization showing a fractal dimension around 1.5±0.5 at all
times. On the other hand, simple agglomerates were densified by fluidization, with over-
all fractal dimensions of 2.6-3. Finally, complex agglomerates which form in the fluidized
bed, showed a fractal dimension between 1.8 and 2.2. Even though complex agglomer-
ates are extremely porous, they have a mass dominance in the fluidized bed (Chapter
4); hence, these fragile structures were further analyzed. Their elasticity described by
the Young’s modulus was measured by AFM. It was found that Al2O3, SiO2, and TiO2

nanoparticle agglomerates have an elasticity comparable to that of cells, soft gels, or
light foams with Young’s moduli in the 10-200 kPa range.

Even though nanoparticles agglomerate in the gas phase, a large amount of nanos-
tructures is still present during nanopowder fluidization, presenting potential hazards in
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case of leakage (Chapter 4). Therefore, nanoparticle fluidization can be worrisome since
the long-term toxicity of such nanostructures is not known, thus making predictions of
fundamental agglomeration features exceedingly valuable. The elasticity found with the
AFM was estimated theoretically using a model from literature developed by Kendall et
al. [1] resulting in values in the same order of magnitude. Also, a model based on a sep-
aration versus adhesion force balance was developed to predict the size distribution in
a fluidized bed of nanopowder. The main forces acting on the fluidized agglomerates
were found to be collision and van der Waals. The agglomerate size distribution can be
predicted by comparing the two forces in the agglomerate size range from 10 µm to 1
mm. Two key values, those at maximum and zero force difference, are the parameters
used for the prediction. The model was found to be remarkably good at predicting the
size distribution of fluidized hydrophilic Al2O3, SiO2, and TiO2, and data from literature
for different SiO2 and TiO2 powders.

7.2. OPPORTUNITIES FOR FUTURE RESEARCH

As this research advanced the field of nanoparticle fluidization, it also raised some ques-
tions and thus, opportunities for further research. The fragility of fluidized agglomerates
makes them highly susceptible to alteration due to external forces. Powder manipulation
is expected to have a significant impact on agglomerate morphology, mainly processes
meant to change the composition of the primary particles such as coating. Additionally,
the outstanding fragility makes the agglomerates extremely challenging to be studied in
detail without altering the original structure. In Chapter 6, it was shown that the effect of
collision on the agglomerate size distribution is pivotal. Furthermore, collision outcome
depends on the properties of the agglomerates such as the force holding them together,
which is related to the number of contacts and force at the contact, and the plasticity
of the fluidized agglomerates. Therefore, an in-depth characterization of nanoparticle
agglomerates and thorough study on collision dynamics is important to elucidate even
more the agglomerate dynamics and formation inside the fluidized bed, as explained in
the following sections.

7.2.1. AGGLOMERATE PLASTICITY

Some of the curves obtained from Atomic Force Microscopy (AFM) (Chapter 3) showed
non-elastic behavior of the nanoparticle agglomerates (Fig.7.1, plot). Further analysis
with AFM and the combined technique of AFM and an electron microscope (TEM or
SEM) would help understand the nature of the agglomerate’s plasticity. Statistics on AFM
measurements are extremely important due to the heterogeneity of the agglomerates,
requiring more than 200 curves per sample for proper analysis.

Each detectable peak of the force curve corresponds to a specific modification of
the agglomerate morphology (Fig.7.1). The height of the peak gives the force required
for the rearrangement, disconnection, or rotation of the particles, providing informa-
tion for precise simulation of nanoparticle agglomerates, their morphology, and inter-
actions. For example, the energy threshold for agglomerate breakup during collisions
could be estimated, considering the energy required for deformation as estimated from
AFM force curves. From the shown curve (Fig.7.1), about 1 µm of indentation is needed
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to achieve the 150 nN compression force; assuming a chain of nanoparticles, the length
corresponds to 50 NP particles. Since the plot shows the approach part (compression),
one can expect NP rearrangement going from a straight chain into a flat layer. A very
rough estimate gives 3 nN per particle-particle rearrangement. However, knowing that
there are multiple branched chains involving more than 50 NP in the compressed vol-
ume, gives a smaller force, which agrees with the estimated particle-particle contact
force of 2.5 nN measured by Salameh et al.[2].

1 µm   

1 µm 
100 µm 

             Cantilever 
 

  Colloid  

Figure 7.1: Schematic of AFM cantilever with a 3.5 µm glass colloid pressing on an agglomerate sample. On the
left is the force curve obtained from the sketched system showing peaks representing particle rearrangement.
The measured indentation to attain the preset 150 nN is 1 µm, corresponding to a chain of 50 nanoparticles,
and approximately 1% of the agglomerate sample thickness.

The plasticity study was not carried out since the initial objective of the AFM mea-
surements was to measure the Young’s modulus of the agglomerate to compare the hard
and soft sphere assumptions, and to choose among the different expressions available
to describe agglomerate interactions based on their elasticity. Given that a majority of
the curves showed the Hertz elastic behavior, these were used for the original objective,
leaving the non-elastic curves aside for future analysis.

7.2.2. ADJUSTED FORCE BALANCE MODEL
The force balance model discussed in Chapter 6 uses van der Waals and collision as the
dominating forces, with average values as parameters for the prediction of the size dis-
tribution inside the fluidized bed. The model is extremely dependent on density, which
is assumed to be constant for all agglomerate sizes. However, Chapter 5 shows that
this is not the case; the density of the fractal nanoparticle agglomerates depends on
the size raised to the power of the fractal dimension. Implementing this relation will
widen the model’s range of relevance to other scales and powders. This was not done
since the equations used for the van der Waals and collision forces already assume the
agglomerates to be spherical with an homogeneous distribution of nanoparticles, and
the fractal density concept did not fit in the model. Also, to make the model applicable
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to hydrophobic powders, more research should be done on the nanoparticle properties.
Given the complexity of the study and time limitation of the PhD, this could not be added
to the current work.

Some of the assumptions taken during the development of the model should be ver-
ified experimentally and adjusted to cover a wider range of powders. For example, once
the plasticity of the nanoparticle agglomerates is known from AFM measurements, the
model should be modified to include the findings. Additionally, the equation used for
the collision force should be validated with collision experiments of nanoparticle ag-
glomerates.

7.2.3. COLLISION DYNAMICS

Preliminary analysis and experiments were done to study the collision dynamics be-
tween two fluidized agglomerates. The steps to achieve the final one-to-one agglom-
erate collision start with proper fluidization of the nanopowder in two identical beds.
Then, a stream of fluidized nanoparticle agglomerates from each column is ejected, with
the shooting channels facing each other. These channels are designed to focus the ag-
glomerates to the middle with a micrometer precision to ensure collision. Additionally,
the sample stream coming from each column should be synchronized so that there is
enough distance between the flowing agglomerates for a clear visualization of each col-
lision pair, but not too much as to ensure frequent collisions with minimum agglomerate
waste. Finally, the collision should be at the focus plane of the recording system, which
includes a borescope and high-speed camera, with enough resolution for video analysis
and particle recognition of a few microns (Fig. 7.2).

Figure 7.2: General schematic of the experimental design for studying collision dynamics. Two focusing chan-
nels with a sampled agglomerate coming from the fluidized bed are placed at opposite ends of the collision
chamber, defined by a circle. The fluidized bed and attached channel can be moved around for study of colli-
sion angle as shown in the figure.

Preliminary results showed the effect of the focusing-to-focused streams flow ratio
on the focusing efficiency, the data conversion from micron-sized particles to nanopar-
ticles agglomerates, and the feasibility of agglomerate location at the focus plane [3]. For
the current setup with a 3 mm shooting tube and 20 cm/s sample flow, a 300µm agglom-
erate with 50 kg/m3 density has a Stokes number of 0.936, for which the agglomerate
behavior in the gas flow is not straightforward.

Multiple modifications are required to achieve the main analysis goal. Currently, the
setup requires the creation of a dilute cloud from static powder since direct ejection of
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the fluidized powder results in an extremely dense sample-stream. Hence, the setup
should be adjusted to extract dilute samples directly from the fluidized bed, and to syn-
chronize two identical shooting jets for one-on-one collision at the focus plane. One way
would be to have the ejection channel high on the column wall and with a small amount
of nanopowder being fluidized. The risk would be the lack of complex agglomerates in
the sample stream. In that case, more powder should be loaded, with a branched ejec-
tion port to decrease the amount of sampled structures. Also, the sample flow acquired
from a bed with gas at minimum fluidization velocity creates an extremely high shooting
flow, which is not representative of the agglomerate relative velocity inside the fluidized
bed. The branching of the ejection channel might solve this problem too. Agglomerate
synchronization is a more complex issue since sampling is random. Nonetheless, it is
more critical to have enough distance between the shooting agglomerates in a focus-
ing channel to prevent accumulated collisions, even if that decreases the probability of
having one-to-one collisions often. This is because agglomerate supply is abundant.

7.2.4. NUMBER OF CONTACTS BETWEEN AGGLOMERATES

To better understand the collision phenomena and stress/stain measurements, it is im-
portant to know the contact characteristics between the agglomerates. Agglomerates
are quite complex, and the arrangement of individual nanoparticles is hard to define.
For example, the number of contact points between two agglomerates can be calcu-
lated by making a 3D reproduction of the structure by TEM tomography. 3D tomog-
raphy has been used for 3D reconstruction of nanofiller networks [4], soot particles [5],
nanoparticles [6], and catalysts [7] among other systems, becoming a key tool for struc-
tural studies of micron and nano-size objects. The number of nanoparticles connecting
two agglomerates can be obtained from 3D reconstructions sliced into 2D images that
show the nanoparticles at each plane. The plane with the least number of nanoparti-
cles will be defined as the plane of agglomerate-agglomerate contact, where the number
of nanoparticles corresponds to the number of contact points holding the agglomerates
together.

For this, only a few tomographies were made, showing insufficient resolution of the
3D reconstruction with indistinguishable individual nanoparticles. Due to this and time
limitations, the study was set aside. In addition to the 3D tomography, force curves ob-
tained from the AFM showing multiple peaks on the approach and retraction parts pro-
vide valuable information about nanoparticle rearrangement during compression and
pulling of the structure. The number and height of the peaks can be correlated to the
2D images generated form the 3D reconstructions to understand the morphology of
these agglomerates. A good quantitative approximation of the number of contacts be-
tween agglomerates would improve the accuracy of the force balance model discussed
in Chapter 6, for the size distribution prediction inside the fluidized bed. Knowledge
about the number of contact will create a strong link with the community working on
primary particle-particle contact forces.

7.2.5. DIFFERENT PRODUCTION METHODS

Mass production of nanopowder is limited by the method used. As a result, flame pro-
duction is commonly employed. The high temperatures lead to sintering of the nanopar-
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ticles, creating strong chain-like structures, called aggregates, that impede manipulation
of individual nanoparticles; thus, the smaller structures attainable from these powders
are the hard aggregates as seen in Chapter 5.

As explained in this work, nanoparticles arrange into highly porous, fragile agglom-
erates in a step-wise fashion. Powders coming from different production methods might
have different starting points; chain-like aggregates, spherical nanoparticles, or irregularly-
shaped nanostructures that might form clusters with different morphologies. In order to
assess the effect of production method and/or starting building-block on the agglom-
eration process, the research presented in this thesis should be performed for powders
from various production techniques.

7.2.6. PROCESSED NANOPARTICLES
As explained before, powder manipulation is expected to affect the agglomerate mor-
phology. Processes that change the composition, shape, or size of the primary parti-
cles such as coating, most likely have a significant effect on nanoparticle agglomeration
and dynamics. For example, Atomic Layer Deposition (ALD) is a technique used to coat
nanoparticles in a fluidized bed [8–11] for multiple purposes, of which the effect on ag-
glomeration is not well known. Hence, repeating the studies on the formation and dy-
namics of fluidized nanoparticle agglomerates coated by ALD will be of great interest for
academic and industrial applications requiring NP coating.
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Propositions 
 

accompanying the thesis 
 

Fluidized Nanoparticles Agglomerates 
Formation, Characterization, and Dynamics 

 
Andrea Fabre 

1. Companies sell nanopowder composed of aggregates (>100nm) of sintered nanoparticles. Hence, the 
product cannot be classified as “nanopowder”.    
 

2. Simple agglomerates densify during fluidization. The densification of simple agglomerates only 
happens at the center.  

Chapter 5 of this thesis 
 

3. Due to the densified core, the shell of protruding NP chains at the agglomerate’s surface dictates the 
degree of exchange, rearrangement, and deformation of the structures during collisions in the fluidized 
bed.  

Chapters 4 and 5 of this thesis 
 

4. The simplified equation for the van der Waals’ force  [𝐹𝐹𝑣𝑣𝑣𝑣 = (𝐴𝐴/12𝛿𝛿2) (𝑑𝑑𝑣𝑣1𝑑𝑑𝑣𝑣2/(𝑑𝑑𝑣𝑣1 + 𝑑𝑑𝑣𝑣2))]  is not 
applicable to NP agglomerates with their known properties of heterogeneous particle distribution and 
fractal structure. The assumptions taken for the development of the equation do not cover these 
features. 

Zhou et al. (2000) Powder Tech.111 
Seville et al. (2000) Powder Tech. 113 

 
5. Modelling nanoparticle interactions is useless since experiments cannot discriminate among 

theoretical interactions at the nanoscale.  
 

6. “Agglomerates less than 133 µm do not exist” is a false statement. Unless the statement: “Atoms, 
molecules, and cells did not exist until the microscope was invented” is assumed to be true. 

  Liu et al. (2015) Chem. Eng. J. 262   
 

7. Scientists are humans and thus, cannot be trusted.   
 

8. It will take at least 60 years to understand the effect of human-made NPs in humans. Hence, humans 
should not be exposed until the long-term effect is known. 

  
9. Given the current atmospheric conditions and pharmaceutical state of the art, it is healthier to stay 

away from the sun.  
 

10. The 20cm increase in the last 200 years on the average height in the Netherlands is because of the 
large milk consumption. 

 
 
 
 
 
 
The propositions are considered opposable and defendable, and as such have been approved by the promotors, prof. dr. 
ir. M. T. Kreutzer and prof. dr. ir. J. R. van Ommen. 
 
 
 



Propositions 
 

accompanying the thesis 
 

Fluidized Nanoparticles Agglomerates 
Formation, Characterization, and Dynamics 

 
Andrea Fabre 

 
1. Bedrijven verkopen nanopoeder bestaande uit aggregaten (>100 nm) van gesinterde 

nanodeeltjes. Dus, het product kan niet geclassificeerd worden als een “nanopoeder”. 

2. Eenvoudige agglomeraten verdichten tijdens de fluïdisatie. De verdichting van eenvoudige 
agglomeraten vindt alleen plaats in het centrum.                                                    
 Hoofdstuk 5 van dit proefschrift 

3. Als gevolg van de verdichte kern, bepaalt de schil van uit-stekende ketens van nanodeeltjes aan 
het oppervlak van het agglomeraat de mate van uitwisseling, herschikking en vervorming van de 
structuren tijdens botsingen in het gefluïdiseerde bed.     
 Hoofdstukken 4 en 5 van dit proefschrift  

4. De vereenvoudigde vergelijking voor de vanderwaalskracht �𝐹𝐹𝑣𝑣𝑣𝑣 = (𝐴𝐴/12𝛿𝛿2)�𝑑𝑑𝑣𝑣1𝑑𝑑𝑣𝑣2/(𝑑𝑑𝑣𝑣1 +
𝑑𝑑𝑣𝑣2)�� is niet toepasbaar op agglomeraten van nanodeeltjes met hun bekende eigenschappen van 
heterogene deeltjesverdeling en fractale structuur.  De aannames die gedaan zijn bij de 
totstandkoming van de vergelijking omvatten deze kenmerken niet.    
 Zhou et al. (2000) Powder Tech. 111                                                                                                     
 Seville et al. (2000) Powder Tech. 113 

5. Het modelleren van interacties van nanodeeltjes is zinloos, omdat experimenten de theoretische 
interacties op de nanoschaal niet kunnen onderscheiden.  

6. De stelling “Agglomeraten kleiner dan 133 µm bestaan niet” is onjuist, tenzij men aanneemt dat 
de stelling “Atomen, moleculen en cellen bestonden niet tot aan de uitvinding van de 
microscoop” waar is.                                                                                          
 Liu et al. (2015) Chem. Eng. J. 262 

7. Wetenschappers zijn mensen en dus kunnen zij niet vertrouwd worden.  

8. Het zal op zijn minst 60 jaar duren om te begrijpen welk effect de door de mens gemaakte 
nanodeeltjes hebben op mensen. Daarom zouden mensen er niet aan blootgesteld moeten 
worden voordat het langetermijneffect bekend is.  

9. Gegeven de huidige atmosferische condities en de huidige kennis op het gebied van farmaceutica, 
is het gezonder om weg te blijven uit de zon.  

10. De toename van de gemiddelde lengte in Nederland met 20 cm in de afgelopen 200 jaar is het 
gevolg van de grote melkconsumptie.  

 

 

 

 
 
 

Deze stellingen worden opponeerbar en verdedigbaar geacht, en zijn als zodanig goedgekeurd door de 
promotoren, prof. dr. ir. M. T. Kreutzer en prof. dr. ir. J. R. van Ommen. 
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