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Abstract

Fluidization is a technique used to process large quantities of nanopowder with no solvent 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 mor-
phology of the agglomerates. There are many theoretical models to predict the average size of fluidized agglomerates;
however, these estimates of the average lack information 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 (TiO3), alumina (Al;Os3), and silica (SiO3) nanopowders, which were studied experimentally.

An in-situ method was used to record the fluidized agglomerates for size analysis and model validation.
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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 [1-8]. The average agglomerate size is usually assumed to be that
at which the adhesion and separation 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 [9-12]. 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 [11, 13—15], which fluidize as agglomerates due to

the relatively strong attractive interactions, particularly van der Waals and capillary forces [13, 16—19]. As the stable
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structures of the fluidized powder, the properties of the agglomerates are directly linked to the fluidization dynamics
[13]. Nanopowder fluidization depends on the agglomerate properties and can be classified as agglomerate particulate
fluidization (APF) or agglomerate bubbling fluidization (ABF) [20]. APF is characterized by uniform, non-bubbly be-
havior, good solid-gas contact, 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 distribution [9, 15]. The fluidization
type and agglomerate properties are co-dependent. As a key property distinguishing the two forms of fluidization,
various studies have focused 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 Transmision 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 [21]. This indicates the need of in sifu techniques for more
accurate results [21, 22]. A common in situ method used to measure the fluidized agglomerate size involves laser
illumination and a digital CCD camera [15]. Average agglomerate sizes between 70 ym and 900 pm have been
measured with this technique for Aerosil R974, Aeroxide TiOs, fumed silica, zirconia, and iron oxide nanopowders
[10, 11, 13, 21-24]. 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 pm [10] or 200 pum [11], or a
positive skewed distribution in the size range 40-600 pm [22]. Another visualization technique, the Lasentec Focused
Beam Reflectance Method / Particle Vision Measurement system, showed a log-normal size distributions of Aerosil
R974 and Aerosil 90 [9, 25]. More recently, de Martin et al. [4] 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 understanding of the dynamic pro-
cesses within the fluidized bed, which are of great importance in nanopowder processing and applications such as in
medicine, optics, and solar cells [26, 27]. Even though the tools to experimentally determine the agglomerate size
distribution 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 distribution. 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.

2. Material and Methods

The nanopowders used in this study were bought from Evonik. The characteristics given by the supplier are shown
in Table 1. The powder selection involves both fluidization behaviors, APF and ABF. As mentioned in literature,
Aly03 and TiO, show bubbling, while SiO fluidized homogeneously [9, 11, 28]. All nanopowders are sieved using a
450 pm 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 4.5x4.5 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.

The fluidized agglomerates are recorded while falling through a settling tube placed in the splash zone. As was
demonstrated by Wang et al. [22], agglomerates present in the splash zone are representative of those found in the
bed. Additionally, the gas velocity used for fluidization is large enough for the agglomerates to follow the gas flow by
keeping their Stokes number bellow one. 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.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 um 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 recognition, 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 settling velocity and size obtained from the videos. The size
distribution is taken directly from the images, assuming the agglomerates to be spherical [30]. The diameter used to
describe the size of the agglomerate is the area equivalent diameter; the diameter of a circle with the same area as
the region recognized from image processing. Other works suggest the use of volume-surface diameter for fluidized
agglomerate sizing from 2D images as a better representation of the fluid-particle interaction [22]. However, the error
propagation from image analysis is increases in this case.

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. Settling velocity and agglomerate
size are used to calculate the Reynolds number, which is used to estimate the drag coefficient, thus completing the list

of parameters needed to determine the agglomerate density.

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
adhesion group, while gravity-buoyancy sometimes is classified as cohesive [2, 3] and sometimes as a separation force
[7]. 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 [1].
The drag force calculation includes a shape factor of 0.9 in the denominator, representing the agglomerate sphericity.
Finally, capillary force is estimated as the maximum force assuming the formation of a liquid bridge between two

highly porous spherical agglomerates. Figure 2 presents a comparison of the forces for TiOs P25 with properties as
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shown in Table 1, contact distance of 0.4 nm, Hamaker coefficient of 1.02x10~19 J, Young’s modulus of 234 GPa,
and work of adhesion of 0.8 J/m?, with fluidizing gas velocity of 13 cm/s. It is shown that the dominant forces acting
on the fluidized agglomerate are van der Waals (F,qw ), capillary (F.), and collision (F,,;;). The difference in the
values of powder properties and fluidization conditions for the studied materials don’t change the order of magnitude
of the forces; hence, Figure 2 is a general representation of all the nanopowders mentioned in this paper.

In a dry system, the main forces acting on a fluidized agglomerate are van der Waals and collision (Fig.3). Hence,
a simple but representative force balance equating the effective forces (Eq.1) can give valuable approximations to the

size distribution within the fluidized bed.

Foaw = Feonr ()

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.4). A crucial concept of this model is that agglomeration
is fastest when the difference 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

threshold on the distribution.

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 interaction 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]:
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where h,, is the Lifshitz-van der Waals constant (h,, = 7H,3/4), R, is the agglomerate radius, ¢ is the solid
fraction of the agglomerate, ¢ is the contact distance commonly taken as 0.4nm [32], and H, is the agglomerate

Young’s modulus calculated using [33]:
H, =17.1¢*

g’ 5
dp

which depends on the nanoparticle’s Young’s modulus (%)), work of adhesion (I'), and diameter (d,,) [34]. The

Hamaker coefficient (H,) [35] used to calculate h,, is an average 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 (¢) 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.2).

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 agglomerates colliding vertically. The collision force depends
on the degree of compression, which is a function of the density (p,), Young’s modulus (H,.), Poisson’s ratio (v/), size
(d,), and relative collision velocity (V,) of the agglomerates. The following expression assumes the agglomerates to

be identical spheres colliding in a fluid with viscosity u and density p¢, represented as [2, 3, 5, 7]:
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The estimated relative velocity of the agglomearte depends on the fluidization behavior. That for ABF powders is

[7, 38]:

Vi, = (1.5P; , Dygep)®® ©6)

where P; ,, is the dimensionless average particle pressure of a non-sticky system taken as 0.077 [18, 39], g is the
acceleration due to gravity, ¢ is the void fraction of the fluidized bed, and D, is the bubble diameter estimated by

[38]:

Dy, = 0.652(A; (ug — umys))*? N

from the bed cross-sectional area (A;), superficial gas velocity (ug), and minimum fluidization velocity (u,f),
which can be calculated from [38, 40]:
0.00923d-%2(p, — pf)o'94
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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 superficial 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
moving downwards at its settling velocity colliding with an upward moving agglomerate at the velocity of the flu-
idizing gas. Considering the relative velocity for non-bubbling fluidization to have a symmetric distribution, it comes

down to:

(Pa — pf)dgg
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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
agglomerates 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
density, or agglomerate solid fraction, as seen in Eq.3. From the given assumptions, the final overall force difference

for our model becomes:

/5
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From Equations 2-9 it is clear that h,,, d, k, H,, and p, are constant, and V,, hardly changes with size. Therefore,

the force balance has the form:

AF = ad, — bd” (11)

where b and n depend on the fluidization behavior. Given that the 1 inside the first parenthesis of Eq.10 (van der

Waals) was found to have minimal contribution, the second term became the coefficient a:

"
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In the case of bubbling fluidization (ABF), minimum fluidization velocity (u,,s) depends on agglomerate size
(dq) to the power of 1.82 (Eq.8). Once u,,y is evaluated and compared to the superficial gas velocity (uo), it is found

to be 2 orders of magnitude smaller, and thus, neglected. The coefficient b is then evaluated from:

Dy, ~ 0.652( Ay (ug))?/° (13)
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giving a simplified model to predict the size distribution by estimating the agglomerate size at maximum and zero

force difference (A F') corresponding to the size at the inflection point (dy(az42)) and mode (dg(asode) ), respectively:

AF =0=ad, — bdz —  da(Mode) = (a/b) (16)
dcfiF =0=a— 2bda — da(MamG) = (a/zb) (]7)

In the case of non-bubbling fluidization (APF), the velocity expression was fully substituted in the force balance

equation, leading to:

1 (Pa=pP1)9[\6 ,3 1/
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0.166 12 =b (18)
which results in the following set of expressions:
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dAF
T =0=0a—(22/56d”°  —  daqtasc) = (a/b)*17 (5/22)717 (20)

a

The mode size depends on constant parameters from material properties and fluidization 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 of agglomerate size. The
self-similarity in the size distribution of fluidized agglomerates is expected since experimental data of micron size
particulate systems shows the same trend [41, 42]. Furthermore, the mathematical feature of the collision kernels in
the Smoluchowski differential equation 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. Additionally, increasing the Young’s modulus, relative particle velocity, or solid fraction
will decrease the mode and distribution width. This is also foreseen since harder agglomerates present less deforma-
tion 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. [25], for conventional fluidization of nanopowders.

4. Results and Discussion

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 agglomerate size varies between 76 pym and 462 pm, which
is in good agreement with values found in literature using a high speed camera [10, 11, 13, 21, 22]. The density
distribution can be calculated once the size and agglomerate settling velocity are known. The number-based average
size and density values for all powders are presented in Table 2.

Experimental studies of nanoparticle agglomerates from literature have reported a log-normal size distribution
[9, 25, 46]. This is expected, because for granulation, which is similar to nanoparticle agglomeration [41, 44, 47, 48],
the coalescence principle also predicts a log-normal size distribution. Indeed, we found experimentally that a log-

normal distribution best described the size distribution for all nanopowders.

4.2. Model Predictions

Now, the agreement between the size distribution based on the model presented above and the experimental data
is analyzed. The values used to calculate the a and b coefficients for each powder are presented in Table 3. 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 § of 0.5, whereas homogeneous fluidization gives a ratio of § = 0.65. The second

prediction is the absolute values of agglomerate sizes. It should be noted that the model predicts these features of
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the agglomerate size distribution without any fitted parameters, and that it uses independently determined material
properties for the different powders.

Table 4 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 § is found to be 0.51, close to the theoretical
prediction of 0.5. Similarly, the data obtained for homogeneous fluidization has (§) = 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.

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 essentially based on a single number for each powder, i.e. the ratio
of a and b in Eq 11. Fig.5 shows the experimental histograms, together with the model predictions. The experimental
values of y, o and § are presented in Table 3, while the model values are (i, 0,d) = (4.88,0.387,0.50) for TiOo,
(5.61,0.387,0.51) for AlyO3, and (5.47,0.312,0.60) for SiOy. Taking into consideration that there are no fitted
parameters, the agreement is notably good. An important caveat, however, is the use of the experimentally determined
density, of which the uncertainty propagates strongly into the uncertainty of the predicted size. The distributions
obtained from the model by keeping density as a fitting parameter are included in Appendix B. Still, Fig.5 is the more

impressive demonstration of the importance of the model.

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 being 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 behaviors. The prediction of the
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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 pym.
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Nomenclature

a Force balance coefficient

A Bed cross-sectional area [m?]

b Force balance coefficient

c Force balance exponent

d, Agglomerate size [m]

do(Maz@) Fluidized agglomerate diameter at the distribution’s inflection point [m]
da(Mode) Fluidized agglomerate mode diameter [m]

Dy Bubble size [m]

Dy Agglomerate fractal dimension

dp Nanoparticle diameter [m]

E, Nanoparticle Young’s modulus [Pa]

g Gravitational acceleration [mz]

H, Hamaker coefficient [J]

H, Agglomerate Young’s modulus [Pa]

hy Lifshitz-van der Waals constant [J]

K Function of Poisson’s ratio and Young’s modulus
kn Agglomerate prefactor

N, Number of particles in an agglomerate
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P Dimensionless particle pressure

R, Agglomerate radius [m]

Ry Colloid radius [m]

s Indentation depth [m]

So Point of zero indentation [m]

U f Minimum fluidization velocity [m/s]
Uo Superficial gas velocity [m/s]

Ve Collision relative velocity [m/s]
Frerts Hertz force [ V]

Foaw Van der Waals force [ V]

Feon Collision force [ V]

€a Agglomerate void fraction

€p Fluidized bed void fraction

) Separation at contact [m]

AF Adhesion and separation force difference [V ]
y Water surface tension [N/m]

T Work of adhesion [J/m?]

n Fluid viscosity [/V]

v Agglomerate Poisson’s ratio

Pa Agglomerate density [kg/ms]

pf Fluid density [kg/m?]

Pp Nanoparticle density [kg/m?]
PTamped Nanopowder bulk density [kg/m3]
10) Agglomerate shape factor
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Appendix 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
(dQLogNor

TZ”“DDF). The "Mode” agglomerate size calculated by the model is that at which separation and adhesion

forces balance each other. The set of equations is:

1 _ (nz—p)?

LogNormal PDF = e 202 Mode = e#=° (A.1)
oV 2T
MazGrowthRate = ei (Vo +160% 607 +4u) Variance = (¢ — 1)e= (A2)
U2
Mean = ett= Median = e* (A.3)
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Modeling the size distribution in a fluidized bed of nanopowder
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Table 1: Properties of the fluidized nanopowders as provided by the manufacturer.

Powder Surface d, (nm)  p, (kg/m?)  prompea (kg/m?)
TiO, P25 hydrophilic 21 4000 100-180
AlyO3 AluC  hydrophilic 13 3800 50
SiO5 A130  hydrophilic 16 2200 50

Figure 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.
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Figure 2: Contribution from each force to the overall force balance of agglomerates in a fluidized bed. Left plot corresponds to separation forces;
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right plot are the adhesion forces. Values were estimated for P25 fluidized with the conditions used in our experiments.

Figure 3: Schematic of the force balance on fluidized agglomerates. Van der Waals is the main force holding the agglomerates together, counteracted

F van der waals

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

F collision

by the dominant separation force arising from collisions.

Table 2: Number-based average experimental density and size of fluidized agglomerates obtained using the settling tube. Confidence intervals are

one standard deviation.

Powder  p, (kg/m?)  d, (um)
TiO5 P25 101 £ 46 142 £+ 66
Al>,O3 AluC 55 £ 40 280 £173
Si05 A130 47 £ 26 265 £ 129

Table 3: Properties of the fluidized nanopowders used to estimate coefficients a and b.

Powder H, (J) x10~'%  Young’s modulus (GPa) Work of adhesion (J/m?)
TiO5 P25 1.02 234 0.8
Al>O3 AluC 1.005 400 5.2
SiO5 A130 0.363 70 0.18
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Figure 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.

Table 4: Experimental parameters, including representative literature data: p and o are the mean and the standard deviation of the log of the
distribution, respectively, and § 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 1 o 0  Fluidization

TiO, P25 486 0.4414 0.58 ABF

Al;03 AluC 5.51 0.5531 048 ABF

SiO2 A130 541 0.4584 0.56 APF

TiOg P25 [10] 459 0.5574 048 ABF

SiO2 R974 [10] 4.95 0.3698 0.64 APF

SiO2 R974 [22] 4.66 0.4858 0.54 APF
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Figure 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.



