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a b s t r a c t

Due to the enormous increase in nanopowder production, it becomes necessary to find and develop adapted

characterization techniques. In the case of nanostructured agglomerates, the structure of these particles has a

direct impact on flowing, and handling, but also on end-use final product properties. In this work, a fractal

approach is used to characterize the agglomerate structure using two different, commercially available and

widely used, methods: static light scattering (SLS) and image analysis of scanning electron microscope

(SEM) photographs of the aggregates. Fumed silica aggregates are used for this comparison. The results by

image analysis show that fumed silica aggregates have a two-level structure, made of compact aggregates of

open aggregates of nanoparticles. This structure is not detected by SLS. For such a structure, SLS seems to be

less accurate than image analysis method, although it could be an interesting technique in more simple

cases, since it is a much less time-consuming technique.

1. Introduction

Worldwide production of nanoparticles (particles sizing less than

100 nm, also called ultrafine particles) has undergone a big expansion

during the last years. This significant increase comes from the new

properties developed by nanoparticles (different from those of the

micrometric particles of the same substances), due to their high

surface-to-volume ratio. Hence, nanoparticles find several applica-

tions in different domains such as for example pharmaceutics,

materials, electronics or catalysis [1]. These applications are strongly

dependent on the particle properties, such as size, crystalline and

surface properties.

Nanoparticles can exist in liquid suspensions (where they can be

electrically or sterically stabilized) or as a powder. In the last case,

nanoparticles tend to agglomerate (because of their very reactive

surface) leading to form nanostructured powders. Hence, a complete

characterization of the powder implies the analysis of the properties

of the nanostructured agglomerates, such as agglomerate structure.

One possibility to characterize the agglomerate structure is to use the

concept of fractal dimension [2].

As reminder, a mathematical fractal is a scale-invariant object,

where the fractal dimension, Df, is:

Df =
lnn

lnh
ð1Þ

where the fractal object is made of n elements whose size has been

reduced by a factor h. A similar concept can be used for agglomerates,

where the number of primary particles that constitute the agglom-

erate is related to the size of the agglomerate by:

Df =
ln npp = k0

! "

ln Rg = a
! " ð2Þ

where a is the primary particle radius and k0 is a coefficient whose

value is roughly 1.1. Rg is a root mean square radius (called radius of

gyration), which value is given by:

R
2
g =

∫r2ρ rð Þ⋅d3r
∫ρ rð Þ⋅d3r

ð3Þ

where ρ(r) is the density at location r.

The fractal dimension allows a quantitative description of the

degree of openness, or ramification, of the random aggregate. The

fractal dimension of compact aggregates has a value close to 3,

whereas chain-like aggregates have a fractal dimension around 1.
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Eq. (2) is usually rearranged to show that the ratio between the

solid fraction and the void fraction is given by:

1−ε

ε
= k0

Rg

a

# $Df−3

: ð4Þ

This change in the porosity of the aggregate modifies its effective

density as well as the drag force exerted by the air onto the particle.

This change implies a variation of aggregate inertia, with further

effects on aggregate characterization by settling methods, or powder

recovery in cyclones.

Moreover, the fractal dimension determines the coordination

number in the aggregate (i.e. the number of primary particles close to

a given particle). A small fractal dimension implies a small coordi-

nation number, and hence a smaller tensile strength of the aggregate.

Aggregates with a small fractal dimension are then easier to disperse

in a liquid, but they can liberate more ultrafine particles in the air

during the powder handling too [3].

Finally, the fractal dimension modifies the total scattering cross

section of the aggregate [4]. Hence, the fractal dimension plays a part

in such different phenomena as aggregate settling, strength or light

scattering. Powder separation, handling and characterization are then

strongly dependent on the fractal dimension of the aggregates. The

goal of the present work is to compare two different techniques

enabling the characterization of the fractal dimension of a nanos-

tructured powder: static light scattering (SLS) and image analysis of

SEM photographs.

2. Methods and materials

In the following sections two different methods enabling the

measurement of the fractal dimension are presented. The first one

concerns the optical characterization of fractal aggregates by SLS,

whereas the second one concerns the analysis of projected images

(for instance by SEM photographs) of the aggregates. Both methods

were tested for fumed silica (Aerosil 200, Degussa) shown in Fig. 1.

2.1. Fractal dimension by static light scattering (SLS)

When an incident beam of light illuminates an aggregate, two

different types of processes can occur. The aggregate can convert the

radiant energy in other forms of energy (e.g. heat), and this process is

called absorption. Alternatively, the aggregate can reradiate this

energy in the same wave length. This process is called scattering. The

reradiation takes place in all directions, but usually with different

intensities in different directions. In SLS, the intensity I of scattered

light is measured at different angles, by placing several transducers at

these different angles θ. For fractal aggregates, the intensity of the

scattered light depends on the scattering angle [4] according to

Eq. (5), where q is the scattering wave vector, given by Eq. (6).

S qð Þ =

1 forqRgbb1

1−1

3
q
2
R
2
g forqRg≈1

CCp qRg

! "−Df
forqRgNN1

:

8

>

>

>

>

<

>

>

>

>

:

ð5Þ

S(q) is the intensity I of the scattered light at the angle θ, nor-

malized by the intensity of the scattered light I(0) for θ≈0. S(q) is

called the structure factor.

q =
4π

λ
sin

θ

2

# $

ð6Þ

Hence, at small q (θ≈0), the scattering is constant and

proportional to the product of the total number of primary particles

and the total number of aggregates in the volume cell. The suspension

of particles is seen as a whole. This is termed the Rayleigh regime. For

high values of q (qRgNN1), the scattering by the aggregates becomes

predominant, and the structure factor depends on the fractal

dimension of the aggregates (power-law regime). The change of the

slope (in a log–log plot) takes place for intermediate values of q

(qRg≈1), in the so-called Guinier regime (see Section 3).

The calculation of the fractal dimension implies then the plot in a

log–log scale of the structure factor against the scatteringwave vector.

The fractal dimension can be directly obtained as the slope of the

straight line in the power-law regime. Additionally, the radius of

gyration can also be calculated by the plot of 1/S(q) (calculated as I0 / I)

versus q2, where the slope is found to be equal toRg
2 /3. Thismethodhas

been applied in this work using the values of I obtained during the

measurements performed with a Mastersizer 2000 (Malvern) instru-

ment (see Section 3).

Dry fumed silica powder was fed to the Mastersizer 2000 using the

Scirocco 2000M Manual Dry Powder Feeder, which is based on the

free-fall of the powder from a hopper and re-entrainment by an air

flow.

2.2. Fractal dimension by image analysis of SEM photographs

This method [5] uses the projected images of a large number of

aggregates obtained by scanning electron microscope (SEM). SiO2

powder has been dropped from a silo and collected by an electric low

pressure impactor, ELPI [6,7] as describer by [3]. In the ELPI, particles

are classified and collected onto different stages, depending on their

aerodynamic diameter. Nuclepore track-etched polycarbonate filters

were placed on the ELPI stages, and the particles and agglomerates

collected on the different stages were visualized by SEM, after

platinum coating (coats 0.4–1 nm thick) and using a voltage of

5.0 kV. The agglomerates images were selected by changing the field

of view and following random trajectories on the filter; several

agglomerates in each filed of view have been pictured, aiming to

reduce operator bias. Magnification (from 5000 to 300,000, depend-

ing on the agglomerate size) was chosen to allocate an individual

agglomerate to a maximum scan area.

The images, initially with 256 grey levels and 1280⁎1024 pixels in

size, are then binarised bymanually selecting brightness thresholds to

ascertain the entire aggregate. The 2D fractal dimension Df,2 is then

derived as the slope on a least square linear fit of the plot of log n

versus log (box size), where n is the number of non-overlapping equal

boxes that would fill the projected surface area of the aggregate. All

this operation can be carried out by the ImageJ software package,Fig. 1. SEM photograph of a fumed silica aggregate.



freely available at http://rsb.info.nih.gov/ij/. Aiming to take into

account particle overlapping when observing an agglomerate, the

2D fractal dimension is then converted to a 3D fractal dimension Df,3

by multiplying Df,2 by 1.1 [2].

This method is only available for open aggregates (Df,2b2). For

more compact (and large) aggregates, computer simulations show

that the 3D fractal dimension can be obtained from the perimeter

fractal dimension, Dp [8,9]:

Dp =
1 + 3−Df ;3

! "3=2
forDf ;3≥2

Df ;3 forDf ;3b2
:

(

ð7Þ

Dp is the fractal dimension of the perimeter of the aggregate. This

fractal dimension is obtained in a similar way as Df,2, but using only

the perimeter of the particle.

The radius of gyration can be obtained by discretizing Eq. (3), [2]:

R
2
g = G

−1
tot ∑

x;y
G x; yð Þ r x; yð Þ−rcm½ $ ð8Þ

where G(x,y)=0 or 1 is the grey level of the pixel at position (x,y), and

Gtot the total grey level of the aggregate,

Gtot = ∑
x;y

G x; yð Þ ð9Þ

and rcm is the position of the centre of mass of the aggregate.

rcm = G
−1
tot ∑

x;y
G x; yð Þr x; yð Þ ð10Þ

3. Results and analysis

In this section the two previously presented methods are used

to calculate the fractal dimension of the aggregates of fumed silica

(Aerosil 200, Degussa).

3.1. Fractal dimension by static light scattering (SLS)

Fig. 2 shows the classical plot of the structure factor versus the

scattering wave vector for Aerosil 200. This result was obtained from

measurements with a Mastersizer Malvern apparatus (λ=632 nm).

The three regimes (Rayleigh, Guinier and power-law regimes) are

clearly identified. First, the radius of gyration is calculated from the

slope of the plot of I(0)/ I versus q2 (Fig. 3) by rearranging Eq. (5) into

Eq. (11). Then the radius of gyration of the aggregates of fumed silica

is found to be equal to 11.0 μm.

S qð Þ½ $
−1

=
I 0ð Þ

I qð Þ
= 1 +

1

3
q
2
R
2
g for qRg≈1 ð11Þ

Eq. (5) can be rearranged into Eq. (11), by considering that 1−x

and 1/(1+x) are similar functions with the same first-order Taylor

development for small x values. Hence 1− (1/3)q2Rg
2 can be

approached as (1+(1/3)q2Rg
2)−1. Regression of I(0)/ I(q) vs. q instead

of I(q) / I(0) is preferable in view of the more important noise for

very small scattering angles, as can be seen in Fig. 2. Hence, repre-

senting I(0)/ I(q) seems a smarter approach, since the more noised

value is kept in the numerator. Note that exp(−x) has also the

same first-order Taylor development, which explains why represent-

ing ln(S(q)) vs. q2 is sometimes found on the literature.

The fractal dimension Df,3 is then obtained as the slope of the log–

log plot of I(0)/ I versus qRg (Fig. 4). The fractal dimension of the

fumed silica aggregates is then 2.09. This fractal dimension is the

averaged value of the fractal dimension of all the aggregates.

3.2. Fractal dimension by image analysis of SEM photographs

The fractal dimension of several silica aggregates has been

determined by image analysis of the SEM photographs of these

aggregates. The results are reported on Fig. 5. Three regimes are

observed. For very small aggregates, the number of primary particles

in the aggregate is too small, and hence the definition of fractal

Fig. 2. SLS plot (structure factor versus scattering wave vector) for fumed silica

aggregates.

Fig. 3. Getting the radius of gyration by SLS. The slope of the plot of I0 / I versus q2 is

equal to Rg
2 /3. The scattering wave vector q is expressed in m−1.

Fig. 4. Getting the fractal dimension by SLS. The slope of the plot of log I0 / I versus log

qRg is equal to Df,3.



dimension can not be used. For intermediate aggregates (Rg values

comprised between 100 nm and 1 μm), the structure is quite open

with a fractal dimension close to 2.0. Finally, big aggregates have a

much more compact structure (Df,3≈2.5). Hence, it can be deduced

that fumed silica has a two-level structure, which could be organized

as shown in Fig. 6.

4. Discussion and conclusions

SEM image analysis has shown that fumed silica aggregates have

two different fractal dimensions, corresponding to a two-level

structure. Hence, fumed silica is not really a mathematical fractal,

which should have only one fractal dimension, aiming to be scale-

invariant. Moreover, previous works have shown that agglomerates

usually have a complex structure, with different compaction at dif-

ferent scales and hence different fractal dimensions [10–12]. This is

not surprising, since agglomeration is driven by different phenomena

at different scales [13]: Brownian motion for nanoparticles smaller

than the Batchelor scale, laminarmotion inside an eddy for aggregates

between the Batchelor and the Kolmogorov scales, turbulent unsteady

motion for aggregates bigger than the Kolmogorov scale. Hence,

fractal dimension is rather a tool which leads to a simple description

of the agglomerate structure (even for complex agglomerates).

The comparison of the results obtained by the two different

methods shows that SLS does not give as much information as the

image analysis. First, only an averaged fractal dimension is obtained,

and hence it is not possible to have any idea of a possible dispersion in

the values of Df,3. Secondly, only one fractal dimension has been

detected. In fact, one of the fractal dimensions corresponds to a very

small radius of gyration (between 100 and 1000 nm). It should be

necessary to measure S(q) for very large values qRg, not available by

light scattering, even for very large scattering angles. Large values of q

can be accessed by using X-rays scattering. However, X-rays scattering

is a more unusual measuring device, much less used than SLS, which is

commonly used in powder technology. Moreover, the two popula-

tions (aggregates and superaggregates) have too closed values of

radius of gyration, which introduces a bias in the obtained values of

the fractal dimension (and that, even if X-ray scattering would be

used).

Two different methods have been used to characterize the fractal

dimension of fumed silica aggregates. Although the image analysis is

very time-consuming, it allows a much better characterization of the

fractal dimension. Moreover, it enables to have the fractal dimension

in specific cases, where the aggregates have very complex structures,

such as 2-level structures. Static light scattering could be less accurate,

although it remains a useful technique in some simple cases, due to its

quickness.

Nomenclature

a primary particle radius

C proportionality constant

Cp polydispersity factor

Df fractal dimension

G grey level

Gtot total grey level of the aggregate

I intensity of the scattered light

k0 proportionality constant

npp number of primary particles

q scattering wave vector

r position

r position of the centre of mass

Rg radius of gyration

S Structure factor

ε agglomerate porosity

λ wavelength

ρ density
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