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Abstract To improve the understanding of the poor

dispersability of fumed silica nanoparticle agglomer-

ates, the stability of highly defined agglomerated

model particles was investigated. The high temper-

ature synthesis conditions for fumed silica were

simulated by tempering. Along with electron-micro-

scopical analysis of the sintering necks, the interpar-

ticle forces were investigated by energy resolved

fragmentation analysis based on low pressure impac-

tion. At temperatures above 1,000 �C the fragment-

ability of the agglomerates rapidly decreased while

the energy necessary for fragmentation increased.

The development of sintering necks was observed for

temperatures exceeding 1,300 �C. Comparison of the

experimental data with the fragmentation behaviour

of a commercially produced fumed silica indicated

solid state contacts (sintering necks) as being most

numerous in the agglomerates resulting in limited

fragmentability.

Keywords Fragmentation � Sintering �
Van-der-Waals forces � Agglomerate stability �
Nanoscale interactions

Introduction

In the synthesis of nanoparticles (NP) the high number

concentrations, unavoidable in an even moderate

yield process, lead to the formation of agglomerates.

This is especially true in the aerosol phase, where

stabilization of particles in the unagglomerated state is

quite challenging. Upon contact the primary particles

of an agglomerate form bonds which can be of

different nature, depending on the synthesis process.

At sufficiently high temperatures for instance, the

viscosity of the particles or the diffusivity allow

sintering of the particles in contact, and thus hard

aggregates are formed. Depending on the chemical

nature of the particles, the formation of chemical

bonds between the particle surfaces may also occur.

As a baseline of the interparticle energy van der Waals
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forces are always present, leading to relatively weak

agglomerates. If condensable material is present in the

surrounding atmosphere, the formation of liquid

bridges can be an additional contribution.

While aggregates are very stable structures that can

hardly be broken up, agglomerates can be disintegrated

in suitable processes for further use. The distinction

between agglomerates and aggregates is significant to

estimate the product properties of nanopowders since

the strength of interparticle bonds to a large extent

determines the physical properties and applicability in

subsequent manufacturing steps. On one hand, there

are nanomaterials that have to be applied in single

particle form, e.g., in electronic, optical, and optoelec-

tronic applications. In these cases, the energy needed

for particle deagglomeration is an important parame-

ter. This is also true for the fluidization of agglomerated

NP where the size of the stabile macro agglomerates

formed in the fluidized bed results from an equilibrium

between attractive interparticle forces and disruptive

influences originating from shear and impact forces

(Wang et al. 2002; Valverde and Castellanos 2008). In

filled polymers, however, the elasticity of nanoparticle

chain aggregates seems to contribute to the mechanical

properties of the composite material, thus the strength

of the interparticle forces is of importance in a positive

way (Bandyopadhyaya et al. 2004). In biological

systems the strength of NP agglomerates has yet

another implication. Since both the uptake of particles

by cells and the toxic effect appear to be dependent on

particle size (Rejman et al. 2004; Oberdörster et al.

1992) the integrity of agglomerates is crucial in respect

to health hazard assessment of NP.

As a major representative of engineered NP, the

agglomerate strength of fumed silica deserves special

attention. For this material a limit of the dispersibility

in liquid media and polymers is observed. In liquids

the particles remain at diameters of about 100 nm,

while the primary particles are much smaller than

this, in the range of 10–20 nm. An increase of the

energy input does not lead to further fragmentation

(e.g., Pohl et al. 2005; Wengeler et al. 2006). While

electron micrographs show no signs of sintering there

are obviously substructures of the agglomerates with

high interparticle forces that cannot be fragmented. In

polymers the dispersion of flame made SiO2 agglom-

erates was found to be equally challenging and

complete deagglomeration was not achieved (Bikiaris

et al. 2005). It can be speculated that these stabile

substructures are aggregates, formed in regions of

high temperature in the synthesis process where

minute sintering in the contact regions was possible.

These aggregates may then agglomerate in cooler

regions to form weak agglomerates.

The aim of this study was the systematic investiga-

tion of the interparticle forces in silica agglomerates.

To this end silica particles were generated and allowed

to agglomerate at room temperature, forming low

energy contacts. The formation of high energy bonds

was then induced by controlled sintering at various

temperatures between 1,000 and 1,500 �C at a constant

residence time of 30 ms. The bond energies of the

primary particles within the agglomerates were deter-

mined using the method of impact fragmentation,

which was adapted to the nanoscale (Seipenbusch et al.

2002, 2007). The method enables fragmentation of

agglomerates under variation of the kinetic energy

prior to impaction. Analysis of the fragmentation

patterns at different initial kinetic energies then yields

fragmentation curves that show the distribution of

interparticle forces within the agglomerates. In parallel

to the fragmentation experiments the evolution of solid

state bridges was analysed using electron microscopy.

Experimental

The experimental setup combined particle synthesis,

sintering step and the analysis of the interparticle

forces into a direct line, without any intermediate

deposition (Fig. 1). Thus, the effect of high temper-

ature on the strength of the agglomerates was analysed

quasi in situ. Spherical particles were generated at

high temperatures which were then agglomerated at

Agglo-
meration

Particle-
synthesis

Sintering
reactor

size classi-
fication

Characteri-
zation
(offline)

Fragmen-
tation

T

Fig. 1 Schematic of the

experimental setup
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room temperature. After the passage of the sintering

reactor a narrow size fraction with a median diameter

of 300 nm was classified in a differential mobility

analyzer (DMA, TSI model 3010). Subsequently, the

aerosol entered the device for fragmentation analysis.

The individual parts of the setup will be discussed in

more detail in the following.

Particle generation

In a hot wall tubular reactor single spherical silica

nanoparticles were produced by oxidation of the

precursor tetraethylorthosilicate (TEOS). These parti-

cles served as monomers for silica agglomerates. To

generate particles for fragmentation analysis the syn-

thesis reactor was run at a temperature of 1,750 �C at a

pressure of 950 mbar. For these conditions a residence

time of 0.8 s and silica mass concentration of 0.6 g/m3

were determined. An aerosol with a relatively narrow

size distribution (rg = 1.35) and a median size of

25 nm was obtained in this way (see Fig. 2). Coagu-

lation at room temperature led to the formation of

agglomerates consisting of approx. 100 primary par-

ticles. These larger agglomerates simplify statistical

evaluation of the fragmentation experiments.

The analysis of neck formation during sintering in

the TEM, however, required highly defined doublets of

particles with narrow size distributions. For this

purpose the particle synthesis reactor was adjusted in

two ways. First, at the end of the reactor an additional

quench probe was applied to reduce the concentration.

Second, residence time and mass concentration were

set to 0.9 s and 0.5 g/m3, respectively. The other

parameters were identical to the ones used in the

fragmentation experiments. Further details on the

particle synthesis may be found elsewhere (Kirchhof

et al. 2004).

For well-defined sintering and investigation of the

sintering kinetics separate from other mechanisms

possibly occurring in a subsequent reactor, the synthe-

sis parameters ensured complete oxidation of the

precursor in the synthesis reactor. Otherwise particle

formation due to nucleation and surface growth may

also occur in the sintering reactor.

After passing a cold coagulation zone the silica

agglomerates enter a specifically designed high-tem-

perature, short-time sintering reactor (Kirchhof et al.

2009). The reactor allows gas temperatures of up to

1,600 �C and well-defined residence times down to

4 ms in the reaction zone. For the experiments

temperatures in the range of 1,000–1,500 �C were

used while the residence time of 30 ms was kept

constant. The process pressure was set to 600 mbar. A

schematic drawing of the short-time sintering reactor is

shown in Fig. 3. The reactor consists of an outer

alumina made ceramic tube and an inner ceramic setup,

housed within an electrical furnace, all vertically

positioned.

The preheated process air enters the reactor at the

bottom and is further heated to sintering temperature

between the outer ceramic tube and the inner ceramic

setup assisted by several axial heat transfer ceramic

plates. The sintering zone with a length of 400 mm is

located in the inner setup between water-cooled injec-

tion and collection probes. This way, rapid heating and

cooling of the particles at the beginning and at the end of

the sintering zone, respectively, is maintained. More

specifically, the heating of the small cold aerosol flow is

achieved by mixing with the hot process air when

entering the reaction zone after the injection probe. The

collection probe delivers quench air to the aerosol flow

to reduce the temperature by several hundred degrees at

the end of the sintering zone. Thus, an almost instan-

taneous quenching of the sintering processes is

achieved. Both water-cooled probes are embedded in

Fig. 2 Left hand side:

primary particle size

distribution of silica

agglomerates used in the

fragmentation experiments.

Right hand side: SiO2

agglomerate, as produced
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alumina–silica made fibre insulation to minimise heat

transfer from the sintering zone. In order to minimise

near wall effects only part of the sintered aerosol flow

exits through the line of the water-cooled collection

probe and is used for analysis. The excess aerosol flow

exits beneath the probe and is not used.

Analysis of agglomerate strength by impact

fragmentation

The experimental system for impact fragmentation

was described earlier in detail (Seipenbusch et al.

2002), thus only a brief outline will be given here.

The core of the setup is a single stage low pressure

impactor (LPI). An aerosol flow passes through a

critical orifice, which defines the mass flow to the

impactor. An acceleration nozzle then focuses the

aerosol onto the impaction plate perpendicular to the

flow, where a sharp directional change of the flow

occurs (see Fig. 4). Due to their inertia particles are

unable to follow the gas flow and are deposited on the

impaction plate. The particle surface concentration

was kept low enough to prevent re-agglomeration of

impacted particles on the plate. The pressure down-

stream of the critical orifice determines the velocity

Aerosol outlet

Preheated
process gas

Quench gas

Aerosol inlet

High-temperature
furnace

Position-ajustable
thermocouple probe

Insulation

Insulation

Axial heat
transfer plates
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Heating
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Water-cooled
collection probe

Water-cooled
injection probe

Fig. 3 Schematic of the

sintering reactor
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of the gas and thus the kinetic energy of an impacting

particle. Variation of the pressure in the LPI thus

allows the variation of the energy available for

fragmentation of an impacting agglomerate. The

impaction plate is equipped with a filmed TEM-grid.

Samples of the aerosol are first collected by diffusion,

to define the original state of agglomeration. For this,

the number of primary particles and the number of

interparticle bonds is determined from TEM images.

Subsequently, the pressure in the LPI is lowered in

steps and sampling of impacted particles is performed

at each pressure. The fragmentation patterns are now

analysed in the same way as the intact agglomerates.

A statistical analysis is then carried out yielding a

fragmentation curve as displayed in Fig. 4 for

agglomerated Ni nanoparticles. We define agglomer-

ate fragmentation in the following manner (Eq. 1):

F ¼ 1� #c

#pp

�
#c

#pp

� �
0

¼ 1� cN

cN;0
ð1Þ

The number of contacts within an agglomerate

(#c) is compared to the number of primary particles

(#pp) and is divided by the initial ratio of the same

numbers for the intact agglomerate. This is equivalent

to a comparison of the coordination number cN before

and after fragmentation.

The fragmentation curves can reveal several

agglomerate characteristics. By fitting a normal

distribution to the data a value of the kinetic energy

necessary to achieve 50% fragmentation (Ekin,50%)

and the width of the distribution (rg) can be obtained,

which are very valuable parameters to describe the

overall fragmentation behaviour. We define the

maximum of the fragmentation curves in the

observed energy range as the Fragmentability f of

an agglomerate. It is a direct measure for the fraction

of breakable contacts to more rigid interparticle

bonds. Thus, it can be used to distinguish between

agglomerates and aggregates.

Results and discussion

The mechanical properties of Aerosil� 200 (De-

gussa), as a reference material for an industrially

produced fumed silica, were analysed by impact

fragmentation. The median primary particle size of

25 nm was determined by image analysis (see Fig. 5,

left). The fragmentation experiments yielded a value

for Ekin,50% of 5.5 9 10-17 J/particle and a frag-

mentability of about 30% (see Fig. 5 right). This
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result supports the observations of limited dispers-

ability of fumed silica in the liquid phase.

A simulation of the particle synthesis was now

done using the techniques for monomer synthesis and

sintering under highly controlled conditions, as

described above. The stability of the SiO2 agglom-

erates was investigated for the as produced state and

for six temperature settings of the sintering reactor

between 1,000 and 1,500 �C using the low pressure

impactor. The results are displayed in Fig. 6 where

the lines represent lognormal distributions fitted to

the data. Since the fragmentation curves can be

viewed as representing the distribution of bond

energies between the primary particles of an agglom-

erate, the changes in these curves during the sintering

process contain valuable information. The maximum

reached in the observed energy range, the fragment-

ability f, decreases substantially with increasing

temperature. Since the kinetic energies applied for

fragmentation are too low to break solid state

sintering bonds but sufficient to break weaker con-

tacts as van der Waals and liquid bridge bonds, f is

equivalent to the fraction of soft interparticle bonds.

Thus, for the highest temperatures we have almost

pure aggregates, while the as produced particles are

agglomerates held together by van der Waals forces

and liquid bridge bonds alone. The right shift of the

curves indicates an increase of the average bond

energy in the breakable bonds.

For better interpretation of the fragmentation data

the sintering of doublets of equally sized SiO2

particles was investigated in the same setup. As a

measure for the sintering progress, the sintering neck

size was determined by offline analysis in the TEM.

Figure 7 exemplarily shows the TEM-analysis for

neck size evaluation.

The dimensionless sintering neck diameter Dn/x0 is

determined by the quotient of the neck diameter Dn

and the primary particle diameter x0. For small neck

diameters the size of the neck region in the direction

of the symmetry axis of the initially spherical primary

particles is very small and consequently, the mini-

mum neck size that can be clearly determined and

evaluated by TEM-analysis is in the range of Dn/

x0 = 0.2–0.3. Figure 8 shows Dn/x0 as a function of

the temperature for different particle sizes x0 and for

a constant residence time of 28 ms. Complete

sintering was achieved when Dn/x0 reached unity,

which was only accomplished for the smallest

particle size.
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Since the sintering experiments described here

were conducted with single particle contacts between

particles of sizes predefined in the synthesis reactor

the sintering progress can be resolved depending on

the primary particle size. A dependence of the

relative neck diameter on both temperature and

primary particle size is clearly visible in the diagram,

where the elevation of the first and the reduction of

the latter substantially increase the sintering neck

size. A detailed investigation of the sintering kinetics

of silica doublets depending on particle size, temper-

ature, and residence time are described elsewhere

(Kirchhof et al. 2009).

To compare the two sets of data the parameters

describing the fragmentation were derived from the

fit curves to the data. The width of the distributions

(rg from the log-normal distributions) increased from

an initial value of 1.35 to values that scattered around

2. The fact that the initial rg equals the value of the

primary particle size distribution is very interesting.

If it is assumed that coagulation occurs statistically

between all particle sizes in agglomerate formation

there is a distribution of the size dependent interpar-

ticle forces. For van der Waals forces and liquid

bridge bonds the interparticle energy is proportional

to the particle size. We thus see an indication for

these two forces to be the dominant interparticle

forces between the particles in the agreement of the

values for rg. The increase of rg with the sintering

temperature for the energy distribution is not parall-

elled by an equal broadening of the primary particle

size distribution and could be due to an additional

interparticle force like chemical bonds between the

particles that may be formed below the sintering

level.

The fragmentability and the kinetic energy for

50% fragmentation were also derived and are plotted

in Fig. 9. For comparison the relative neck diameter

is plotted over the sintering temperature for the

doublets with x0 equalling the median diameter of the

agglomerate primary particle size distribution. The

energy needed for the breakage of the fraction of

breakable bonds given by f increases significantly for

temperatures exceeding 1,000 �C while in the range

from 25 �C to this temperature no change was

observed. For temperatures exceeding 1,350 �C sin-

tering eventually becomes apparent in the develop-

ment of solid state necks and complete sintering is

achieved at 1,550 �C. In the same temperature regime

the fragmentability drops to values close to zero and

Ekin,50% rises to roughly twice the plateau value.

Since the primary particles of the agglomerates are

not uniform in size there is also a distribution of the

progress of neck formation. As Fig. 8 shows, there is

a strong particle size dependence of the sintering

kinetics, which will lead to some very rigid bonds

between smaller particles in an agglomerate while

larger ones will still be held together by van der

Waals bonds or liquid bridges. Thus, the emergence

of the first sintering bonds will reduce the fragment-

ability but will not transform the agglomerate entirely

into an aggregate.

Conclusions

The experiments with our synthesized SiO2 showed,

that particles agglomerated at room temperature are

indeed held together by relatively weak forces and can

be deagglomerated almost entirely. At temperatures

higher than 1,000 �C, however, the maximum degree

of deagglomeration (fragmentability) obtainable in

the applied energy range rapidly decreased. When

sintering necks eventually became visible at temper-

atures above 1,300 �C the fragmentability had already

dropped to about 50%. The fragmentation curve of

Aerosil� 200 was approximated for temperatures

exceeding 1,400 �C. The interparticle contacts in

fumed silica therefore appear to be dominated by solid

state necks. The implication of this for the dispers-

ability is already known. It is possible to break the van
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der Waals contacts and liquid bridges between the

aggregates but under application of energies within an

economically reasonable range it is impossible to

break the aggregates, thus a fragmentation down to the

primary particle size cannot be achieved.

For the fluidization of NP at high temperatures,

e.g., in a catalytic reactor, the increase in interparticle

forces observed may lead to an increase in the size of

stabile agglomerates and thus to a change in

fluidization behaviour. From the point of view of

NP toxicology, the implication of the experimental

results is that the size of the aggregates rather than the

size of the primary particles is a relevant metric for

mechanisms depending on particle geometry such as

transport and cell uptake, determining the fate of a

particle in an organism.
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