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Abstract

Controlling the aggregation / dispersion behavior of fine particles in liquid media and their
characterization is important science and technology in various engineering fields. In this review,
firstly, the surface treatment method of prepared fine particles, for examples, polymer dispersant
adsorption, silane coupling agent and polymer graft condensation, are introduced. For such kinds
of processes, colloid probe atomic force microscope method is very useful to characterize the
surface interaction between particles and to analyze the changes of aggregation and dispersion
behavior of fine particles in suspension by the surface modifications. Secondly, the peculiar
difficulties in dispersing nanoparticle which are less than 100 nm in diameter are discussed.
Furthermore, new dispersion techniques including dispersion behavior control during the

nanoparticle preparation process by using complex of metal ion and surfactants are discussed.
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The characterization and the control of aggrega-
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the important science and technologies for the
application of fine particles in the field of ceramics,
refractory and polymer based composite materials.
Recently, technological innovations in the low-cost-
large-scale synthesis process of nanoparticles below
100nm in diameter made it possible to apply various
kinds of nanoparticles to raw materials in different
fields, for examples, cosmetic, medical supplies,
catalysts, pigments, toner, ink, etc. In such fields,
nanoparticles are used as colloidal dispersion in low
concentration or dry powder conditions. However,

controlling the aggregation and dispersion behavior
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Table 1 Examples of surface interaction between
particles in liquid phase

Surface interaction Generation mechanism

Short-ranged electromagnetic force
between molecule and/or atoms, which is
neutral charge without negative and
positive charge.

van der Waals
interaction

Overlap of electric | Electrical interaction by the overlap of
double layer electric double layer around particles in
solution.

Steric interaction of | Short-ranged interaction by the overlap of
adsorbed polymer | adsorbed polymer layer on particles.

Formation of the bridge of polymer binder
and/or surfactant between particles.

Bridge force

Overlap of hydrogen-bonded water mole-
cule on hydrophilic surface on particles.

Hydration force

Depletion Negative adsorption of solute and polymer
by having less affinity for the surface than
the solvent.
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of fine particles, which will be the key step in proc-
essing materials related to fine particles, becomes
quite difficult as their size becomes smaller. Thus, it
will be necessary to reduce the adhesive force and/or
produce large repulsive force between particles by
various surface modification techniques to control
the adhesion and aggregation behavior of particles.
This review is an introduction of the dispersion and
aggregation phenomena of fine particles in liquid
media. Firstly, the fundamentals of particle interac-
tions in liquid media have been overviewed. Next,
examples of techniques to control the aggregation,
adhesion and dispersion behavior of particles are
reviewed in terms of sub-micron sized particles and

nanoparticles below 100nm.

2. Fundamentals of Particle Interactions in

Liquid Media and Particle Dispersions

The particle interactions which control the disper-
sion behavior of particles in liquid media are pre-
sented in Table 1. The electro-static interaction
presented in the top row in Table 1, which appears
due to the combination of van der Waals attractive
force and the overlap of electric double layer, is well
systematized as DLVO theory”. As introduced in
this theory, if the dispersion behavior of fine parti-
cles in liquid media is able to be controlled only by
the electro-static interactions, which fixes by the
surface potential and counter ion concentration, the
theoretical calculations and dispersion control of
particles will be rather simple. However, complete
dispersion of fine particles into liquid media is quite
difficult with only the DLVO interactions. Thus,
non-DLVO interactions (below steric repulsive force
in Table 1) play important roles. Firstly, the funda-
mental techniques to control the dispersion stability
of fine particles in liquid media are overviewed from
terms of DLVO interactions and non-DLVO interac-

tions.
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Fig. 1 Example of estimated potential curve by using
of DLVO theory, effect of particle diameter and
surface charge.
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2. 1 Characterization of dispersion stability of
fine particles by DLVO theory

By using DLVO theory, various behaviors of
colloids were calculated. One of the important
results is the electro-potential curve calculated by
van der Waals interaction force and electric double
layers using DLVO theory. This elecro-potential
curve 1s dependant on surface potential, particle size
and counters ion concentrations, and can be used to
judge whether the colloid system will be aggregated
or stabilized.

For an example, potential curves calculated by
changing particle size and counter ion concentra-
tions under fixed surface potential are shown in
Fig.1. If the value maximum of potential (VTmax) is
10~20times larger than the product of absolute
temperature (T) and Boltzmann constant (k), the
particles could not overcome the potential wall and
will remain dispersed. Contrary, particles will
aggregate when VTmax is less than 10kT. While the
sub-micron sized particles can be stabilized under
the condition of 64.9 mV of surface potential and 0.6
mM of counter ion concentrations, 20nm particles
will aggregate due to their low potential values.
Generally, several hundred mV of surface potential
1s required to stabilize nanoparticles. However, it is
difficult of obtain such high surface potential even
by adsorbing general ionic surfactants. A unique
surface treatment are occurred to increase the
surface potential in the case of commercial highly
dispersed colloidal silica nanoparticles; that is, a
slight amount of Si atoms are changed to Al atoms
to produce electric holes and to obtain high surface
potential”.

From Fig.1, we can also observe that the electric
double layer is compressed under high counter ion
concentration. Thus, lowering the counter ion
concentration by washing or ion exchage is effective
for stabilizing fine particles in liquid media. Fig.2
shows an example of washing effects on the particle

dispersion stability during sol-gel silica coating
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a) Solid bridge formation under the condition of

high solid loading and counter ion content.
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b) Prevention of solid bridge formation by the
reduction of ion concentration.

Fig. 2 Effect of silica coating condition on the surface structure of coated silica layer on iron oxide.”
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process on pseudo-cubic iron oxide particles. While
iron oxide particles aggregated and silica solid
bridge was formed when silica was coated under
high ion concentrations (Fig.2(a)), agglomeration-
free silica coated iron oxide particles were obtained
when the ion concentration was lowered by repeat-
edly washing (Fig.2(b))”.

Keeping the dispersion stability only by using
electro-static interactions becomes quite difficult
when the particle size is reduced to the nano region
and when the solid fraction of suspension is in-
creased. Non-DLVO interactions such as steric
repulsive force will play an important role in such
cases and also particle dispersion in non-aqueous
systems (where no electrolyte exists.)

2. 2 Controlling dispersion stability of fine
particles by non-DLVO interactions

Various surface modification techniques, such as
adsorption of polymeric dispersants which can form
effective steric repulsive forces, reaction of silane
coupling agents and the use of thiols have been
developed to improve the dispersion stability of fine

particles in solvents. However, since there are
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Fig. 3 Flow curve of dense alumina suspension
(35 vol%, 0.1 um) by the addition of poly-
mer dispersant with different molecular
structure.”
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various types of polymeric dispersants with various
structures and since their relationships with the
species of solvents and particle are rather compli-
cated, non-DLVO interactions are not as systema-
tized as DLVO interactions. Thus the molecular
design of polymeric dispersants and their effect on
the dispersion stability of fine particles are dis-
cussed with conceptual ideas and carried out by trial
and errors. Recently, by various new surface char-

" and by colloid probe

acterization techniques'’
AFM®? which a particle attached to a commercial
AFM tip, the surface structure of particles and
inter-particle forces were characterizable in a mo-
lecular to nanometer scale, respectively. By using
these new analysis tools, the effect of polymeric
dispersants began to be discussable with scientific
evidence. Some examples are shown in the following
section.
(1) Dispersion stability control of fine particles by
adsorption of polymeric dispersants

In terms of improving the dispersion stability of
fine particles by using polymeric dispersants, vari-
ous types of dispersants were selected according to
the combination of species of particles, particle size,
particle surface activity and species of solvents. For

99 and polyimide

example, polyacrylic dispersants
dispersants' were selected for dispersing inorganic
particles in aqueous solution and non-aqueous
solution, respectively. Fig.3 represents the effect of
dispersant structures on the changes of viscosity of
dense alumina suspension®. In this figure, the
molecular weight of dispersants was fixed to 10,000
g/mol and the relationships between the ratio of
hydrophilic groups (m; acrylic ammonium salt) and
hydrophobic groups (n; acrylic methyl) in surfac-
tant and viscosity of alumina suspension are dis-
cussed. When a surfactant with 10% hydrophilic
group ratio was used, the suspension viscosity
increased compared to suspension without
dispersants and was not able to flow. Compared

among the flowable suspensions, the suspension
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with 100% hydrophilic groups and 30% hydrophilic
groups showed the highest and the lowest viscosity,
respectively.

In order to discuss the changes of suspension
viscosity from a microscopic point of view, the
interaction force between alumina particle and
polished alumina plate with adsorption of
dispersants were measured by AFM colloid probe
method®. The results are shown in Fig.4 with the
theoretical interaction forces calculated by using
DLVO theory with measured zeta-potential and
counter ion concentration. When the surface dis-
tance was larger then several nm, the measured
interaction forces coincided with theoretical interac-
tion. Contrary to when the surface distance was
smaller than several nm, no van der Waals interac-
tion was measured and a repulsive force began to
appear. This repulsive force is recognized as a steric
repulsive force by the adsorption of polymeric
dispersants. The measured steric repulsive force was
largest when the ratio of hydrophilic group was
30% and that reduced as the ratio of hydrophilic
group increased. Finally, when the hydrophilic
group ratio was 1009, the measured interaction
force curve was the same as the potential curve
calculation based on DLVO theory; no steric repul-
sive force was detected. While a steric repulsive force
appeared and suspension viscosity effectively re-
duced due to the adsorption of the polymeric
dispersant in a loop-train structure when the
dispersant contains an adequate amount of hydro-
phobic groups, no steric repulsive force was detected
and particles were agglomerated when the hydro-
philic group ratio was 100% because the dispersant
adsorbed in a flat structure on particle surface.
Similar studies were reported in the silicon nitride/-
water and silicon carbide/water systems.

(2) Dispersion stability control of fine particles by
surface modifications using silane coupling
agents and graft polymerizations

In terms of dispersing inorganic fine particles
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into organic solvents or polymers, the particle
surfaces were modified by hydro-carbon chains to
improve the compatibility between particle surface
and organic media. Silane coupling agents and
thiols are used to modify the particle surface in the
case of metal oxides which contain OH groups and
metals which does not contain OH groups on the
surface of particles, respectively. However these
surface modification techniques are still not well
systematized, and if we do not have adequate sur-
face modification conditions, for example, the
coupling agents will not react at the particle surface
and forms nanoparticles by secondary nucleation.
Furthermore, if the hydrophobication of nano-
particles by coupling agent is not enough to dis-
perse them in to non-polar solvents and oils with
good dispersion stabilities, grafting polymers from
the double bonded structure in the organic chain of
chemisorbed coupling agent will be an effective
modification process®.

AFM colloid probe method is an effective tool to
analyze the action mechanism of surface modifica-
tion on the improvement of dispersion stability in
non-aqueous solvents. A prevention of aggregation
was reported since the steric repulsive force was
formed and the adhesive force reduced (Fig.5) by the
surface modification”. Fig.5 shows the effect of
surface modification condition on the force curve
during the separation process between TiO. gran-
ules (primary diameter = 15nm) and TiO, substrate
in isoparafin. The same surface modification was
produced to TiO; granules and TiO, substrate. In the
case of TiO;, surface without modification (no treat-
ment), van der Waals attractive force was detected,
and the surfaces separated when such attractive
force and AFM spring force became balanced.
Surface modification using silane coupling agent
increased the amount of attractive force and was
long ranged (~several 10nm). This long-range
attractive force was due to the hydrophobic interac-

tion of multi-layered coupling agent reacted on
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(b) Force curve during separation process

Fig. 5 Force curve between TiO, nanoparticles with
different surface treatment."
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TiO; surfaces, and promoted the aggregation of
TiO, particles in isoparafin. When the surfaces were
furthermore modified by graft polymerization, the
dispersion stability of TiO. particles improved due
to the reduction of attractive force during separa-
tion process and the generation of steric repulsive
force during the approaching process.

The above-mentioned analysis is effective not only
in liquid media but also for characterizations of dry
particle interactions, and can be applied for

pharmaceutical®, toner” and cosmetic® industries.
3. Dispersion Stability Control of Nanoparticles

As shown in Fig.l, controlling the dispersion
stability of nanoparticles only by electrostatic
interactions is quite difficult. Furthermore, the
molecular structure of particles surface is changed
by decreasing the particle sizes. For example, in the
case of SiO, particles, the surface silanol structure
will change to hydrogen-bonded type to isolated
type by reducing the particle size to the nano re-
gion. As a result, the aggregation of particles due to
the reduction of hydration force'™ and the reduction
of chemisorbed amount of silane coupling agent per
unit area' has been reported by reducing the parti-
cle to nanosize.

Attention also needs to be paid when controlling
the dispersion stability of nanoparticles by using
polymeric dispersants. While dispersants with
10,000g/mol are used in the case of sub-micron
sized particles, dispersants with relatively low
molecular weights are used in case of nanoparticles
because a large size dispersant sometimes forms
bridges between nanoparticles and accelerate aggre-
gations®.

In terms of dispersing nanoparticles, not only the
colloid chemical process such as designing the
molecular structure and reactivity of dispersants
and surface modifier but also the mechanical proc-
ess 1s important. Generally, a mill with high crush

strength such as a planetary mill and ball mill are
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used in order to destruct and re-disperse aggregated
nanoparticles. One recent study reports that using a
10  m-sized ball, as a media, is effective for re-
dispersing nanoparticles” . Furthermore, another
study reports that by combining the surface modifi-
cation using silane coupling agents and mechanical
planetary milling, the chemisorbed amount of
coupling agent increased and nanoparticles com-
pletely re-dispersed into liquid media in primary
particle size (~10nm)”.

Though dispersing commercial nanoparticles is
low cost, there still is a large problem with dispers-
ing them completely into solvents. Therefore, a new
particle synthesis process, which is a simultaneous
process of particle synthesis and surface modifica-
tion have attracted a wide attentions. The first
example is particle synthesis in the nano pool
structure made by surfactants such as reverse
micelle method®”” and hot soap methods. Various
semiconductor nanoparticles, and quantum dots can
be prepared by these processes. However, since it is
not possible to increase particle concentration, the
yield is relatively low. Thus the prepared particles
can only be applied to expensive products. Recently,
new processes for nanoparticle synthesis using a
metal-surfactant complex as a reagent, have been
reported™”. Since these methods can be operated
under relatively high reagent concentrations, fur-

ther development in this research area is expected.
4. Conclusion

In this review, we have introduced the techniques
to control the dispersion stability of fine particles in
liquid media. The technologies in this field have
greatly advanced, and the dispersion stability has
become controllable on the basis of scientific evi-
dences. Furthermore, nanoparticles are now
dispersable into liquid media to primary particles
sizes, and widely used in the area of medical sciences
and cosmetics. However, there is a limit in the

particle concentration to retain the dispersion
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stability of nanoparticles. Thus, in order to apply
these nanoparticles to various fields like material
sciences, further more development in this research
filed are expected to overcome the engineering tasks
which concerns particle assemblies, drying, fixing,

ete.

1) E. Verwey and J. Th. G. Overbeek : “Theory of the Stability of Lyophobic Colloids”, Elsevier, Amsterdam, Netherlands,

(1948)

2) G. Alecthander “Silica to Watashi”, Tokyo Kagaku Doujin, translated by K. Inoue (1971)
3) M. Iijima, Y. Yonemochi, M. Kimata, M. Hasegawa, M. Tsukada, H. Kamiya, J. Colloid and Interface Science, 87, 2,

526-533 (2005)

4) P. Somasundaran and X. Yu, Advances in Colloid and Interface Sci., 53, 33-49 (1994) K.Esumi, Langmuir, 10, 45 (1994)

5) H. Otsuka and K. Esumi, Langmuir, 10, 45 (1994)

6) W. A. Ducker and T. J. Senden, Langmuir, 8, 1831-36 (1992) H. Kamiya, J. Jpn. Soc. Colour Mater., 78, 304-309 (2005)

7) H. Kamiya, J. Jpn. Soc. Colour Mater., 78, 304-309 (2005)

8) H. Kamiya, Y. Fukuda, Y. Suzuki, M. Tsukada, T. Kakui and M. Naito, J.Am.Ceram.Soc., 82 (12), 3407-3412 (1999)

9) H. Kamiya, S. Matsui and T. Kakui, Ceramic Trans. 152, 83-92 (2004)

10) T. Kakui, T. Miyauchi and H. Kamiya, J. European Ceramic Society, 25, 5, 655-661 (2005)

11) K. Sato, M. Hasegawa, M. Tsukada and K. Kamiya, Ceramic Transactions, 146, 51-57 (2005)

12) C. H. Honeyman, E. A. Moran, L. Zhang, A. E. Pullen, E. J. Pratt, K.L. Houde, M. A. King, C. A. Herb, R. J. Paolini Jr.,

US Patent 2002/0185378 Al

13) M. Suzuki, M. Tsukada, H. Kamiya, The Society of Powder Technology 2005 Fall Meeting, p.53-4 (2005)
14) M. Tsukada, R. Irie, Y. Yonemochi, R. Noda, H. Kamiya, W. Watanabe and E. I. Kauppinen, Powder Technology, 142,

262-269 (2004)

15) M. Tanaka, M. Komagata, M. Tsukada and H.Kamiya, Proceeding of WCPT-5, 204b (2006)

16) T. Kani, M. Tamonoki, M. Tsukada and H. Kamiya, Ceramic Transaction, accepted.

17) H. Kamiya, M. Mitsui, S. Miyazawa, H. Takano, J. Am. Ceram. Soc. 83 (2), 287-293 (2000)

18) M. Iijima, M. Tsukada and H. Kamiya, J. Colloid Inter. Sci., in press.

19) H. Yoda, N. Itoh, J. Soc. Powder Tecnol. Jpn., 41 (6), 457-464 (2004)

20) M. Kobayakawa, M. Iijima, M. Tsukada, H. Kamiya, The Society of Chemical Engineers Japan 38th Fall meeting, A121

(2006)
21) T. Li, J. Moon, et al., Langmuir, 15, 4328- (1999)

22) H. Kamiya et al., J. Am. Ceram. Soc., 86 (12), 2011-18 (2003)

23) J. Park et al., Nature Material, 3, 891-895 (2005)



