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ABSTRACT 
 

For most applications, inorganic nanoparticles are 

needed in a well-dispersed state in at least one processing 

step. Often the product properties are determined by the 

quality of the dispersion. Consequently, dispersing 

nanoparticles is an enabling step. 

We produce tailored dispersions of inorganic 

nanoparticles in aqueous, organic, and resinous 

formulations by combining chemical and mechanical 

competences. The requirements of different applications 

with respect to e.g. functionality, reactivity, viscosity, solid 

content, solvent, and pH value are taken into account. 

Following this approach, nanoparticle dispersions with 

significance to various industries could be obtained, such as 

aqueous SiO2 dispersions for the paper industry, dispersions 

of photocatalytically active TiO2 for coatings, Metal oxides 

of high refractive index for optical applications, and 

nanoscaled ZnO as UV absorber in cosmetics and coatings. 

 

Keywords: nanoparticle, dispersion, surface modification, 

colloid. 

 

1 SIGNIFICANCE OF DISPERSING 
 

Dispersing means to distribute evenly [1]. Dispersing 

nanoparticles is intriguing because the resulting 

composition is not only a mixture but a microscopically 

homogeneous composition with respect to e.g. optical, 

mechanical, electrical, or magnetic properties. Nanoparticle 

technology as enabling technology is therefore a tool usable 

in many different industries. 

Dispersing nanoparticles of high refractive index into 

optical coatings can increase the refractive index of the 

layer and thus allows coating of high refractive index lenses 

without interference effects. The quality of dispersion 

destines the transparency. Mineral UV absorbers provide 

safe and sustainable protection from UV degradation, for 

the human skin as well as for wooden buildings and plastic 

parts. Apart from transparency, efficiency is controlled by 

the state of dispersion. Catalysts need to be in contact with 

the reaction partner. Dispersing catalytically active metal 

oxides increase the accessible surface area and thus the 

activity. Nanoparticles are used to render printing substrates 

suitable for photo-quality ink-jet printing. The particle 

dispersion can only be applied if the viscosity of the coating 

composition is low. In all these cases, the dispersion 

process including chemical modification is the key element. 

In addition it is important to note that the ultimate goal 

comprises the stable functional colloid in the final product 

formulation. Whereas the production of a nanoparticle 

dispersion in water or a solvent may be a difficult task in 

itself, dispersing nanoparticles in complex product 

formulations is even more challenging. The interaction with 

the additional components has to be taken into account 

when processing nanoparticles; this is also true if pre-

dispersing into a solvent is used as first step. 

We produce customized dispersions of nanoparticles in 

aqueous, organic, and resinous formulations by combining 

our chemical and mechanical competences. 

 

2 DISPERSING NANOPARTICLES 
 

Nanopowders have a high specific surface area of up to 

several hundred m²/ml (Figure 1). Dispersing nanopowders 

results in generating new interfaces in the formulation. 

Because of the high respective fraction, the particle-matrix 

interface needs to be chemically controlled to stabilize the 

formulation. Suitable stabilization mechanisms are well 

known [2].  

 

 

Figure 1: Specific Surface Area vs. Particle Size. 
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Colloids can be e.g. electrically stabilized if the pH 

value can be adjusted accordingly in an aqueous media. The 

mechanism is fast and efficient. However, many (real-

world) products do not provide this freedom and 

consequently steric and electrosteric stabilization 

mechanisms are used more frequently for complex 

formulations. Figure 2 summarizes different stabilization 

mechanisms. 

 

 

Figure 2: Stabilization Mechanisms for Colloids. From left 

to right: Electrostatic, Steric, Electro-Steric Stabilisation. 

The interparticle distance also becomes an important 

parameter if nanoparticulate matter is concerned (Figure 3). 

The distance between two particles is decreasing with 

decreasing particle size. Consequently, we have to reflect 

size considerations when using surface modifier molecules. 

We use small molecules for the surface modification of 

nanoparticles. Apart from size requirements of the 

molecular volume, small molecules possess faster diffusion 

kinetics than large molecules like polymeric dispersing 

additives. As the re-agglomeration kinetics is faster for 

smaller particles, kinetic considerations also favor small 

molecules for the surface modification of small particles. 

 

 

Figure 3: Interparticle Distance vs. Particle Size. 

 

If colloids are available, the particles can be treated 

chemically to adjust the surface with respect to the 

application. However, processing agglomerated powders is 

quite common and demands a deagglomeration part within 

the process. In this case, we found the use of additional 

mechanical forces in a chemomechanical process useful. In 

2.1 we discuss the mandatory chemical surface 

modification, in 2.2 we expand the discussion of chemical 

surface modification with respect to using powders as 

starting material. 

 

2.1 Chemical Surface Modification 

The chemistry of nanoparticles can be compared to 

molecular chemistry rather than to the behavior of micron-

size particles [3]. We consequently understand 

nanoparticles as molecules with functional groups at the 

surface, which for inorganic oxides comprise mostly OH-

functions. These groups are accessible to a chemical 

reaction with molecular bifunctional additives (Figure 4). 

Examples of suitable reagents include a wide range of 

chemicals like e.g. silanes, boranes, etc., carboxylic acids, 

(di-, tri-,…) amines, β-diketones, and other chelating 

agents. 

 

 

Figure 4: Chemical Reaction between inorganic 

nanoparticles and bifunctional surface modifiers. 

 

The second function of the molecular additive is also 

chosen according to the application. It can provide 

stabilization of particles in the product as well as additional 

chemical reactivity by introducing e.g. amine-groups, C=C-

double bonds, alcohol- or epoxy groups. 

The correct choice of surface modifier is crucial to 

realize the respective application. The surface modifier 

influences the isoelectric point (IEP), polarity, and 

reactivity of the particles as well as solid content and 

viscosity of the dispersion. 

 

2.2 Chemomechanical Processing 

Very often suitable colloidal starting materials are not 

available or for other reasons not applicable. Alternatively, 

nanopowders are used as starting material. Dispersing 

powders, however, demands a deagglomeration step and 

thus an additional feature in the process. Our 

chemomechanical process employs agitator bead mills for 

the deagglomeration (Figure 5). As the chemical surface 

modification (see 2.1) is mandatory when processing 

nanoparticles, chemomechanical processing means to carry 

out the surface modification reaction under well defined 

mechanical conditions. Because many parameters influence 
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the selection of the agitator bead mill, there is no standard 

equipment which can be used in all cases. For instance 

product viscosity, cooling options for temperature sensitive 

products, availability of materials for the grinding chamber 

(the stator) and the rotor (e.g. ceramics like ZrO2, Al2O3 or 

SiC, polymers like PU, PA or PFA, steel), sensitivity of the 

product with respect to contamination, chemically 

aggressive products, bead size and thus grinding media 

separation as well as flow rate need to be considered for the 

best choice of equipment. 

 

 

Figure 5: Chemomechanical Process: Different agitator 

bead mills and different set-ups. ABM: Agitator Bead Mill, 

C: Container, P: Pump, S: Start, E: End. 

 

When manufacturing dispersions below 100 nm particle 

size, a recirculation mode is often used because of the 

demand for rather high energy input into the product. In the 

case of inorganic oxides, even if only loosely agglomerated, 

the specific energy requirement to overcome the inter-

particle interaction (such as Van-der-Waals) is typically in 

the range of 5 to 15 kWh/kg product, not to speak of 

aggregated particles or true grinding of materials. 

 

 

3 EXAMPLES 
 

Nanoparticle technology is a tool useful for many 

different industries. The following examples have been 

chosen to illustrate the scope of applications for dispersed 

nanoparticles. 

 

3.1 Silica for Paper Finishing 

Silica is probably the particle of greatest versatility 

today.  It is used in colloidal as well as in agglomerated 

form. In the paper industry nanoscaled particles are used to 

produce finished paper e.g. for ink-jet printing media. The 

ink needs to be fixed on the paper, quickly and permanently 

[4]. To fix the negatively charged dyestuffs, the paper 

surface has to offer a positive charge. As silica particles are 

naturally negatively charged at pH > 2, it can only be used 

if the silica surface is changed. At the same time, the 

viscosity is a crucial parameter as it is in almost all 

applications for processability reasons. 

 

 
 

Figure 6: Reaction of Silica Nanoparticles with 

Aminosilane (schematic). 

 

We used therefore the chemomechanical process to 

modify pyrogenic silica surfaces with aminosilanes (Figure 

6) [5]. As a result, the silica surface carries aminogroups 

and the surface is positively charged at pH < 7. For the 

applicability it was necessary to tailor the surface 

modification such that the aqueous composition remains at 

low viscosity also upon mixture with binders like 

polyvinylalcohols. 

 

 

3.2 Titania for Photocatalysis 

The photocatalytic effect of Titania is well documented 

[6]. A high quality of dispersion leads to a large fraction of 

accessible catalytic surface area and thus to an increased 

efficiency. At the same time, nanoscaled particles allow to 

produce transparent materials. Consequently, transparent 

photocatalytically highly active coatings become feasible.  

 

TiO2  

Dispersed: d90 in Water   8 nm 

Dispersed: d90in Xylene  12 nm 

Table 1: Dispersion states of nanoscaled Titania in solvents 

of different polarity. 

Dispersing nanoparticles into coatings is an especially 

challenging task because of the high complexity of the 

formulations. The first step is to disperse into a solvent and 

form thereon to optimize the surface modification with 

respect to the other components of the formulation. As 

starting material, colloidal Titania was chosen. By carefully 

controlling the surface we were able to disperse nanoscaled 

Titania into water as well as into organic solvents (Table 1). 

 

3.3 Zirconia for a High Refractive Index  

Zirconia can be used for the synthesis of high refractive 

index coatings. Titania is also discussed for this application, 

however because of its pronounced photocatalytic activity, 

it cannot always be used in all matrices. Despite the lower 

value of refractive index (nD 2.1) Zirconia is used as an 

alternative to Titania (nD 2.5-2.7). In both cases the particle 

size needs to be small to obtain sufficient transparency 

(Figure 7). 

SiO2 Si OH 
NH2 (RO)3Si 

NH2 Si OSi SiO2 
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ZrO2  

BET 125 m²/g 

Dispersed: d90 in Ethanol 10 nm 

Dispersed: d90 in Water 25 nm 

Table 2: BET of nanoscaled Zirconia and dispersion states 

in water and ethanol. 

Using mechanochemical processing we have been able 

to disperse Zirconia nanoparticles down to the primary 

particle size (Table 2). 

 

Figure 7: Calculated Transmissionspectra of ZrO2 

dispersions (350 – 800 nm) at 5 wt.-% in water, 1 cm cell. 

 

3.4 Zincoxide as mineral UV absorber 

Nanoscaled mineral UV absorbers such as Fe2O3, TiO2, 

or ZnO, are advantageous if diffusion processes of the UV 

absorber are unwanted and/or a sustainable UV protection 

is needed. Due to the particulate structure of the absorbers, 

diffusion of the agents practically does not occur in contrast 

to molecular UV absorbers. Diffusion does not only reduce 

the longevity of the protection, it is especially unwanted in 

closed areas like working and living environments as well 

as in cars. Here, diffusion of molecular UV agents lead to 

the well-known effect of “fogging”, where the molecules 

evaporate from hot dashboards to condense at the inside of 

the windscreen. Mineral UV absorbers enhance the 

sustainability also, however, because they are not 

photolytically destroyed and consequently do not fade even 

under harsh UV conditions. 

 

ZnO  

BET 37 m²/g 

Dispersed: 

d90 in 2-butanone 

95 nm 

Dispersed: d90 in Butylacetate 105 nm 

Table 3: BET of nanoscaled Zincoxide and dispersion states 

in typical solvents for coatings. 

Applications of nanoscaled UV Absorbers include 

cosmetics, where lotions provide UV protection. 

Nanodimensional Particles are used to obtain transparent 

skin care. As additional constraint in this specific 

application, only cosmetically safe materials must be 

employed in the surface modification. The matrix materials 

are obviously very much different from coatings 

applications, where organic solvents are widely used. By 

adapting the surface chemistry we processed ZnO into 

organic solvents typical for coating applications (Table 3). 

 

4 CONCLUSION 
 

We have presented a technique for dispersing nanoparticles 

in industrial scale. Wet phase agitator bead milling has been 

introduced a long time ago, and the corresponding 

equipment and production lines are well scaled to industrial 

volumes. Chemical surface modification is mandatory to 

obtain stable functional colloids that can be employed in 

real-world products. Using well known and well introduced 

processing in a new way now offers the possibility to 

unfold the innovation potential of nanoparticles when 

incorporated into product formulations. 
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