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Introduction

Plastics consist mainly of organic polymers (ma-
trix) which are compounded with additives. 
Therefore, plastics belong to the group of com-
posite materials and are also called polymer com-
posites. Additives are added to plastics such as 
polyester (e.g. polyethylene terephthalate, PET), 
polyolefins (e.g. polypropylene, PP) or polyam-
ides (PA) to either improve processability, to 
change product properties, or to protect them 
against heat or UV light. Plastic additives include 
antioxidants, light stabilisers, polyvinyl chloride 
(PVC) stabilisers, acid scavengers, surface-ac-
tive additives, nucleating agents and transparen-
cy enhancers, colourants, optical brighteners, ex-
panding agents, flame retardants (FRs), fillers, 
and reinforcing agents. In addition, biocidal ad-
ditives can also be added.1 In recent decades, 
the research field of plastic additives has devel-
oped rapidly through the use of nanomaterials.2 
In a nanocomposite, the additives have at least 
one dimension in an order of magnitude of less 
than 100 nm and can be in the form of platelets, 
fibres or particles. Above all, they serve to im-
prove tensile strength, heat resistance, flame re-
tardancy, optical and electrical properties, and 
the barrier properties of the plastic.

As the interacting interfaces between nanoscale 
additive and matrix are much larger than for micro-
scale additives, much smaller amounts (< 5% by 
weight) are required to achieve the desired prop-
erties, making a nanocomposite material lighter 
than a conventional polymer.3 In order to facilitate 
processing and uniform distribution (dispersion) 
in the polymer, the particle surface of nanoscale 
additives (nanoadditives) is usually modified.4 Na-
noadditives can also be added to biobased plas-
tics made of starch, cellulose or polylactic acid to 
improve the properties. Specific applications can 
be found especially in electronics, packaging ma-
terials5, in the automotive and aircraft industry, 
for medical engineering, and in sports equipment.

This dossier provides an overview of the various 
types of nanoadditives and their applications in 
practice as well as in research and development. 
In addition, environmental aspects along the prod-
uct life cycle of nanocomposites are discussed.

Nanoadditives

Layered silicates (nanoclay)

Layered silicates, such as kaolin, talc or mont-
morillonite, are naturally occurring clay minerals 
and are amongst the most frequently investigat-
ed nanomaterials for the production of polymer 
nanocomposites.3 Montmorillonite in particular 
is the subject of numerous research projects and 
is already used commercially. Nanoscale mont-
morillonite is a sodium aluminium silicate and al-
so called nanoclay because these layered sili-
cates have at least one dimension in the nano-
metre scale. The thickness of the platelets is on-
ly one to a few nanometres, the length spanning 
from several hundred to thousands of nanome-
tres. The mechanical properties of plastics, such 
as tensile and impact strength as well as heat 
distortion resistance, can be improved by adding 
layered silicates. In addition, such polymer na-
nocomposites exhibit high resistance to chemi-
cals and good barrier properties to gases.5

As shown in Figure 1, nanoclays, which are add-
ed to, for example, polypropylene or polylactic 
acid packaging films, prevent the diffusion of ox-
ygen or flavourings and thus prolong the shelf 
life of foods. Layered silicates occur naturally in 
large quantities and can also be produced syn-
thetically at low cost.6 A homogeneous distribu-
tion of the platelets in the plastic matrix is crucial 
for improving the properties. For this, the plate-
lets, which are naturally present in the form of 
packages, need to be surface-modified to facili-
tate the separation of the individual platelets (in-
tercalation or exfoliation) and thus their dispers-
ibility. The high aspect ratio of the platelets, i.e. 
the very small thickness in relation to width and 
length, results in a large interface between ma-
trix and silicate so that only a few weight percent 
are sufficient to significantly improve the mechan-
ical properties of the composite compared to the 
pure plastic. For example, the tensile strength of 
polystyrene/montmorillonite composites can be 
increased by 70-560% depending on particle dis-
tribution and surface treatment. The elastic mod-
ulus increases by a factor of 7 to 10. The abra-
sion and scratch resistance of surfaces is also 
increased.6

Summary

Various additives are added to plastics to ei-
ther improve processability, change product 
properties or protect them against thermal, UV 
or light influences. In the case of a polymer 
nanocomposite, the additives have at least 
one dimension of less than 100 nm and can 
be found in the form of platelets, fibres or par-
ticles. They primarily serve to improve tensile 
strength, thermoformability, flame retardancy, 
optical and electrical properties, and the bar-
rier properties of the plastic into which they 
are incorporated. Nanoadditives include lay-
ered silicates such as montmorillonite, car-
bon-based additives (e.g. carbon black, car-
bon nanotubes, graphene), nanoscale metal 
oxides (e.g. SiO2, TiO2, Al2O3), metals (e.g. 
nano-silver, -gold, -copper), or organic addi-
tives such as nanocellulose or lignin nanopar-
ticles. In addition to reductions in resources 
and weight, nanoadditives also have the po-
tential to replace harmful substances such as 
environmentally problematic halogenated 
flame retardants. Across the world, polymer 
nanocomposites are already being used in 
packaging materials, the automotive industry 
and transportation, aerospace and energy 
technology, as well as in sporting goods. How-
ever, company surveys in the Austrian auto-
motive and electronics industries have shown 
that nanoadditives currently only play a mar-
ginal role in these sectors. The main reasons 
are problems with dispersibility, large-scale 
production, high costs, and uncertainty around 
their impact on humans and the environment. 
There are still considerable gaps in knowl-
edge. More research needs to be conducted 
with regard to release, exposure and environ-
mental behaviour.
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Polymer-layered silicate nanocomposites are al-
ready used in packaging materials such as plas-
tic bottles for carbonated beverages. Car parts 
such as timing belts, body parts and fuel tanks 
have been made of a polyamide montmorillonite 
composite material (nylon-6) since 1993.7 Espe-
cially in the automotive and aeronautics indus-
tries, weight reduction plays an important role in 
reducing fuel consumption. In the production of 
body parts, the use of polymer composites rein-
forced with nanoclay instead of steel promises 
possible advantages in order to save energy and 
reduce CO2 emissions.8

Montmorillonite can also reduce the flammabili-
ty of polymer composites, which is why such com-
posites are also suitable for the manufacture of 
products that have higher flame protection re-
quirements (e.g. cable sheathing). Layered sili-
cates thus have the potential to replace or at least 
reduce the use of environmentally problematic 
FRs such as halogenated compounds when used 
in combination with other FRs.9 

For the flame-retardant effects to emerge, the 
formation of a thermally insulting crust layer that 
is only slightly permeable for volatile degradation 
compounds is pivotal.10

Bio-based plastics, for instance made of starch, 
are sensitive to moisture and often have poor 
mechanical properties. The addition of nanoclay 
can improve the properties considerably and 
even accelerate the disintegration or decompo-
sition of biodegradable plastics, as first investi-
gations have shown.11

Layered silicates are non-toxic, but under certain 
conditions they can release aluminium ions which 
are potentially harmful to human health. There-
fore, legal requirements are in place for the use 
of polymer montmorillonite composites in food 

contact materials such as packaging.5 On the ba-
sis of currently available knowledge, no environ-
mental risks are to be expected from layered sil-
icates, but the quaternary ammonium compounds 
(QAC) used for their surface modification are tox-
ic to aquatic organisms and poorly biodegrada-
ble. Discarded plastic packaging is subject to 
weathering which releases QAC from the poly-
mer matrix and allows them to enter the aquatic 
environment.12

Carbon-based nanoadditives

Today, the most commonly used carbon-based 
nanoadditive in polymers is carbon black which 
is produced by incomplete combustion or ther-
mal decomposition of gaseous or liquid hydro-
carbons under controlled conditions. Carbon 
black is a fine powder whose primary particles 
are in the range of 15-300nm and also form ag-
glomerates in the micrometre range.13 Carbon 
black is used for a wide variety of products, for 
example for UV protection of plastics. It is also 
used in the electrical industry and electronics be-
cause of its conductivity. For decades, the poly-
mer matrix of car tyres has contained this mate-
rial as the use of this additive improves UV re-
sistance as well as durability and abrasion resist-
ance, enabling increased mileage and lower par-
ticle emissions per kilometre driven.14 The con-
tent of carbon black in car tyres (both nanoscale 
and microscale) ranges between 22 and 45%.15 
Because of these high proportions, carbon black 
is often referred to as “nanofiller” when used in 
car tyres.

The German Federal Highway Research Insti-
tute estimates that the annual amount of partic-
ulate matter released through wear and tear from 
car tyres is approximately 111,000t. For Austria, 
this would correspond to a quantity of about 
12,000t per year (simplified conversion by the 

number of inhabitants). The largest proportion of 
abraded particles consists of rubber and other 
polymers (38%) as well as carbon black (34%), 
the remainder of volatile substances, zinc and 
heavy metals.16 In a laboratory-scale release 
study of different rubber compounds, tyres were 
subjected to a mechanical fragmentation process 
that simulated abrasion whilst driving. Following 
this stress on the tyres, two different analysis sce-
narios were created in which rainy days and days 
without rain were simulated. The particles origi-
nally released as a result of these scenarios were 
further reduced in size by hydrolysis and UV pro-
cesses. Results of this study showed that ap-
prox. 4.5% of the released particles were below 
5µm and up to 0.045% in the nanometre range.17 
The release of such microparticles and nanopar-
ticles leads to increased pollution with particu-
late matter and/or ultrafine particles along roads, 
and subsequently to air pollution and respirato-
ry or cardiovascular diseases. 18 With regard to 
circular economy, in 2017 around 5% of collect-
ed used tyres in Austria were retreaded and 41% 
were recycled (approx. 54% are thermally recov-
ered).19 During the recycling process, the used 
tyres are mechanically shredded, which can al-
so result in airborne emissions.20;21 However, 
there are no further detailed studies on this sub-
ject. The resulting plastic regranulate is then used 
for road construction, in sports facility construc-
tion, the rubber industry, etc.22 Most likely, an un-
known percentage of the originally used nanoad-
ditives can be found in the regranulate, resulting 
in unintentional transfer into various recycling 
products.

The use of nanomaterials such as carbon black 
or nanoclay in tyres can therefore have both pos-
itive and negative effects on the environment (e.g. 
reduced fuel consumption due to reduced rolling 
resistance vs. particle release due to tyre abra-
sion). In 2014, the Organisation for Economic 
Cooperation and Development (OECD) carried 
out a study to investigate as comprehensively as 
possible any positive or negative effects along 
the life cycle – from manufacture to disposal. Sev-
eral analytical tools were used in the study: a 
costbenefit analysis, a multi-criteria analysis, and 
a lifecycle analysis. Based on current informa-
tion, the positive effects of silicon dioxide and na-
noclay would predominate, especially during the 
production and use phase. However, the availa-
ble data was subject to too much uncertainty in 
order to be able to make generally valid state-
ments. For the provision of quantitative, reliable 
data, industry-specific guidelines and closer co-
operation between the responsible authorities 
and industry are therefore required.23

At present, more and more research is being con-
ducted into the use of carbon nanotubes (CNTs) 
as additives in tyre production.17 CNTs consist 
of graphite-like carbon. They have a diameter of 

Figure 1:  
Intercalated (a) or exfoliated (b) nanoplatelets which improve the barrier properties of plastics.
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about 1 to 100nm and can be as long as a few 
micrometres or even millimetres. CNTs can be 
divided into single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). CNTs have unique mechanical and 
electrical properties and are suitable for numer-
ous applications.24 Another class of carbon-
based nanomaterials is graphene which consists 
of a monatomic layer of pure carbon with a thick-
ness of only about 0.3nm.25 Graphene can be 
oxidised to graphene oxide which can also be 
used as an additive in plastics.

Because of their high tensile and impact strength, 
chemical resistance as well as their possible low 
specific weight, nanocomposites with CNTs and 
graphene are particularly interesting for applica-
tions requiring materials that are as light or as 
hard and resistant as possible. This applies par-
ticularly to areas that are closely linked to light-
weight construction such as transportation, space 
travel, energy technology, or sports equipment 
such as bicycles. Such nanocomposites are al-
so of interest for the manufacture of rotor blades 
for wind turbines.26 CNTs and graphene are al-
so suitable for the production of electrically con-
ductive thermoplastic polymer composites, for 
example for packaging electronic components, 
or in the automotive sector for fuel systems. Be-
cause of its excellent heat dissipation properties, 
graphene is also interesting for the manufacture 
of electrical and electronic products as excessive 
heat generation significantly reduces their ser-
vice life.27 Moreover, the FR effect of these na-
noadditives is also of interest. The production of 
graphene and CNTs is still relatively expensive 
and the quality of the available additives does 
not yet meet the requirements of the industry. 
This and technical problems with a homogene-
ous distribution in the matrix still represent ob-
stacles for a broad application of polymer nano-
composites with graphene and CNTs, resulting 
in specific applications currently being limited to 
special productions or niche products.26 The 
unique properties of graphene and its manifold 
applications – from heat-resistant, high-strength 
polymer composites to highly efficient solar cells 
and scratch-resistant automotive coatings – are 
currently being researched as part of the EU pro-
ject Graphene Flagship.28

With regard to aspects of worker protection, CNTs 
pose a health risk because of their similarity to 
asbestos fibres.29 If the additives are firmly em-
bedded in a matrix, the current state of knowl-
edge indicates that the risk to humans and the 
environment is low, but that it cannot be com-
pletely ruled out.30 However, there are still con-
siderable gaps in knowledge regarding release, 
exposure and environmental behaviour.31 In ad-
dition to production, possible release pathways 
that could occur during the life cycle of nanocom-

posites can be found in processing or waste treat-
ment into which nanoadditives can be released 
by milling, drilling, shredding or burning. First in-
vestigations show that at temperatures above 
850°C, MWCNTs burn completely, but graphene 
platelets remain in combustion residues. If CNTs 
or graphene are used as additives in biodegrad-
able plastics, they may also be released during 
the degradation process (e.g. in landfill or a me-
chanical-biological waste treatment plant).32 With 
regard to possible environmental relief potentials 
and sustainability effects, e.g. through resource 
savings because of a weight reduction in mate-
rials, comprehensive lifecycle analyses are still 
lacking and currently still subject to great uncer-
tainties because of a lack of data.33; 34 The be-
haviour of nanoadditives during waste treatment 
or landfilling is currently also not known; the re-
lease from landfills, especially in countries where 
no waste pre-treatment prior to landfilling is re-
quired, cannot be excluded, and mobility in land-
fill leachates depends on the prevailing environ-
mental conditions (mainly organic matter and elec-
trolyte content) and on the original surface mod-
ification (particle coating) of the nanomaterial.35

Nanometals and  
nanometal oxides

Silicon dioxide (SiO2), aluminium oxide (Al2O3) 
and titanium dioxide (TiO2) are the most frequent-
ly used nano-oxides in polymer composites, main-
ly to increase resistance to mechanical influenc-
es and to reduce wear. Heat resistance can also 
be improved by using nano-oxides.3 TiO2 nano-
particles can also serve as UV protection for plas-
tics.36 FRs must be added to plastics to provide 
fire protection. In recent decades, the use of na-
noscale FRs such as ultrafine aluminium hydrox-
ide (Al(OH)3), magnesium hydroxide (Mg(OH2)) 
or antimony oxide (Sb2O3) has been researched.2 
In addition, ultrafine Sb2O3, zinc borate, double-
layer hydroxides (e.g. hydrotalcite or polyhedral 
oligomeric silsesquioxane (POSS)), but also na-
noclay and CNTs, are used as so-called syner-
gists to improve the flame retardancy of other 
FRs.2 These halogen-free nanoadditives have 
great potential to replace halogenated FRs which 
are partly carcinogenic and hormone-active, and 
have therefore been banned in the EU (e.g. oc-
tabromodiphenyl ether).37

Nanosilver has an antimicrobial effect and can 
be used in plastics, for example to manufacture 
food packaging such as films or containers to 
protect food from spoilage. However, nano-silver 
has not yet received approval for food contact 
materials in the EU as there are concerns about 
possible risks to human health and in particular 
to the environment if dissolved ions from nano-
silver particles enter the aquatic environment.38 

In addition, nano-silver, like nano-gold and na-
nocopper, graphene platelets, graphene oxide or 
CNTs, is used in flexible electronic devices be-
cause of its electrically conductive properties.

Using 2D printing, inks containing nanomaterials 
are applied to various substrates such as poly-
ethylene terephthalate (PET), polyimide (PI) or 
polyethylene naphthalate (PEN), but also to tex-
tiles and solar cells.39 The market for printed, 
flexible and organic electronics has been esti-
mated at approximately USD 31 billion in 2018, 
and is expected to more than double over the 
next 10 years.40 In addition, 3D printing (also re-
ferred to as additive manufacturing) can be used 
to produce nanocomposites layer by layer. Re-
search into 3D printing is being carried out pri-
marily in the biomedical field where artificial tis-
sue or artificial organs could be printed on the 
basis of natural or synthetic polymers and with 
the use of photoinitiators (PIs).41 In this context, 
nanoparticulate PIs are also being researched. 
For example, photocatalytic semiconductor-met-
al nanorods (CdSe/CdS-Au) can be used as PIs 
for 3D printing.42 During 3D printing, the PIs have 
the function of triggering the photopolymerisation 
of photosensitive monomers and oligomers.43 
This technique produces socalled photopolymers, 
such as methacrylate-based resins, in order to 
tailor technical or medical components (e.g. spe-
cial tools or nozzles). Together with ceramic nano-
fibers (zirconium-, silicon- and/or yttrium- based), 
photopolymers are also used for the production 
of dental fillings.44

Organic nanoadditives

Glass or carbon fibres are often added to plas-
tics to increase their strength. However, the pro-
duction of these fibres requires large amounts of 
energy. As a result, the focus is increasingly shift-
ing towards alternatives made of natural fibres 
whose starting materials and production are con-
sidered to be largely harmless from an ecologi-
cal point of view.45 Such organic additives are of 
particular interest for the production of biopoly-
mer composites as they not only improve their 
properties but are also biodegradable. However, 
natural fibre-reinforced plastics do not yet come 
close to the quality of glass or carbon fibre com-
posites as some technical problems still have to 
be overcome, e.g. the low adhesion of (hydro-
philic) natural fibres to (hydrophobic) polymers. 
In addition, even distribution in the polymer ma-
trix is extremely difficult and the quality of the nat-
ural fibres is subject to greater fluctuations than 
is the case with synthetically produced fibres as 
the weather and environmental influences have 
a direct effect on the properties of the fibres.
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Nanocellulose is gaining more and more interest 
from both research and industry because of its 
physicochemical properties such as high tensile 
strength, biocompatibility and high aspect ratio.46 
Potential applications range from medicine to 
construction. Nanocellulose fibrils have strength 
and rigidity superior to that of glass fibres. They 
can be extracted in a top-down process from var-
ious renewable sources such as wood pulp, crops, 
or organic waste. Fibrillar diameters of up to 2nm 
are possible, with a length of a few micrometres. 
Bacteria can also produce cellulose macromol-
ecules from sugar and use them as a protective 
film. This film consists of highly purified nanocel-
lulose with a proportion of crystalline structures 
of up to 90% and fibrillar diameters of 10 to 100nm 
and a length of a few micrometers.45 Nanocellu-
lose has the potential to replace petroleumbased 
materials for the manufacture of films, coatings 
or packaging. According to currently available in-
formation, the material poses no risk to human 
health or the environment.47

Lignocellulose is a component of the cell walls 
of wooden plant parts and serves as a structur-
al framework. The material consists of 40-80% 
cellulose, 5-25% lignin and 10-40% hemicellu-
lose. Large quantities of wood and straw waste 
are available worldwide and are currently main-
ly used for energy generation.48 Lignin can also 
be extracted from such waste in biorefinery plants 
to produce lignin nanoparticles. These are the 
subject of research for a wide variety of applica-
tions. Lignin shows some outstanding properties 
such as high resistance to decay, UV absorption, 
high rigidity, and the ability to slow down or pre-
vent oxidation processes. When, for example, in-
corporated into bioplastics, nanolignin can in-
crease the strength of the plastic. Initial research 
results also show that this material would be suit-
able for UV protection or as a plastic additive be-
cause of its biocidal properties.48

Current applications 
in practice
As part of the “NanoAdd”49 project, online mar-
ket research was conducted to explore which 
consumer products containing nanocomposites 
are available on the Austrian market. Since man-
ufacturers are not obliged to declare the compo-
sition of the plastics they use, it was only possi-
ble to identify products where manufacturers or 
retailers voluntarily provided information about 
the nanoadditives they had used.

The investigation revealed that, in the consum-
er goods sector, nanocomposite materials are 
being promoted only in a few sporting goods. The 
incorporated nanoadditives are graphene and 

CNTs, i.e. carbon-based additives that are used 
in this context to make lighter and more durable 
products such as bicycle tyres, frames and hel-
mets, sports shoes, and badminton rackets.

Enterprise surveys

In addition to online market research, qualitative 
data was collected from ten Austrian companies 
(compounders, processors, research and devel-
opment) in 2019. This survey investigated if and 
to what extent nanoscale additives are used in 
plastic parts, with a particular focus on the auto-
motive and electrical/electronics industries. In 
addition, assessments were carried out on trends 
and expected future developments for the use of 
nanoadditives in these areas.

In contrast to the scientific literature, where the 
application of nanoadditives to various products 
in the automotive and electrical/electronics in-
dustries is demonstrated on a laboratory scale, 
very few, if any, nanomaterials are currently be-
ing used in practice in these areas. In these sec-
tors, carbon black is mainly used as a black pig-
ment. The majority of the interviewed processors 
do not perceive carbon black as a nanofiller be-
cause a more coarse and microscale carbon 
black is typically used. Ultrafine or nanoscale car-
bon black is currently only used for special foils. 
Furthermore, TiO2 particles are used as white 
pigments. However, it is unclear whether these 
additives used are nanoscale in size as the par-
ticles are already contained in the purchased 
masterbatch.50 In addition, some halogen-con-
taining flame retardants are already being re-
placed by nanoclay (in combination with other 
synergists). In general, according to the compa-
nies surveyed, the majority of all nanoadditives 
are currently used in surface coatings and paints 
(e.g. nano-TiO2 as a photocatalytic coating).

In the field of applied research and development, 
nanoscale additives are increasingly being test-
ed in the automotive sector as well as in electri-
cal engineering and electronics. Examples in-
clude CNTs for modifying electrical conductivi-
ties, nanoscale glass additives to replace asbes-
tos-like ingredients in self-lubricating bearings or 
graphene/-derivatives in nanoelectronics. At pre-
sent, customers almost exclusively demand im-
proved product functionality from research. Ac-
cording to the companies surveyed, sustainabil-
ity plays a secondary role here as it has no unique 
selling point for durable products.

Reasons why nanomaterials are only used to a 
limited extent in the sectors studied are very sim-
ilar for all interviewees: challenges regarding the 
dispersibility and production of nanocomposites 
on a larger scale (outside the laboratory), a steep 

price level, and an uncertain impact on humans 
and the environment. If these barriers can be 
overcome, some of the interviewees consider the 
use of nanoadditives as conceivable for the fu-
ture. Some companies expect nanoadditives to 
add value in the future through improved prop-
erties such as temperature stability, scratch re-
sistance, process simplification (single-stage pro-
cess) or reduced weight, especially in the auto-
motive and aeronautics industry. Resulting ma-
terial savings and process simplifications would 
also have positive side effects for the environ-
ment. In general, however, the interviewees do 
not foresee an increase in the use of nanoaddi-
tives in the near future.

With regard to recycling and the associated ac-
cumulation effects, it is expected that fewer ad-
ditives (both nanoadditives and conventional ad-
ditives) will be used in plastics in the future. In 
addition, several of the questioned companies 
requested a general standardisation and reduc-
tion of the number of different plastic compo-
nents. Specific regulations in the field of flame 
retardants, which play an important role for ex-
ample in e-mobility, are seen as the starting point 
for this. Subsequently, general guidelines for the 
recycling of plastics should be created.

Conclusion

For the production of polymer nanocom-
posites, research has long been concerned 
with the use of a wide variety of nanoad-
ditives. Nanoadditives have special prop-
erties which improve the mechanical, elec-
trically conductive, biocidal, FR or barrier 
properties. Their use can result in both pos-
itive environmental effects (e.g. through 
sav ings in weight and the resulting re-
source savings) and negative effects (e.g. 
environmental risks due to release). How-
ever, a number of technical obstacles still 
need to be overcome for large-scale use. 
Moreover, market prices of many nanoad-
ditives are still too high. It is also important 
to create a solid scientific basis so that 
health and environmental risks can be as-
sessed sufficiently in advance in the course 
of a wellfounded risk assessment, thus en-
suring the safe use of these materials.
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