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An increasing number of aerogels as nanostructured highly porous materials are entering the market in every day products,

with an attractive portfolio of properties for emerging applications ranging from health care and leisure to electronics,

cosmetics, energy, agriculture, food and environmental.

best practices  safety regulatory compendium  aerogels

1. Introduction

Aerogels are a special class of nanostructured materials generally with an ultra-light weight and high porosity, associated with

tunable physicochemical properties . Kistler reported, for the first time, the term aerogel in 1931, defining it as a low-density,

porous solid gel derived from gel . To date, the definition of aerogels lies in a sort of “limbo”, considering that IUPAC defines

aerogels as “a gel comprised of microporous solid in which the dispersed phase is gas” , but the scientific community stated

that aerogels are not strictly microporous solids as there are commonly reported mesoporous and nanofibril aerogels . In the

meantime, aerogels cannot be considered nanoforms, based on the REACH Annexes definition , and they are also

exempted from the need to report to national nanomaterials product inventories such as those in France, Belgium, the USA or

Canada ; but, they can be included in the nanomaterials category considering that they are constituted by nanomaterials

. Typically, aerogels are obtained through a sol-gel process , meaning that a colloidal suspension of precursors was

converted by applying a gelling process, after which the replacement of the solvent with gas into materials characterized by a

three-dimensional network follows. According to the nature of the solvent occupying the solid scaffold, as well as on the

procedure commonly used for the solvent replacement, it is possible to produce: (i) aerogels (usually obtained by CO

supercritical drying) ; (ii) xerogels (usually obtained by atmospheric pressure drying) ; and (iii) cryogels (usually

obtained by freeze drying) , which are materials characterized by different properties and are accepted with the general

term “aerogel”. The main sources for fabricating the aerogels are silica, alumina and carbon, but synthetic polymers,

biopolymers and other organic precursors need to be considered as emerging sources. In recent years, aerogels are

increasingly being studied considering the appealing applications in food, for the controlled release of active compounds,

biomedical, textile, packaging, energy storage devices, aerospace engineering, and solar-steam generation , as

illustrated in Figure 1, but the full potential of aerogels is still to be assessed for other technological sectors . As

materials for biomedical applications, they are able to respond to the requirement for tissue engineering applications, such as

in designing implantable cardiovascular devices, as well as for nerve repair implant applications, bone grafting and biosensing

. The adaptable surface area, together with the surface functionalization, makes them valuable candidates to be used as a

platform for adsorbing and controlling the release of active compounds. For specific administration routes, aerogels are

capable to improve the delivery of low water soluble drugs and deliver, in situ, the drug enhancing the bioavailability .

Concerning aerogels in textiles, they received attention in this century for producing protective clothing for space exploration,

as the first application, and successively for thermal insulation textiles . Recently, the new emerging applications include

aerogels as textiles for wound care medical applications , face masks  and tissue engineering applications ,

thermal insulating , smart clothes, prevention of electromagnetic radiation, protection against chemicals, flame retardancy

and treatment of textile process wastes . Regarding the environmental applications, aerogels are ideal materials for

thermal insulations which can save energy and help to reduce carbon emissions due to their low thermal conductivity. Another

aspect to be considered is that aerogels generally possess a high porosity and specific surface area, enabling them to be
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ideal materials useful to adsorb toxic molecules or ions in the air and water, which can be applied to protect the environment

. As a consequence, the aerogels market has recently seen a surge in the number of patents filed on aerogels,

demonstrating the incredible increase on these materials in recent years. Even considering that the market is mainly driven by

the increasing demand for construction applications, the new emerging trend, together with increases in R&D investment and

a global aerogel market size projected to reach USD 1045 million by 2025, suggests that the market believes aerogels will

become increasingly important .

Figure 1. Aerogel-based materials for biomedical, textile, packaging, energy storage devices, solar-steam generation, and

aerospace engineering applications.

To date, there is a lack of information concerning the toxicity of aerogels; ecotoxicity and cytotoxicity and regarding the health

risk assessment and other regulatory aspects are not extensively addressed as aerogels do not require registration as

nanoforms but their nanostructures raise concerns about a possible hazard assessment which needs to be addressed. The

reason for this may be partially due to an uncertainty about which aspects should be approached for regulatory purposes.

However, producers cannot neglect that even if the toxicity inherent to aerogel exposure is not expected in general, an

increased bioactivity may derive from inhalable or ingestible fragments due to their high inner surface area . One of the

most critical routes of exposure to aerogel nanoparticles is the unintended inhalation of material dust and the consequent

pulmonary deposition, which is an existing scenario in the industrial insulation production of silica and PU-based (PU =

polyurethanes) aerogel materials , as well as during the installation and removal activities of insulation materials in houses,

considering that this is one of the most frequent applications. It is important to keep in mind that for the industrial

implementation of aerogels all workers involved in the production process and application of aerogels may be involved in the

exposure to these nanostructures and the dispersion into the surrounding environment, and, consequently, global regulation is

highly necessary to prevent any risks to human health.

2. Risks Assessment of Nanomaterials
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2.1. Health Risks

As aerogels have different properties than their bulk compounds, there is less knowledge available as to how they will react in

an environment with human contact  and it would be reasonable to measure the concentration of aerogel particles for

better establishing exposure limits and the right safety equipment.

Ultrafine nanoparticles (size less than 100 nm) can be inhaled easily, leading to breathing problems, lung inflammation and

distal organ involvement . Ultrafine particles of carbon, silica and titanium are known for causing problems like

mesothelioma, pulmonary toxicity, inflammation, genotoxicity and neurotoxicity, DNA damage and human embryo

development . The dimension of aerogel nanoparticles can increase the probability of entering into the human

bloodstream, together with an increased likelihood of electrochemical reactivity .

2.2. Safety Aspects of Nanomaterials

The main components of occupational health and safety processes are information gathering, hazard assessment,

determination of protection measures, review of the effectiveness of measures, and other documentation . Possible ways

of being exposed to nanomaterials are inhalation, dermal absorption and ingestion.

Nanomaterials should be kept in a designated area; cleanliness should be taken care of; and protective gear, like gloves or

face masks, should be used. Containers should be labelled with the aerogel material to be used, indicating the properties of

the materials. Sealed containers containing the material in free or dry form should be opened in a ventilated hood, fumed

hood or closed glove box . Anything previously in touch with the aerogel, meaning the container it was placed in, any wet

wipes used to clean it, gloves handling it, masks and so on, is considered contaminated and should be disposed of properly

. In the case of protective clothing that can be recovered by cleaning, the effects deriving from disinfection and end-of-life

disposal need to be considered in terms of the environmental impacts.

The best way to manage surfaces contaminated by aerogel particles is the adoption of wet wiping or, alternatively, the use of

a tack roll mop or strippable decontamination agents . HEPA (High-Efficiency particulate air filter) vacuuming should be

used for the capture of airborne particles with diameters below 3 µm.

Before disposal, aerogel materials should be either kept in a labelled waste container or labelled plastic bags and treated as

hazardous waste to minimize the aeroparticles’ dispersion into the environment, as well as the worker’s exposure to the

particles .

Incineration is one of the most common methods of treating aerogel material waste; additionally, it can be used in soil for

construction purposes .

2.3. Life-Cycle Considerations for the Exposure Assessment and Risk Characterization

Due to the potential release of aerogel particles at different stages (manufacturing, transport, use and disposal), the exposure

of the worker, consumer and environment to the nanoparticles should be monitored over the entire life-cycle of the products.

In the event that aggregates or agglomerates are formed during a life-cycle step, a(n) (eco)toxicological risk analysis should

be engaged considering their potential dissolution or disaggregation, even if the risk of aerogels in these forms is not

considered relevant. According to EU recommendations for nanomaterials, all people involved in the exposure to aerogels

should consider that “Agglomerated or aggregated particles may exhibit the same properties as the unbound particles” 

consistent with their potential dissolution or disaggregation, and they have to evaluate the risk due to the potential exposure to

constituent particles in the size range of 1–100 nm.
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Finally, some studies evaluated the resultant products and production methods of aerogels from an environmental perspective

concluding with a positive opinion in terms of net energy, greenhouse gas emissions and less solid waste generation when

compared with polyurethane-based materials . A case study also evidenced the beneficial impacts deriving from changing

the procedure for aerogel preparation, in terms of reduced CO  emissions and pollution in general, as well as in terms of more

ecofriendly adopted solvents . Aside from this, the life-cycle consideration cannot neglect the environmental impact deriving

from the production of protective masks, HEPA filters, etc.—which are mainly made of polypropylene (PP), polyehtylene

therephtalate (PET), glass microfiber, or melt blow glass fiber—due to the high energy consumption, high costs and the

elevated emitted pollutes involved in their own production, which tremendously limit their wide and sustainable applications.

Furthermore, the toxicity effects on the environment as a result of incidental or natural dispersion of aeroparticles should be

considered, also including possible toxic effects due to the chemical’s release as this can induce a mismatch in ecosystems

and cause a loss of biodiversity. Often, these chemicals are able to leach down the soil, seeping into the water table and

killing, as a consequence, aquatic animals and vital soil symbionts, indirectly reaching agro- and animal products and entering

the food chain, leading to acute or chronic impacts on human health .

2.4. Aerogels Disposal

This compendium has the ambition of becoming a successful guideline for safely managing aerogel products; but, considering

the fact that a lack of knowledge on how to dispose of aerogel materials affects the literature, a brief paragraph has been

introduced to raise awareness within the aerogel community and regulatory offices on the need to address this important

issue.

Generally, instruction for aerogel disposal refers to silica-based products, adopting chemical, physical or thermal strategies

. Specifically, when a thermal degradation process for either the degradation or recycle step is adopted, the negative

impact on the environment linked to the CO  emissions should be considered, thus, when possible, this approach should be

avoided . Actually, aerogel wastes end up in landfill or in an incinerator, which over time can lead to the release of volatile

aeroparticles in the atmosphere, as well as to the deposit of and significant accumulation of dust which over time can affect

the performance and safety of disposal plants, with direct and adverse environmental and human health impacts. These

remarks should also be extended to bio-based aerogels, which are generally considered to be environmentally friendly and

non-harmful because when they are disposed in landfills they can be subjected to breakage, thus emitting dust which

negative affects the environment and human health. Furthermore, considering aerogels can potentially contain additives ,

industrial waste landfills should be advised on the right waste procedures to be taken into account.
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