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1.Introduction

Nanomaterials in powder form are increasingly used in industry and laboratories, and this trend should continue in the comings years. Their promising properties allow them to be used in many fields of application, such as food, buildings, cosmetics, textiles, pharmaceutics to name but a few [1][START_REF] Peters | Nanomaterials for products and application in agriculture, feed and food[END_REF][START_REF] Hincapié | Use of engineered nanomaterials in the construction industry with specific emphasis on paints and their flows in construction and demolition waste in Switzerland[END_REF][START_REF] Piccinno | Industrial production quantities and uses of ten engineered nanomaterials in Europe and the world[END_REF] . Amongst the many evidences of this wide diffusion of powdered nanomaterials, the latest R-nano 2020 report on the mandatory declaration of production, importation or distribution of nanomaterials in France indicates that nearly 500 000 tons of nanomaterials are declared [START_REF]Ministère de la Transition Ecologique et Solidaire[END_REF] . Although the reporting of the form of the substances is not detailed enough, most of the chemicals appear to be powders [START_REF] Kangas | Industrial Applications of Nanomaterials Micro and Nano Technologies[END_REF] .

In the workplace, inhalation exposures to airborne particles when handling (nano)powders during bagging, transferring and/or cleaning are possible throughout the product life cycle [START_REF] Debia | A Systematic Review of Reported Exposure to Engineered Nanomaterials[END_REF][START_REF] Kuhlbusch | Nanoparticle exposure at nanotechnology workplaces: A review[END_REF][START_REF] Brouwer | Exposure to manufactured nanoparticles in different workplaces[END_REF] , but exposure data remain very scarce. This may be partly due to the lack of harmonized strategies for measuring exposures; these remain complex to implement in workplaces although proposals have been made in this respect [START_REF] Witschger | Nanomaterials definition: Identification and Characterization of Materials and Associated Professional Exposures[END_REF][START_REF] Methner | Nanoparticle emission assessment technique (NEAT) for the identification and measurement of potential inhalation exposure to engineered nanomaterialspart A[END_REF][START_REF] Methner | Nanoparticle emission assessment technique (NEAT) for the identification and measurement of potential inhalation exposure to engineered nanomaterialspart B: results from 12 field studies[END_REF][START_REF] Eastlake | Refinement of the Nanoparticle Emission Assessment Technique into the Nanomaterial Exposure Assessment Technique (NEAT 2.0)[END_REF] . Most recently, Froggett et al. [START_REF] Froggett | A review and perspective of existing research on the release of nanomaterials from solid nanocomposites[END_REF] have highlighted the need to develop methods capable of measuring the release potential of (nano)particles in different work situations. A formidable response can be proposed today to this difficult task of accurately measuring inhalation exposures to nanomaterials, and it relies on the deployment of dustiness methods in companies and laboratories where nanomaterial powders are encountered (produced, processed, used). These methods are increasingly recognized as relevant approaches to initially estimate workplace exposures of employees handling powdered (nano)materials as a preamble to more robust documentation and accurate exposure measurements [START_REF] Halil | An integrated health risk assessment with control banding for nanomaterials exposure[END_REF][START_REF] Kuijpers | Understanding workers' exposure: Systematic review and data-analysis of emission potential for NOAA[END_REF][START_REF] Bekker | Occupational Exposure to Nano-Objects and Their Agglomerates and Aggregates Across Various Life Cycle Stages; A Broad-Scale Exposure Study[END_REF] . The dustiness of a powder is defined as its propensity to generate airborne particles during handling or after mechanical stimuli (drop, fluidization, shaking) [START_REF] Lidén | Dustiness Testing of Materials Handled at Workplaces[END_REF] . This definition can be extended to any particulate material, including pellets and granules. Dustiness data can be used to classify powders according to their dustiness indices, or incorporated in exposure models to estimate the amount of (nano)particles potentially released into the workplace atmosphere. Dustiness is also an input descriptor of the material for exposure control by banding approaches [START_REF] Dunn | Control banding tools for engineered nanoparticles : what the practitioner needs to know[END_REF][START_REF] Jiménez | A comparison of control banding tools for nanomaterials[END_REF][START_REF] Van Duuren-Stuurman | Range-finding risk assessment of inhalation exposure to nanodiamonds in a laboratory environment[END_REF][START_REF] Fransman | Advanced Reach Tool (ART) : development of the mechanistic model[END_REF] , and in safe-by-design approaches for the responsible development of products containing nanoparticles. Moreover, dustiness could be a mandatory data item in the future REACH documentation in the context of chemicals regulation [START_REF] Hansen | Revising REACH guidance on information requirements and chemical safety assessment for engineered nanomaterials for aquatic ecotoxicity endpoints: recommendations from the EnvNano[END_REF] . In order to assess the relevance and reliability of the measurement of the dustiness indices of a powder, several institutions such as OECD or ECHA have initiated projects for preventive measures against chemical risks. Last, but not least, environmental safety should also be assessed by dustiness measurements, in order to prevent or predict the potential for dust explosion in industrial atmospheres as highlighted by Klippel et al. [START_REF] Klippel | Dustiness in workplace safety and explosion protection: Review and outlook[END_REF] . For instance, knowledge of dustiness should be used to optimize the determination of explosive areas, to manage ventilation systems and/or to set suppressing systems. While environmental safety is currently less evaluated by research results than health risks, the growing concern for environmental safety in workplaces should reverse this trend in favor of more research on this topic. Dustiness is determined through dedicated methods, which are described in European standards, five of which have recently been revised, and adapted to nanoparticulate matter, encompassing all types of particulate matter [25][26][27][START_REF]Workplace exposure -Measurement of dustiness of bulk materials that contain or release respirable NOAA or other respirable particles -Part 4: Small Rotating Drum method[END_REF][START_REF]Workplace exposure -Measurement of dustiness of bulk materials that contain or release respirable NOAA or other respirable particles -Part 5: Vortex Shaker method[END_REF] . The dustiness method to be used is chosen according to 1) the type of particles considered (nanoparticles, non-nanoparticles, pellets, granules, etc…) and 2) the workplace exposure scenario to mimic. Four methods are available, namely the Rotating Drum (RD), the Continuous Drop (CD), the Small Rotating Drum (SRD), a reduced version of the RD, and the Vortex Shaker (VS).

The dustiness of a powder is determined through a mass-based index, which may be accompanied by a number-based index, in line with at least one of the three conventional health-related fractions (inhalable, thoracic and respirable) [START_REF] Cen | Workplace atmospheres -Size fraction definitions for measurement of airborne particles[END_REF] . Amongst the sole laboratory measurements of dustiness, a possibility to correlate the obtained indices with measured workplace exposures or exposure modelling has recently emerged with the example of nanoclays particles and fertilizers handling in different workplaces [START_REF] Ribalta | Testing the performance of one and two box models as tools for risk assessment of particle exposure during packing of inorganic fertilizer[END_REF][START_REF] Ribalta | Health risk assessment from exposure to particles during packing in working environments[END_REF][START_REF] Ribalta | On the Relationship between Exposure to Particles and Dustiness during Handling of Powders in Industrial Settings[END_REF][START_REF] Ribalta | Toxics, Evaluation of One-and Two-Box Models as Particle Exposure Prediction Tools at Industrial Scale[END_REF] . These works that correlate dustiness data with workplace exposures support the importance of measuring dustiness in laboratory using an appropriate method described in the standards, and using it as a proxy for estimating inhalation exposures, as a preamble to a thorough measurement campaign in the workplace. Though mass-and number-based metrics are commonly used for dustiness measurements, surface area is increasingly recognized as a relevant parameter for assessing the pulmonary toxicity of insoluble or poorly soluble nanomaterials [START_REF] Roach | Surface area-and mass-based comparison of fine and ultrafine nickel oxide lung toxicity and augmentation of allergic response in an ovalbumin asthma model[END_REF][START_REF] Schmid | Surface area is the biologically most effective dose metric for acute nanoparticle toxicity in the lung[END_REF][START_REF] Niosh | Occupational exposure to titanium dioxide[END_REF][START_REF] Cosnier | Retained particle surface area dose drives inflammation in rat lungs following acute, subacute, and subchronic inhalation of nanomaterials[END_REF][START_REF] Duffin | The Importance of Surface Area and Specific Reactivity in the Acute Pulmonary Inflammatory Response to Particles[END_REF][START_REF] Oberdörster | Nanotoxicology: an emerging discipline evolving from studies of ultrafine particles[END_REF][START_REF] Stoeger | Instillation of Six Different Ultrafine Carbon Particles Indicates a Surface Area Threshold Dose for Acute Lung Inflammation in Mice[END_REF] . Given the importance of investigating different relevant parameters to assess the toxicological effect of nanoparticles on human health, surface area could be incorporated into European dustiness standards to complete the existing metrics. Multi-metric documentation of exposure is a common trend to follow when seeking to reduce occupational risks associated with airborne particles [START_REF] Mcgarry | Application of multimetric approach to characterization of particle emissions from nanotechnology and nonnanotechnology processes[END_REF] . Such a consideration implies an accurate measurement of the surface area of airborne nanoparticles resulting from the aerosolization of nanomaterial powders. Gas adsorption can be considered as a reproducible reference method for measuring the surface area of solid particles [START_REF] Hackley | Real-world" precision, bias, and between-laboratory variation for surface area measurement of a titanium dioxide nanomaterial in powder form[END_REF] . The surface area per gram of material is commonly determined applying the BET model [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF] to the nitrogen adsorption data for non-porous, macroporous or mesoporous powders, we referred then as the external specific surface area (A Ex , m².g -1 ), whereas the tplot model is more adequate for microporous materials. Adsorption isotherm models were defined by the International Union of Pure and Applied Chemistry (IUPAC), as well as the data processing to determine the specific surface area [START_REF] Thommes | Physisorption of Gases, with Special Reference to the Evaluation of Surface Area and Pore Size Distribution[END_REF] . A Ex is an integral method, accounting for all particles present in the sample, from which an equivalent constituent particle diameter can be derived. In the paper from Bau et al. [START_REF] Bau | Effect of constituent particle polydispersion on VSSA-based equivalent particle diameter: Theoretical rationale and application to a set of eight powders with constituent particle median diameters ranging from 9 to 130 nm[END_REF] , the issue of particle polydispersion is investigated both theoretically and experimentally on a set of 8 powder materials.

Based on this, it would be interesting to integrate an additional dustiness index accounting for the external surface area. However, this relies on the measurement of the A Ex of airborne particles released during a dustiness test. Performing gas adsorption on a powder sample to determine its A Ex is relatively straightforward. However, it remains particularly tricky to apply this technique to aerosols, since particles are in motion and dispersed in a surrounding gas. Devices based on diffusion charging give access to the geometric, active or lungdeposited surface area [START_REF] Bau | A laboratory study of the performance of the handheld diffusion size classifier (DiSCmini) for various aerosols in the 15-400 nm range[END_REF][START_REF] Levin | Can We Trust Real Time Measurements of Lung Deposited Surface Area Concentrations in Dust from Powder Nanomaterials?[END_REF] but their performance has not been studied for airborne particles emitted by powders and they are limited to a particle size range of 10 nm to a few µm, which is not sufficient to measure those expected for a powder-based aerosol (between 10 nm and over 10 µm). Lebouf et al. [START_REF] Lebouf | Measurement of airborne nanoparticle surface area using a filter-based gas adsorption method for inhalation toxicology experiments[END_REF] proposed a methodology to determine the A Ex of particles collected on filters for different aerosols of nano TiO 2 , between 55 and 160 m².g -1 , and nano SiO 2 (57 m².g -1 ) generated in an inhalation chamber for toxicology experiments. The authors proposed an approach based on the difference in surface area measurement between a sampled and blank collecting support. Bau et al. [START_REF] Bau | A TEM-based method as an alternative to the BET method for measuring off-line the specific surface area of nanoaerosols[END_REF] proposed another strategy based on TEM observations to determine the A Ex , of SiO 2 , ZrO 2 , Al 2 O 3 , Fe 2 O 3 and Fe 3 O 4 nanomaterial powders, between 20 and 200 m².g -1 , where the aerosols were generated with a vortex shaker dustiness method. A close agreement between the TEM-based method and the gas adsorption measurement for determining the A Ex was observed. However, the particles analyzed in the TEM-based method were aerosolized and the adsorption measurements were performed directly on the powders, not on the collected particles, which assumes equivalence between the surface areas of powders and their aerosols. The authors assumed this equivalence but it has not been experimentally demonstrated, which could invalidate their conclusions. A similar approach with automatic particle analysis was also used by Bourrous et al. [START_REF] Bourrous | A semi-automatic analysis tool for the determination of primary particle size, overlap coefficient and specific surface area of nanoparticles aggregates[END_REF] .

In this context, we describe in this paper an operational methodology leading us to propose a surface-based dustiness index [m².kg -1 ] that could be used for dustiness test measurements. This index involves the mass-based dustiness index of airborne particles determined using a reference dustiness method, combined with their external specific surface area based on equivalence with that of powders. This equivalence is demonstrated experimentally through powder-borne aerosols generated by an SRD dustiness method coupled with a cascade impactor to collect the released particles. Gas adsorption was performed to measure both the powders and powder-borne external specific surface areas. All powders are identified as nanomaterials and are among the most common nanoparticles encountered in workplaces.

Then, the proposed surface-based dustiness index was implemented on the available literature data from the CEN Dustinano pre-normative research programme (SA/CEN/ENTR/461/2012-06, Mandate M/461) and compared to the conventional mass based-dustiness index.

2.Concept of the surface-based dustiness index

The concept of surface-based dustiness index relies on combining a mass-based dustiness index determined with any of the dustiness methods and the external specific surface area of airborne particles generated during the dustiness test (equations 1 and 2). Δ is the airborne particle mass (in g) released and collected during the dustiness test and determined by gravimetric analysis. 0 is the powder sample mass (in kg) introduced in the system associated with the dustiness method. Ex (collected particles) is the external specific surface area (m².g -1 ) of the airborne particle sample measured with gas adsorption. However, the measurement of Ex (collected particles) is relatively difficult as mentioned before . s. In most cases, the collection media used in dustiness tests are not designed to be introduced into conventional gas adsorption cells. Another issue is the small amount of collected airborne particles on the media. On a one hand, this quantity can be as low as ≈ 10 µg for the less dusty powders, resulting in approximate results due to measurement uncertainties. On the other hand, because reliable gas adsorption measurements require a minimum surface of 10 m² to be analyzed, a quantity of 100 mg of particles with an Ex of 100 m².g -1 would be necessary.

The amount of particles produced in dustiness test benches is therefore not in line with the one required for the gas adsorption analysis. Consequently, to simplify our proposal, it has become crucial to demonstrate the equivalence between the powder external specific surface area and that of their corresponding aerosols in such a way that Ex (collected particles) in equation 1 can be substituted by Ex (powder) , this latter being much easier to measure as aforementioned.

3.Experimental Section

3.1.Experimental Methodology

A flowchart describing the experimental approach carried out for the demonstration of the equivalence between Ex (powder) and Ex (collected particles) is represented on Figure 1. A part of a powder sample is directly analyzed with the gas adsorption technique to determine its Ex (powder) , whereas another part of the sample is used for aerosol generation with the Small Rotating Drum (SRD) dustiness method [START_REF]Workplace exposure -Measurement of dustiness of bulk materials that contain or release respirable NOAA or other respirable particles -Part 4: Small Rotating Drum method[END_REF] combined with a cascade impactor (Nano-ID ® ) to collect particles for subsequent gas adsorption analysis to determine the Ex (collected particles) .

The next sections detail each part of the methodology.

3.2.Powders

For this study, five industrial powders, representative of the most encountered materials in workplaces, were selected. These powders were studied and characterized among a set of ten materials in the European pre-normative research program DUSTINANO CEN Mandate M/461 for dustiness of nanomaterial powders [START_REF] Witschger | Workplace exposure -Measurement of dustiness of bulk nanomaterials -Part 1 to Part 5 Deliverable Report on the results of pre-normative research[END_REF] . Some of the powder properties obtained in the characterization task of this project are gathered in Table 1 with indications of their major applications. These powders are used in several areas, from chemical industry applications to building, cosmetics and food. Typical SEM micrographs of each material are shown. It can be seen that the powders studied are composed of aggregates of spherical constituent particles covering a range of particle sizes from 7 nm to 36 nm determined from SEM images analysis. Catalysis and whiting agent

Aerosol generation and sampling

Figure 2 shows the set-up implemented for aerosol generation and aerosol sampling.

It involves a Small Rotating Drum (SRD) dustiness test bench as aerosol generation system coupled with a cascade impactor for aerosol sampling. The cascade impactor used is a Nano-ID ® apparatus equipped with microscope glass slides on each stage to collect the particles with a dry process. This impactor was fully described by Gorbunov et al. [START_REF] Gorbunov | A Novel Size-Selective Airborne Particle Size Fractionating Instrument for Health Risk Evaluation[END_REF] . It was not implemented to determine the particle size distribution; the sole objective was to collect as much as possible aerosolized particles to have enough matter for further off-line gas adsorption measurements (A Ex(collected particles) ) . To this end, the diffusion battery associated with the Nano-ID ® , situated at the outlet of the impactor, was not used.

Indeed, preliminary tests showed the absence of particles under 0.25 µm aerodynamic diameter. For each powder, the aerosol generation with the SRD lasted three minutes as described in the standard but the SRD rotation was repeated between five and ten times on the same sample mass (6 g) inside the drum to collect and cumulate enough matter to be analyzed by gas adsorption as explained above. After aerosolization, the global powder samples collected after gathering each of the impactor stages totalized a mass between 40 and 300 mg of aerosolized powder, which was estimated compatible with further gas adsorption analysis.

Gas adsorption

Gas adsorption measurements on both the powder and aerosol samples were performed in triplicates with an adsorption manometer (ASAP 2020 Plus, Micromeritics) with nitrogen (N 2 ) as gas probe at 77K. The powder samples were outgassed under vacuum (10 -2 mmHg) at 150°C during a minimum of 12 hours. This preparation is required before gas adsorption measurement to limit underestimated calculated external specific surface area values [START_REF] Rouquerol | The use of thermal analysis to select the standard outgassing conditions of a set of reference adsorbents[END_REF] . The BET model was applied to determine the external specific surface area for non-porous, macroporous or mesoporous powders characterized by a type II or type IV isotherm, whereas the t-plot model was used for microporous powders characterized by a type I isotherm according to the IUPAC recommendation [START_REF] Thommes | Physisorption of Gases, with Special Reference to the Evaluation of Surface Area and Pore Size Distribution[END_REF] .

Finally, the error for the surface-based dustiness index was obtained following the error propagation law related to a product: With the error for 3 replicates on the and the error for 3 replicates on the

4.Results and Discussion

4.1.Comparison of A Ex(powder) and A Ex(collected particles)

On type II and type I composite isotherms were obtained for the powders and the aerosolized samples. In these cases, the t-plot model was applied to distinguish the external Ex (powder) and Ex (collected particles) from the internal surface. Finally, a consistent correlation (R² = 0.99) between Ex (collected particles) and Ex (powder) is observed.

These results demonstrate the equivalence between Ex (powder) and Ex (collected particles) ; this finding allows the surface-based dustiness index to be calculated with the sole Ex (powder) as stated in Equation 2. Differences observed between A Ex(powder) and A Ex(collected particles) would have suggested that the powder-borne particles are modified by the mechanical process during the dustiness test (e.g. entailing, attrition, melting), affecting their external surface area. Given the stability of surface areas measured through this experimental approach, it is reasonable to assume that this relationship is transferable to the RD and CD, as these are based on the same mechanical process (drop or drop + rotation) as the small drum. . The proposed surface-based dustiness index as described in equations 1 and 2 was applied to a data set from different works implying the mass-based dustiness index determination and a powder characterization providing A Ex(powder) [52, 55-56] . The mass-based dustiness indices were obtained with the VS method in the work from Dazon et al. [55] , whereas the data from the CEN project were obtained with the Rotating Drum (RD) method according to the standardized protocol [START_REF] Witschger | Workplace exposure -Measurement of dustiness of bulk nanomaterials -Part 1 to Part 5 Deliverable Report on the results of pre-normative research[END_REF] . All the powders in the aforementioned works are characterized by more or less polydispersity and a monomodal distribution.

On Figure 4 powders of the CEN DUSTINANO [START_REF] Witschger | Workplace exposure -Measurement of dustiness of bulk nanomaterials -Part 1 to Part 5 Deliverable Report on the results of pre-normative research[END_REF] project are ranked according to surfacebased and mass-based dustiness indices in the respirable fraction after the RD tests. 

10 -4 10 -3 10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 DI S (m 2 /kg) surface metric, SiO 2 (b) is clearly dustier than CaCO 3 (b). In terms of impact on a risk assessment implying the use of dustiness data and ranking, the preventative measures regarding the SiO 2 (b) may not be the same that those for the CaCO 3 (b). In a safe-by-design concept, it could be suggested for instance to substitute the SiO 2 (b) by a less dusty powder if possible, provided that the properties of the both powders are similar and compatible with the final application. As previously stated, the RD method should not modify the individual particle shape and size, and by extension the surface area, allowing the surface-based dustiness to be calculated. Even in case of bimodal distributions, or composite materials, the surface area is linked to an average size, and should not been impacted. The surface area is an integral parameter that does not inform about particle size distribution, nor the composite nature of the particles. Such information shall be known before performing a dustiness test, as recommended by the different standards. In this study, the powders are almost of similar nature and morphology, and do allow highlight relationships between the surface-based dustiness metric and their intrinsic physico-chemical properties. Moreover, it remains unclear what set of particles properties are the most relevant to be taken into account in the framework of risk management. As stated by Maynard & Aitken [START_REF] Maynard | Assessing exposure to airborne nanomaterials: Current abilities and future requirements[END_REF] , in the absence of unequivocal relationships involving a given parameter, the combination of multiple exposure metrics and particle properties remains necessary.

Another interesting result with the surface-based dustiness index is the powder ranking.

Generally speaking, materials displaying low specific surface-area A Ex(powder) , and then coarser particles decrease in the ranking with the DI S whereas the contrary is obtained for the massbased approach. This result theoretically expected, reinforces the need to use several metrics when implementing risk assessment. The number-based dustiness index can also support this observation since the powder ranking follows the same path as the surface-based DI, with smaller particles in the powder increasing the dustiness index, as demonstrated in recent works [START_REF] Witschger | Dustiness of nanomaterials : outlook of the existing research and perspectives[END_REF] . Here, the TiO 2 (d) characterized by a higher specific surface area than the CaCO 3 (a) (142 m².g -1 for TiO 2 (d) vs 5.5 m².g -1 for CaCO 3 (a)) increases by one position with the DI S compared to the mass-based metric, whereas it is the contrary for the calcium carbonate powder. The ranking modifications between mass-based and surface-based dustiness indices could have an impact on the risk assessment management. Currently, the mass-based dustiness index is the reference to implement risk assessment in workplaces where powders are handled, but if the surface metric is to be confirmed more relevant, a new approach including both metrics in dustiness tests could be developed, in particular, substances for which a dose-response is recognized and/or for hazardous materials for environment safety.

Similarly to Figure 4, the powder dustiness ranking according to both surface-and massbased dustiness indices from Dazon et al. [55] are displayed in 

5.Conclusion

In this study, we describe an operational methodology that leads us to propose a surface-based dustiness index (DI S ) and an associated determination methodology. This index involves both the reference mass-based dustiness index (DI M ) and the specific surface area of the aerosol.

The equivalence between external specific surface area of powders and their aerosols was therefore first demonstrated with five representative industrial nanopowders in a range of external specific surface areas from 35 to 230 m².g -1 .

The results presented here show that the DI S allows a better distinction between powders in terms of dustiness indices, and covers an additional order of magnitude compared to the DI M .

In addition, the classification of powders is modified according to the metric considered in the dustiness index, either on a mass or surface basis. This re-organization of the classification of powders according to their degree of dustiness could have an impact on the assessment of the associated risks, with new adaptation measures proposed depending on the nanomaterial handled in the workplace. If the DI S proves its reliability for the assessment of pulmonary toxicity of insoluble or poorly soluble nanomaterials, DI S could be included in the ongoing revisions of European standards for dustiness measurements of nanomaterial powders.

Moreover, environmental safety could benefit from these results on surface area dustiness metric, since it could be a relevant parameter for preventing dust explosions and managing safety in industrial facilities. This study, although based on preliminary results, should stimulate research on dustiness measurement addressing t environmental risks in this perspective. However, , further investigations are needed with other nanomaterial and nonnanomaterial powders, extending the applicability domain limited for the moment to the same type of materials studied here, as well as with other dustiness measurement methods than the ones used here for demonstration (Rotating Drum and Vortex Shaker) to confirm the added value for the whole nanosafety research community.
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 1 Figure 1: Flowchart of the experimental approach carried out to demonstrate the equivalence between external specific surface area of powders and their corresponding aerosols.

Table 1 :

 1 Characteristics of the powders studied in this work for the demonstration of equivalence between powder external specific surface area and collected particles external specific surface area (data from[52]).

Figure 2 :

 2 Figure 2: Set-up of the aerosol sampling step.The SRD system is a stainless steel drum (internal diameter 16.3 cm; volume 5.93 L) rotating following its horizontal axis at a constant speed (11 rpm). Three lifter vanes at 120° apart are positioned inside the drum. When the drum rotates, the lifter vanes carry up roughly 6 g of powder sample previously spread along the lifter vane, causing a drop inside the drum and create the aerosol. The aerosol is transferred by a horizontal airflow (V = 0.9 cm.s -1 ) conditioned at 50% relative humidity and filtered (HEPA) from the exit drum cone to the sampling device.

Figure 3 ,

 3 specific surface areas obtained for both the powder and the aerosols are compared ( Ex (powder) and Ex (collected particles) , respectively). The values are represented with one standard deviation. The external specific surface areas cover almost one order of magnitude, from 35 to 228 m².g -1 in terms of powder Ex . BaSO 4 (b) and TiO 2 (b) are non-porous powders characterized by a type II isotherm both for the powders and the aerosolized samples. Therefore, the BET model was applied to determine the Ex (powder) and Ex (collected particles) for these materials. For SiO 2 (b), TiO 2 (d) and SiO 2 (a),

Figure 3 : 4 . 2 .

 342 Figure 3: Comparison between external specific surface area of powders and aerosols. The error bars correspond to one standard deviation (n = 3).

Figure 4 :On Figure 4 ,

 44 Figure 4: Comparison between the surface-based and mass-based dustiness indices in terms of ranking for a series of manufactured powders studied in the CEN DUSTINANO European project Commission Mandate M/461 in the respirable fraction after RD tests (data from [52]). The error bars correspond to one standard deviation (n = 3) On Figure 4, we highlight that the surface-based dustiness index DI S is more sensitive than the mass-based dustiness index DI M with one extra order of magnitude covered from 10 -4 to 10 2 m².kg -1 compared to a range from 10 -2 to 10 3 mg.kg -1 for the DI M . This result suggests that the surface-based dustiness index DI S allows distinguish powders better than the mass-based one. For instance, CaCO 3 (b) and SiO 2 (b) have very close DI M . Taking into account the standard deviations, these two powders can be considered as dusty as the other. With the

Figure 5 .

 5 In the actual case of the VS method, the surface-based dustiness index also leads to a better distinction between materials: the DI S cover one extra order of magnitude compared to the DI M ones. For instance, the SiO 2 B and D have very close DI M . Modifying the mass-based by the surface-based dustiness index, SiO 2 B clearly becomes less dusty than SiO 2 D. The very close surface areas obtained before and after aerosolization with the VS method confirmed that the vortex does not influence the particle size distribution and let apply the relationship we propose for the surface based dustiness index. These results strengthen the relevancy to characterize the dustiness based on a surface metric, and this for a variety of industrial powders, characterized by a reduced polydispersity and similar chemical compositions. Taking into account the possible importance of surface area characterization, in particular in toxicological studies, a surface-based dustiness index could bring interesting information to document the powders under study in such research area. Moreover, the surface-based metric appears complementary to the mass and number-based dustiness indices indicated in the current standards since it proposes kind of compromise, the number-based dustiness index being strongly influenced by the smallest particles.

Figure 5 :

 5 Figure 5: Comparison between the surface-based and mass-based dustiness indices in terms of ranking for a series of manufactured powders studied in the INRS research program (data from [55-56]). The error bars correspond to one standard deviation (n = 3).
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