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1 Description of task 3.3 
 

The goal of the task 3.3 is to generate improved information on occupational/consumer/environmental 
exposure to fill the identified knowledge gaps and to support regulation. The outputs of task 3.1 on the 
identified critical exposure scenarios on key value chains pointed out several data gaps that could be filled 
through field measurements.  

In order to conduct a reproducible evaluation of the exposure to Engineered NanoMaterials (ENMs), several 
steps were accomplished within this task: 

 Identification and selection of improved measurement instruments, tools and methods (towards multi-
metric, discriminating, size classifying, and personal devices) including for air, water and soil. 
Preparation and evaluation of Standard Operating Procedures (SOPs). 

 Identification and selection of companies where to perform occupational exposure measurements 
 A solid measurement strategy was followed and evaluated (e.g. French approach, OECD tiered 

approach, …) 
 Field measurement data and contextual information will be gathered, evaluated and stored in an 

harmonized way for further use 
 

Deliverable D3.7 entitled “Improved data on specific scenarios” covers the three latter aspects. Moreover, it 
contains the activities related to task 3.2 on the simulated approaches. Therefore D3.7 will provide exposure 
data from simulated approaches performed in laboratories and improved data gathered from field 
measurements.  
 

2 Description of work & main achievements 
2.1 Summary 

In order to generate improved data on exposure, it has been decided to perform experimental work based on 
simulated approaches and to gather exposure information from ‘real’ workplaces.  
Activities were organised in order to characterize real exposures (intensity and frequency) to humans (workers 
and consumers) and the environment through nanomaterial life cycle. The involved partners made attempts to 
identify and engage with companies and pilot lines which manufactured or handled nanomaterials. Difficulty in 
obtaining field measurement data for occupational exposure and a lack of data for consumer exposure was 
problematic. NANoREG encountered similar difficulties than other projects in gaining access to sites to collect 
data. Nevertheless, more than twenty field measurement campaigns generated a significant amount of data 
which represent a sample of the industry and a finite selection of nanomaterials.  
All the reported work herein provides improved data on several specific scenarios (e.g. levels, 
physicochemical characteristics, time and space dependent transformation, fate and behaviour). This data set 
is limited to the case studies evaluated. The results gathered have to be understood in this context and not 
overgeneralized.  
 
The purpose of the field studies was firstly to increase the body of knowledge where information is missing 
accordingly to task 3.1 outputs and secondly to generate data that can be linked to other WP3 activities: 

 Testing performance of models and validating models  (=> T3.4) 

 Assessment of performance of risk management measures (=>T3.5) 

The key findings from the undertaken actions in tasks 3.2 and 3.3 relatives to this deliverable D3.7 are: 

1. Increased understanding of some of the tasks and activities undertaken along the life cycle of nano-
enabled products (e.g. manufacturing, handling, use, recycling, end-of-life) and the potential for 
exposure to airborne ENMs. The purpose of the field studies and simulated approaches experiments 
are primarily to increase the body of knowledge where information was scarce. 

2. Remaining experimental challenges to address the speciation when exposure to ENPs in 
occupational, consumer or environmental settings may either be to the original, pristine ENMs, or 
more likely, to ENMs that have been incorporated into products, released, aged and transformed. This 
will contribute to the design of the next steps for future projects. 

3. Remaining experimental challenges to discriminate high and fluctuating background in workplaces. 
This will contribute to the design of future projects. 
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4. Exposure assessment strategy suited to pilot lines and small businesses (i.e. practical and affordable) 
in order to measure potential airborne emissions of ENMs at workplace. This point goes along with the 
D3.6 affordable and easy-to-use devices that will most likely be used for field measurements as “doubt 
removal” tools. 

5. Measurement methodology to be used in regard of possible future occupational exposure limits for 
ENMs. This measurement methodology is a prerequisite for future regulations. 

6. Good practices and effective risk minimization procedures in terms of potential Environmental, Safety 
and Health issues at workplace. Those good practices and guidelines to manage risks are also the 
prerequisite to future regulation. 

 

The work performed in this task benefited and will continue to benefit to other tasks and subtasks in 
NANoREG, ProSafe, other EU projects and beyond. The impact of this work is also beneficial to the scientific 
community, regulators and stakeholders outside of the project since there is a strong need to reach consensus 
on tools and methods to assess exposure in practice along the whole value chain (workplace, consumer and 
environment). Moreover, improved data gathered from scenario based simulations and field studies will allow 
the update of D3.1 on the critical gaps to fill in the future for next projects and also the critical exposure 
scenarios to support workplace hygienists, epidemiologists and regulators. 
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2.2 Background of the task  

 

The manufacturing and use of engineered nano-objects, agglomerates and aggregates (NOAA) has increased 
rapidly over the recent years. NOAA are now mass-produced, used for a very wide range of applications and 
incorporated into mainstream consumer products (Keller et al., 2013). Besides the obvious benefits these 
materials bring, their potential adverse health and environmental effects, particularly caused by inhalation, are 
raising growing concerns (Limbach et al., 2007; Nel et al., 2006; Oberdorster et al., 2005). The intrinsic ability 
of NOAA to reach and deposit in the deep alveolar region of the lungs suggests that their toxicity and fate may 
differ significantly depending on the particle size, shape and chemical composition (Kreyling et al., 2006; 
Vanwinckle et al., 2009). Although the likelihood for exposure to NOAA by inhalation is higher for workers 
producing or handling these products at the industrial scale, end-users are also potentially exposed and the 
airborne release of NOAA in the environment cannot be excluded along with possible transformation of those 
species (Ding et al., 2016; Mitrano et al., 2015; Pietroiusti et al. 2014). Since the hazards and the 
environmental impact are unknown, precautionary safety measures in the nanomaterial industry should ideally 
involve a continuous tracking of the personal exposure to airborne NOAA.  

Industrial hygienists and occupational health and product safety professionals are interested in the 
characterization, measurement, and assessment of the exposure to the inhalable and respirable NOAA in 
such environments. Currently, there is an absence of health based regulatory occupational exposure limits 
(OELs) for the various NOAA. Therefore, implementing, verifying and monitoring measures to control 
exposures in the workplace are critical to protect the workforce. Efforts have been undertaken by various 
organizations to understand the issue of workplace air emissions and possible exposure to NOAA by 
monitoring potentially affected workplaces and promoting a harmonized approach for exposure assessment 
(NanoValid, nanoGEM, nanoIndEx, FutureNanoNeeds etc.). 

The main aim of Deliverable 3.1 (“Gap analysis report, identifying the critical exposure scenarios within the key 
value chains”) was to identify critical exposure scenarios (in terms of potential exposure and economic 
importance) and map them across the three domains: occupational, consumer and environment. The identified 
data gaps and critical exposure scenarios were then used to define a programme of data collection, i.e. 
measurements that were carried out throughout the tasks 3.2 and 3.3. 

The development of a framework on release of nanomaterials was initiated as part of MARINA project (EU-
FP7) in order to promote concepts, test procedures and links between release and exposure. Release is the 
prerequisite for exposure and may also significantly alter the hazard potential of a given nano-object. Hence, 
the understanding of release as well as its linkage to emissions and exposures is of basic importance to be 
able to predict potential effects on humans or the environment. Therefore, NANoREG task 3.2 investigated 
simulated approaches to evaluate to potential release of NOAA from nano-enabled products and processes. 
The NANoREG test protocols were described as part of deliverable D3.3 and some results coming from the 
application of those tests to nano-enabled products are described herein (e.g. cement and paints containing 
TiO2 etc.…). Those experiments will provide information on the ability of processes to release NOAAs and the 
subsequent potential emissions of those species in the workplace or in the environment. Furthermore, those 
studies will eventually participate in promoting safer processes and products by design.  

Based on Deliverable 3.1 the following data gaps for occupational exposure were identified and ranked: early 
stage of the life cycle where large amount of the most produced ENPs are likely to be released (i.e. large scale 
facilities where TiO2, SiO2, Ag or CNT are produced or handled in large quantities). 
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Figure 1: Approach for ranking / prioritising Exposure Scenarios (Factsheet D3.1) 

For these main applications a “Mapping of Uses” has been developed. These maps give an overview of all 
relevant tasks/activities along the life cycle of a nanomaterial, i.e., synthesis, functionalisation, formulation, use 
and end of life. For all processes (“contributing exposure scenarios”; CES), use descriptors and exposure 
determinants (for example physical form, duration and frequency of the activity) have been collected and were 
used to rate and rank the exposure scenarios. In total, 29 applications were mapped with associated use 
descriptors and exposure determinants. The data for the different exposure determinants was used in a 
“weight of evidence approach” to generate an overall score to account for the exposure potential of each 
scenario.  

In summary, the scenarios with the highest worker exposure to the core set of nanoparticles along the life 
cycle of nanoproducts are distinguished in four general source domains:  

 ENM synthesis: e.g. production processes such as chemical vapour condensation, arc-vapour, laser 
ablation, thermal decomposition or flame spray pyrolysis  

 Handling and transfer of bulk powdered ENMs : e.g. weighing, bagging, mixing or packaging of 
powder  

 Manufacturing of intermediate materials containing ENMs 

 Cleaning and maintenance processes  

The critical task activities involving nanomaterials which require special attention, under normal operating 
conditions, when assessing exposure include:  

 Weighing and mixing operations (transfer tasks)  

 Handling particulate nanomaterials, storage and distribution  

 Recovery and packing  

 Cleaning and maintenance operations  

These rankings for exposure potential were used to select scenarios to guide the work of the tasks 3.2 and 
3.3. As a consequence, the programme of data collection that is described herein addresses the following 
identified critical exposure scenarios extracted from D3.1. The selected scenarios ranges from high scores 
(red labels) to low scores (green label). 
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Table 1: Ranking of addressed exposure scenarios derived from D3.1 

RANK IDENTIFIED USE (IU)  SHORT ES TITTLE SCORE 
3 ES 1 - CNT composites&polymers Production/synthesis of CNTs using chemical vapour deposition (CVD) 155942 
4 ES 2 - CNT composites&polymers Production/synthesis of CNT using arc-vapour 155942 
5 ES 3 - CNT composites&polymers Production/synthesis of CNT using laser ablation 155942 
6 ES 1- CNT energy Production/synthesis of CNTs using chemical vapour deposition (CVD) 155942 
7 ES 2- CNT energy Production/synthesis of CNT using arc-vapour 155942 
8 ES 3- CNT energy Production/synthesis of CNT using laser ablation 155942 

12 ES 4- SiO2 electronics Recycling and/or disposal 72188 
15 ES 2- TiO2 textiles Nano TiO2 synthesis. Production of  TiO2 using the wet-chemical process 51303 
16 ES 4 - CNT composites&polymers Manufacturing of intermediate composite materials containing CNTs 50243 
17 ES 2- SiO2 concrete Manufacturing concrete containing SiO2 NPs 50105 
18 ES 2- SiO2 electronics Manufacturing slurry containing SiO2 NPs 47106 
19 ES 1- TiO2 construction Nano TiO2 synthesis. Chloride process route 45049 
20 ES 2- TiO2 construction Nano TiO2 synthesis. Sulphate process route 42574 
21 ES 3- TiO2 textiles Nano TiO2 synthesis. Production of TiO2 NPs using flame spray pyrolysis  37129 
26 ES 3- SiO2 concrete Professional use of concrete containing SiO2 NPs 19594 
27 ES 1- TiO2 paints Manufacturing of TiO2 nanoparticles by chemical synthesis 19306 
30 ES 4- CNT energy Manufacturing electrode with added MWCNTs  15980 
31 ES 6- SiO2 packaging Cleaning 12375 
32 ES 2- TiO2 paints Weighing, bagging and packaging of silica TiO2 nanoparticles 11880 
33 ES 3- SiO2 electronics Professional use of slurry on electronic wafer 11540 
37 ES 1- ZnO construction Nano ZnO synthesis. Production of  ZnO using the wet-chemical process 7104 
40 ES 2- ZnO construction Nano ZnO synthesis. Production of ZnO NPs using physical vapor deposition 5412 
41 ES 3- SiO2 packaging Weighing, bagging and packaging of silica nanospheres 4950 
43 ES 8- SiO2 packaging Melt compounding at laboratory scale 3630 
44 ES 6 - CNT composites&polymers Manufacturing of solid products with composite materials containing CNTs 2995 
46 ES 4- SiO2 concrete consumer use of concrete containing SiO2 NPs 2613 
49 ES 5- SiO2 concrete Recycling and/or disposal 2063 
50 ES 1- ZnO paints Manufacturing of ZnO nanoparticles by Frame Spray pyrolysis 1931 
51 ES 3- TiO2 paints Manufacturing of intermediates 1507 
53 ES11 - CNT composites&polymers Professional use (service life) of concrete products containing CNT 924 
54 ES 8 - CNT composites&polymers Manufacture of concrete products containing CNTs 889 
55 ES 5- CNT energy Assembly of battery  655 
59 ES 3- ZnO paints Manufacturing of intermediates 484 
63 ES 8- CNT energy Recycling and disposal of products containing CNTs 408 
69 ES12 - CNT composites&polymers Recycling and disposal of products containing CNTs 318 
73 ES 3- TiO2 construction Manufacturing of cements containing TiO2 NP  147 
77 ES 3- CeO2 paints Professional use of paints containing CeO2 NPs  85 
79 ES 4- TiO2 paints Formulation mixing with paints 67 
89 ES 9 - CNT composites&polymers Professional use (service life) of solid composite materials containing CNT 29 
91 ES 2- ZnO paints Weighing, bagging and packaging of ZnO nanoparticles  18 
92 ES 4- ZnO paints Formulation mixing with paints 14 
123 ES 6- CNT energy Professional use (service life) of product containing Li-ion cells with CNTs 0.02 
124 ES 7- CNT energy Consumer use (service life) of product containing Li-ion cells with CNTs 0.02 

 

Along with Task 3.2, new data coming from scenario based simulations (to estimating release of nanoparticles 
from powders and NPs in matrices) and field studies were gathered. The analysis of this data allows testing 
tools, method and instruments but also provides increased understanding in the linkage between determinants 
and exposure along the life cycle of nano-enabled products (Q11) and supports the development and 
validation of improved models (Q12).  

A validated exposure assessment strategy (e.g. the OECD tiered approach) that is easily implemented and 
affordable is beneficial to both industry and regulators. Task 3.3 aims to test the OECD tiered approach 
through a field studies programme in order to identify and overcome shortcomings and to improve the overall 
harmonized tiered approach to measure and assess the potential airborne emissions of engineered nano-
objects and their agglomerates and aggregates at workplaces (Q12). In particular, the data gathered will be 
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used to address and/or identify the remaining technical challenges associated to the possible transformation 
and aging of released materials and also to discriminate the high and fluctuating background. However, this 
relies on having sufficient and appropriate field scenarios. 

Table 2: Task 3.3 related regulatory questions and needs 

Related 
Q&Ns1 

11. Exposure: What are the main determinants for occupational and consumer exposure to 
MNM and what are the duration and type of exposure? 

12. Exposure: How should human and environmental exposure be assessed in practice 
(determining exposure scenario, quantify input parameters for models, assumptions and use of 
proxy indicators, background and uncertainty estimation)? Consider both measuring and 
specific modelling for nanomaterials and evaluate the needs for standardisation and validation. 

13. Exposure: Exposure and life cycle analysis: Which scenarios could denote potential 
exposure and what information do we have on them? Can we develop standardized and 
efficient testing procedures for estimating release of nanoparticles (NP) from powders and NPs 
in matrices? What are situations in which MNM exposure is expected to be negligible / high? 
Are the amount and the nature of releases of MNM similar to regular chemicals, when common 
recycling and end-of-pipe techniques are used? 

How to minimise and structure LCA to avoid ending up with a '1:1 model of the world'? 

In other words: what is the exposure probability throughout the different life cycle stages of the 
MNM: production process of the NM itself, releases during the production process of products 
in which MNM are used, waste treatment, consumer articles, wearing, abrasion, etc.? Do waste 
treatment / recycling processes lead to exposure to NMs that can be hazardous to health and 
environment? If so, are additional risk management measures required? Do the recycled 
product / residues lose some value /usefulness due to undesired characteristics? 

 

The impact of the work being done in this task will be beneficial first to the project and more particularly to the 
tasks 3.4 and 3.5. The exposure data generated will enable the validation of models and risk management 
measures. The impact of this task will also be beneficial to the scientific community, regulators and 
stakeholders outside of the project since there is a strong need to reach consensus on tools and methods to 
assess exposure in practice along the whole value chain (workplace, consumer and environment). Information 
on the instruments, tools, methods, and exposure assessment strategies will allow regulators and industry to 
make appropriate choices to implement efficiently harmonized approaches for specific exposure situations. 

 

  

                                           
1 Deliverable 1.1: table 5 on page 15 of the document ‘NANoREG D1.1 2013-07-15 JRS plus annexes.pdf’ in CIRCABC (Library > C-
Consortium > 03 Deliverables uploaded to EC) 
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2.3 Description of the work carried out 

2.3.1 Simulated approaches (Task 3.2) 
 

Task 3.2 of the NANoREG project is aimed at establishing and describing methods to quantify the release as 
mentioned above for selected processes and nanomaterials (so called exposure scenarios). Deliverable 3.3 
reported the results of this task by providing a compendium of protocols for applying the test methods. Some 
of the reported protocols were followed to simulate, in controlled conditions, the release of nanoparticles in the 
main compartments where exposure is more likely to occur: i.e. indoor air, outdoor air, environmental waters. 
In the section below, several case studies are described. 

2.3.1.1 Aging and sanding of photocatalytic paints (w TiO2) 
 

Paint samples were provided by a French paint manufacturer and studied at CEA. The degradation of the 
coating is evaluated through surface chemical analysis (XPS) and chemical and physical analysis (SEM-EDS). 
The nanoparticle release through mechanical solicitation is evaluated using standardized Taber abrasion 
protocols (NF EN ISO 7784-2) on aged Vs non-aged samples. The emitted particles are characterized online 
using CPC, FMPS, ELPI and offline through the SEM-EDS characterization of the ELPI polycarbonate 
membranes.  A wide range of paints formulation was studied and several types of solicitations of use were 
tested (SOPs from D3.3). The aim of this study was to evaluate the identified protocols, to improve them and 
to better understand the parameters that control the release of nanoparticles. At a longer term, this study will 
participate to the improvement of the paints formulation to prevent the observed phenomenon (safer-by-design 
approach).  

All the ageing and abrasion experiments are made by following the general protocol in Figure 1. Weathering 
and mechanical ageing tests are made according to standard protocols. 

 

Figure 2: General protocol for all the abrasion studies. 

 

TiO2 Powders (noted P) were characterized by X-Ray Diffraction (XRD), by Scanning Electron Microscopy 
coupled with an Energy Dispersive X-ray spectrometer (SEM-EDX), by Transmission Electron Microscopy 
coupled with an Energy Dispersive X-ray spectrometer (TEM-EDX) and by X-Ray Photoelectron Spectroscopy 
(XPS). Liquid samples (Dispersions noted D and Matte Paints noted PM) were investigated by SEM-EDX. 
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Paints applied on plastic substrates (Leneta substrates) were characterized by SEM-EDX, XPS and 
tomography before and after ageing. Paints applied on metallic substrates (Taber industries aluminum panels 
of 100mm2 with a 6.35 mm center hole) were used for abrasion tests before and after ageing. 

 

METHODS: 

 

Ageing: Q-UV exposure conditions 

Coated panels (Leneta and aluminum) were exposed to UV lamps in an accelerated weathering machine 
(Labomat, France) for 500 h according to the ISO norm 16474-3:2013 (ISO 2013). This lamp was a 
Fluorescent UVB 313 lamps and the UV light generated was emitted in the wavelengths range from 290 nm to 
400 nm with a maximum applied irradiance of 0.71 w/m² at 310 nm. Paints underwent two different cycles: a) 
5h with lamps switched on at a temperature of 50±2 °C and b) 1h with lamps switched off with a water spray at 
a temperature of 25±2 °C. In that type of accelerated weathering, humidity is not controlled. Exposed paints to 
UV lamps were noted “Q-UV”. The total radiance exposure was 1.44 MJ/m² allowing to offer a maximum 
acceleration using short wavelength UV which was more severe than normally found on the earth’s surface, 
and was widely used to provide fast test results. 

 

Abrasion process: 

All manipulations were performed in a sealed glove box equipped with a HEPA filter in order to limit the initial 
presence of particles in the atmosphere (Figure 2). The background noise in the sealed glove box was 
quantified to less than 20 particles/cm3. These special conditions were obtained by creating vacuum at the top 
of the box, that will suck the air at a rate of 150 L/min and a clean air was obtained using an absolute filter 
placed at the bottom of the glove box. For abrasion of surface paints, a Taber Abrader (type 5131, Taber 
Industries, USA) was used. This test simulated the aging effect induced by a mechanical friction. A S42 
abrasive sticker paper was set on CS-0 wheel to simulate sanding process of a surface. A weight of 500g was 
applied on the both wheels of the Taber during 100 cycles of rotary abrasion at 60rpm. These abrasion 
conditions were conformed to standard ISO 7784-2 (ISO 2006). 

The characterization of the released particles due to the abrasion process was obtained by the determination 
of the particle number concentration and of the particle size distribution. For that, the aerosol generation was 
connected to a Condensation Particle Counter (CPC from TSI) an Electrical Low Pressure Impactor (ELPI) 
(DEKATI ltd, Tampere, Finland), respectively. The ELPI allowed to collect aerosolized particles according to 
their aerodynamic diameter on hydrophilic polycarbonate membranes containing holes of 100 nm. The both 
membranes located in the two last impactor stages of the column corresponding to the smallest particles size 
impaction were then analysed by SEM-EDS to observe the morphology and the size and to determine the 
elemental analysis of the collected particles. 
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Figure 3: Schematic representation of the abrasion device. 
 
X-Ray Photoelectron Spectroscopy (XPS): 

XPS allowed us to determine the surrounding environment of elements present at the near surface in samples 
(5 first nm), see Figure 4. This technique detected chemical bonds and allowed us to follow their evolution 
after a climatic ageing. 

 
Figure 4: Analyzed volume by XPS. 
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RESULTS: 

 
Characterization of pristine particles P1 and P2: 

a) 

 

b) 

 
c) 

 

d) 

 

e) 

 

f) 

 
g) 

 
Figure 5: SEM-EDX characterization of P1 a) and P2 e), TEM-EDX characterization of P1 b) and P2 f), XRD 

measurement of P1 c) and P2 g). 

 
By SEM-EDX, we observed elongated particles of TiO2 of about 200nm in length for P1 (Figure 5a). TEM-EDX 
images (Figure 5b) show that these TiO2 particles are coated with a thin layer composed of carbon which is a 
compatibilizer and allows a better dispersion and a better compatibility between the NPs and the organic 
matrix. These particles have a rutile crystalline structure, as observed by XRD in Figure 5c. 

Concerning P2, aggregates of about 800nm of diameter were observed by SEM-EDX (Figure 5e). They were 
formed by the aggregation of very small NPs of TiO2 that have a diameter < 5nm as observed by TEM on 
Figure 5f. The very small size of NPs and the reactivity of TiO2 made the observation very difficult. These TiO2 
NPs have an anatase crystalline structure, as observed in Figure 5g). 

Characterization of dispersions D1 and D2: 

Dispersions D1 and D2 are composed of powders P1 and P2 respectively and water. It was very interesting to 
study these dispersions because P1 and P2 were in a liquid state and their compositions are less complex 
than those of paints.  
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a) 

 

b) 

 
Figure 6: SEM-EDX characterization of D1 a) and D2 b) 

By observing D1 and D2 by SEM, we saw that the particles seems to be linked, as if they were covered 
altogether by a thin layer compared to powder images on Figure 1a) and e). By SAXS (Small Angle X-Ray 
Scattering), we not observed aggregated particles in D1 but more single particles that have parallelepiped 
shape with average sizes of about 198, 27 and 65 nm. For D2, we found an average characteristic size of the 
particle of about 2.26 nm. 

 

Surface characterization of applied paints PM1 and PM2 before and after ageing: 

SEM images of the paints surface before and after the Q-UV ageing are shown in Figure 7 at different scales 
(X1000, X10000, X100000). At each scale, we observed differences between aged and non-aged paints. By 
focusing at the bigger scale before ageing (X100000), we observed P1 and P2 particles covered by a thin 
layer of organic paint. After ageing, the organic layer has disappeared; P1 and P2 are at the surface of 
samples. For PM1, a dense layer of P1 is observed whereas for PM2, the plastic substrate is observed. 
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Figure 7: SEM images of PM1, PM1 Q-UV, PM2, PM2 Q-UV at different scales. 
 
EDX measurements corroborate SEM observations (Figure 7). For both paints, we observed at the surface the 
decrease of the carbon element and the increase of titanium and oxygen percent. Furthermore, we see that 
the decrease of the organic part is more important for PM2 compared to PM1 and less titanium is observed in 
PM2 after ageing as the substrate is also observed. The great increase of oxygen in PM2 probably comes 
from the chemical nature of the plastic substrate. 

 
Figure 8: EDX measurements of PM1 and PM2 before and after ageing. 

 

On the same samples PM1 and PM2, we also observed a decrease of weight of both aged samples, more for 
PM2 Q-UV. It corroborates the fact that a greater degradation occurs in PM2 (Figure 8). Roughness 
measurements (Figure 10) show that ageing of PM1 increases the roughness that corroborates surface state 
of PM1 in Figure 7 contrary to PM2 where a decrease of roughness is measured, may be due to the 
appearance of the plastic substrate which is very flat. 
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Figure 9: Weight loss of PM1 and PM2 after climatic ageing. 

 

 
Figure 10: Roughness measurements of PM1 and PM2 before and after ageing. 

 
To better analyze effects coming from the ageing on both paints, XPS measurements were made before and 
after ageing, Figure 10. Organic matrix: C-C/C-H at (284.8 eV), C-O (286.3 eV), COO (289 eV) and CO3 
bonds related to CaCO3. All the peaks decrease due to the degradation of the organic matrix for PM1 and 
PM2. Oxygen spectrum: peaks inversion. More O linked to Ti in the near surface of PM2 compared to PM1 
after ageing. No O linked to Ti before ageing because of a layer of organic matrix at the surface of samples. 
Idem for Ti spectra. 

In the case of PM2 paint, the higher intensity of Ti4+ and of O2- peaks registered after aging is related to the 
presence of mainly P2 TiO2 nanoparticles at the extreme surface of the sample compared to PM1. 

 

 
Figure 11: XPS spectra of PM1 and PM2 before and after ageing. a) C1s spectrum of PM1, b) O1s 

spectrum of PM1, c) Ti2p spectrum of PM1, d) C1s spectrum of PM2, e) O1s spectrum of PM2 and f) Ti2p 
spectrum of PM2. 

 

Paints applied on Lenata substrates were observed by tomography X 3D before and after ageing. On Figure 
12 and Figure 13, organic part is in blue and inorganic part (TiO2) is in green. In the case of PM1 sample, we 
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only see a change of the roughness after ageing. It seems that the aged sample is smoother as seen in Figure 
12 and no difference is observed concerning the thickness of the paint layer. 

 

 
Figure 12: Tomography X 3D images of PM1 sample before and after ageing. 

 

For PM2 sample, we clearly observed on Figure 13 the appearance of TiO2 particles in green after ageing. By 
observing the slice of both samples (virgin and aged), we saw a great decrease of the aged sample thickness, 
revealing a great degradation of the aged PM2 sample. 

 



NANoREG Deliverable 3.07 

Page 19 of 172 

 
Figure 13: Tomography X 3D images of PM2 sample before and after ageing. 

 

Aerosolized particles’ characterization: 

Total concentrations measured with a CPC are represented in Table 2. We observe that all the virgin samples 
(without ageing), with (PM1 and PM2) and without particles (PM), release less aerosolized particles. PM 
release a little bit less particles than paints that contain particles PM1 and PM2. All the aged paints release 
more particles than non-aged ones and we observed that PM2 Q-UV releases the most particles with 3097 
particles/cm3. 

 

Table 3: Total concentration of particle released during abrasion process for PM (paint without particles) virgin and aged, 
PM1 virgin and aged, PM2 virgin and aged. 

 
 
 
 
 
 
 
 
 
 

Particle size distributions coming from ELPI analyses are represented in Figure 14. This type of counter gives 
the particle diameter in function of their electrical mobility. We also observed that all the virgin paints release 
less particles and that the aged paint containing nanoTiO2 (PM2) release the most. 

Samples Particle number/cm3 Standard deviation 
PM (wo particle) 466 69 
PM (wo particle) Q-UV 805 61 
PM1 605 173 
PM1 Q-UV 1481 1 experiment 
PM2 647 146 
PM2 Q-UV 3097 600 
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Figure 14: Concentration of particle released in function of the particle size measured by FMPS. 

 

Particle size measured with the ELPI counter (aerodynamic diameter) corroborate the other results. Paint with 
nanoTiO2 (PM2) releases the most nanoparticles (diameter <100nm) and the SEM-EDX characterization of 
the smallest size particles impacted on the ELPI membrane chemically proves that these NPs are TiO2 ones. 

 
 

Figure 15: Concentration of particle released in function of the particle size measured with ELPI. SEM-EDX 
characterization of the released particles. 
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Paints are specially applied on Leneta substrates (plastic) for this kind of abrasion. We analyzed suspensions 
collected after wet abrasion (i.e. water added on the surface paint). These suspensions were diluted and 
analyzed by Dynamic Light Scattering (DLS) with a nanozetasizer. 

Table 4: DLS results obtained on suspensions collected after wet abrasion. 

 

 
Different populations were found in the diluted suspensions. DLS analysis of the solution collected after wet 
abrasion of PM1 sample shows 3 main different sizes of particles, 383nm, 1484nm and > 5560nm. For PM1-
QUV, 4 different sizes are observed, only 1 size for PM2 and 3 sizes for PM2 QUV. The general conclusion is 
that no NPs (<100nm) are observed in the different suspensions. When suspensions are filtered, no particles 
are found. ICPMS quantification was also investigated. Samples were prepared following the protocol shown 
just below: 
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We observed that TiO2 particles are detected in all suspensions. After Q-UV exposure, higher amounts were 
detected. After filtration, TiO2 concentration is 0 μg/l for all samples, no nanoparticles of TiO2 were detected 
indicating that most of the ‘Ti’ detected come from particulate matter. 

 

 
 

Overall conclusion on this study:  

The key findings from this study on the aging and sanding of photocatalytic paints are: 

 The procedures of both sanding and aging are easily implementable on various types of samples. 

 It allows to distinguish different behaviour depending on the formulation of the samples studied. 
Consequently, those SOPs could be used to promote safer-by-design approaches during iterative 
loops (conception of a new formulation followed by tests). 

 The physicochemical characterization of the samples (before and after aging) with the evaluation of 
the emission rate of NOAA during sanding allows the proposition of an aging mechanism (i.e. organic 
matrix consumption due to TiO2 photocatalytic activity followed by an accumulation of the inorganic 
particles on the surface that are more prone to be released).  
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2.3.1.2 Sanding of nanocomposites (w MWCNT) 
 

Within MARINA (EU-FP7), abrasion testing was organised with IUTA and BASF on composites materials (PU 
+ SiO2 / CB / MWCNT) prepared by Nanocyl. Those results illustrate the abrasion protocol provided by CEA in 
NANoREG D3.3. This is particularly the case for crosslinked polyurethane with embedded multiwalled carbon 
nanotubes (NM400) which corresponds to NANoREG approved particles.  

 
Figure 16: Experimental apparatus for sanding experiments  

 

The sanding experiments were performed in a low background glove box accordingly to the procedure 
reported in D3.3. Figure 16 shows the set-up conditions where 32 mm diameter round piece of sanding paper 
with a grid size of 80 was used. Two relative speeds between the centers of the sanding paper and the 
nanocomposite disc were used: 0.5 m/s and 1.8 m/s. 1kg weight was applied on the sanding paper to abrade 
the nanocomposite rotating disc during an abrasion time of 4 minutes. The inlet tube, with which the airborne 
debris is collected, is positioned at the immediate vicinity of the sanding point. The produced airborne debris 
are analyzed with a CPC (particle number concentration - TSI model 3785) and a FMPS (particle size 
distribution - TSI model 3091) and the debris are collected on track etched polycarbonate filters for further 
offline analysis with SEM-EDX (physico-chemical properties of the dust particles). Detailed results are 
described in MARINA Deliverable D5.2b and the main conclusion are summarized below : 

 Increasing the rotation speed increases the total concentration of particles released during the 4 
minutes of abrasion (Figure 17). It appears that the addition of nanofillers increases the total 
concentration of particles released at 1.8 m/s. 

 No significant amount of particles was detected out of the background with the FMPS at 0.5 m/s. 
However, the FMPS data showed two populations of particles (10-25 nm and 100-500 nm) during 
abrasion at 1.8m/s for PU, PU+CB and PU+SiO2 whereas only one population (10-25 nm) was 
observed for PU+MWCNT (electrical mobility diameter). (Figure 18) 

 SEM analysis reveals large abraded particles (micron size) that could not be detected using CPC or 
FMPS.  

 Abrasion of nanocomposites released free nanoparticles and aggregates/agglomerates of SiO2 and 
carbon black but not multiwalled carbon nanotubes which are still embedded in the polymer. 
Protusions of MWCNT on the debris were not observed. 
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Figure 17: Influence of rotation speed and type of nanoparticles (CPC analysis) 

 

 

 
Figure 18: FMPS analysis of the four samples abraded at 1.8 m/s 

 

Overall conclusion on this study:  

The key findings from this study on the aging and sanding of photocatalytic paints are: 

 The procedures of both sanding and aging are easily implementable on various type of samples. 

 It allows to distinguish different behaviour depending on the formulation of the samples studied. 
Consequently, the SOP could be used to promote safer-by-design approaches during iterative loops 
(conception of a new formulation followed by tests). 

 It appears that the nano-objects as well as the matrix material significantly influence the particles 
released. It has also been shown through MARINA that the comparison between different laboratories 
showed that sampling location, air exchange rates and measurement devices used for the 
investigations also lead to significant differences. Therefore a very strict harmonization is needed to 
achieve comparable results. 
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2.3.1.3 Shredding of electrodes from Li-ion batteries (w/wo C-based NMs)) 
 

Purpose 

The measurement campaign was focused on the identification, characterization and assessment of a possible 
unintended re-suspension of aerosols, notably their nanometric size fraction during electrodes shredding 
operations. Two different kinds of electrodes were shredded: one without nanoparticles (graphite-based 
formulation deposited on copper foil) and second with nanoparticles (LFP-based formulation deposited on 
aluminium foil). 

Workstation description 

Figure 19 is a schematic of the CEA laboratory where electrodes were shredded. Figure 20 shows the 
workstation organization for electrodes shredding operations. During shredding operations, the air conditioner 
was turned off. 

 
Figure 19 : Workstation 

All handing operations were performed by the CEA operator. The personal protective equipment (PPE) worn 
during handling were: nitriles gloves, lab coat, respiratory protection mask FFP3 type and safety goggles. 

 
Figure 20 : Workstation during shredding operations 

 

Shredding operation of an electrode without nanoparticles 

During this operation, CEA operator shreds around 3 kg of a flexible electrode composed of a graphite layer 
deposited on a copper foil. No nanoparticles are integrated in this kind of electrode. To avoid shredder 
saturation, the electrode is progressively shredded and powder is frequently pouring into a storage bag. At the 
end of shredding, around 2 kg of milling powder are collected and stored in dedicated can. 
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To have a better view ow the different handling made during the electrode shredding, a colour code is applied 
on following charts: orange section for electrodes shredding, green section for powder is pouring into the 
storage bag and violet section when the shredder is opened. 

 

Measurement results 

Figure 21 shows the evolution in particle concentration measured by CPCs at the workstation (red curve) and 
in the background aerosol (blue curve) at workstation for the electrode without nanoparticles shredding. The 
aerosol background measurement is performed by CPC and the particle concentration is, at the beginning, ca 
3.000 p/cm3 and reaches 30.000 p/cm3 during the operation. During all the operation no significant rise in 
concentration is recorded by the CPC (workstation CPC measurement compared to aerosol background CPC 
measurement). It is noted that the emission recorded at the beginning, between 9:37 am to 9:40 am, is link to 
the vacuum cleaner located just below the shredder. To avoid additional particle emission due to the vacuum 
cleaner engine, it is move father. 

 
Figure 21: Particles concentration evolution measured by CPCs during electrode without nanoparticles 

shredding: aerosol background (blue curve) and at the workstation (red curve). 
 

The Particle Size Distribution (PSD) recorded by FMPS during emission is centered at 165 nm, see Figure 22-
b. The distribution around 10 and 45 nm seem to be linked to the aerosol background, see Figure 22-a. 
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a) 

 

b) 

 
Figure 22: Size distribution recorded by FMPS (a) aerosol background and (b) aerosol emission at 10:17 

am during shredding. 
 

In the same time, the optical counter Fidas records the evolution of concentration of submicronic and 
supermicronic particles. During the operation significant rise in concentration is recorded at the emission 
source when the product is shredded (orange section - Figure 23) but also when the powder is poured (green 
section - Figure 23) and when the shredder is opened to clean it (violet section - Figure 23). On average, the 
emissions raise ca 4.000 p/cm3 with some higher ones ca 16 000 p/cm3 (elevation is the difference between 
the signal of FIDAS at the maximum of emission and the signal just before the emission). 

 
Figure 23: Particles concentration evolution measured by the optical counter FIDAS during electrode without 

nanoparticles shredding. 

 

The Particle Size Distribution (PSD) recorded by FIDAS during shredding (see Figure 24– red curve) shows an 
increase of particles with diameters between 200 nm and 10 μm compared to the aerosol background one 
(see Figure 24 – blue curve). 
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Figure 24: Size distribution recorded by FIDAS: aerosol background (blue curve) and aerosol emission at 10:17 

am during shredding (red curve). 

 

After real-time measurement analysis, it seems that the aerosol emitted during the shredding is mainly 
composed by submicronic and supermicronic particles. 

 

Samples characterization 

Workstation Filter (n°1). The particle deposit on the filter is important. Observation reveals: 

- Micrometric and nanometric fragments (see Figure 149 to Figure 154) (EDX 1), the nanometric 
fragments are agglomerated at the surface of the bigger one (see Figure 153 and Figure 154). 
Sometimes the fragments are composed of layers of nanometric thickness (see Figure 152). 

- Aggregates/agglomerates of nanometric particles (see Figure 30 and Figure 156) (EDX 2). 

- Isolated nanometric particles (see Figure 32 and Figure 33) (EDX 3). 

SEM images: 

   
Figure 25: SEM image of the filter 

under 1k magnification 
Figure 26: SEM image of the filter 

under 4k magnification 
Figure 27: SEM image of the filter 

under 8k magnification 

   
Figure 28: SEM image of the filter 

under 25k magnification 
Figure 29: SEM image of the filter 
under 45k magnification 

Figure 30: SEM image of the filter 
under 70k magnification 
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Figure 31: SEM image of the filter 
under 150k magnification 

Figure 32: SEM image of the filter 
under 15k magnification 

Figure 33: SEM image of the filter 
under 130k magnification 

   
Figure 34: SEM image of the filter 
under 450k magnification 

Figure 35: SEM image of the filter 
under 120k magnification 

Figure 36: SEM image of the filter 
under 500k magnification 

 

EDX spectra: 

EDX 1: micrometric and nanometric fragments 

 

Figure 37: Particles on filter (Point 1, 2 and 3: carbon; Point 
4: polycarbonate membrane) 

 
Figure 38: Particles on filter - Comparison between point 1, 2 and 3 (yellow plot) and 4 (red graph). 

The EDX analysis indicated that micrometric and nanometric fragments contain carbon (see Figure 38). 
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EDX 2: aggregates/agglomerates of nanometric particles 

 

Figure 39: Particles on filter (Point 1: iron and silica; Point 2: 
polycarbonate membrane). 

 
Figure 40: Particles on filter – Comparison between point 1 (yellow plot) and 2 (red graph). 

 

The EDX analysis indicated that aggregates/agglomerates of nanometric particles contain iron and silica (see 
Figure 40). 

 

EDX 3: Isolated nanometric particles 

 

Figure 41: Particles on filter (Point 1: sulphur and 
potassium; Point 2: polycarbonate membrane) 

Figure 42: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 
 

The EDX analysis indicated that isolated nanometric particles contain suffer and potassium (see Figure 42). 

 

Personal filter (n°3). The particle deposit on the filter is low. Observation reveals: 

- Micrometric fragments (see Figure 43 to Figure 46) (EDX 1). The fragments are composed of layers as 
filter 1. 

- Aggregates/agglomerates of submicronic and nanometric particles (Figure 47 to Figure 49) (EDX 2). 
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- Aggregates/agglomerates of nanometric layers (desert Rose) (see Figure 50 to Figure 52) (EDX 3). 

- Aggregates/agglomerates of nanometric round particles (see Figure 53) (EDX 4). 

 

SEM images: 

   
Figure 43: SEM image of the filter 

under 1,5k magnification 
Figure 44: SEM image of the filter 

under 5k magnification 
Figure 45: SEM image of the filter 

under 10k magnification 

   
Figure 46: SEM image of the filter 

under 25k magnification 
Figure 47: SEM image of the filter 

under 18k magnification 
Figure 48: SEM image of the filter 

under 50k magnification 

   
Figure 49: SEM image of the filter 

under 120k magnification 
Figure 50: SEM image of the filter 

under 20k magnification 
Figure 51: SEM image of the filter 

under 45k magnification 

  

 

Figure 52: SEM image of the filter 
under 100k magnification 

Figure 53: SEM image of the filter 
under 90k magnification 

 

 

EDX spectra: 
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EDX 1: micrometric fragments 

 

Figure 54: Particles on filter (Point 1: carbon; Point 2: 
polycarbonate membrane) 

 
Figure 55: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

 

The EDX analysis indicated that micrometric fragments contain carbon (see Figure 55). 

EDX 2: aggregates/agglomerates of submicronic and nanometric particles 

 

Figure 56: Particles on filter (Point 1: iron and chloride; Point 
2: polycarbonate membrane) 

 
Figure 57: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

 

The EDX analysis indicated that aggregates/agglomerates of submicronic and nanometric particles contain 
iron and chlorine (see Figure 57). 

EDX 3: aggregates/agglomerates of nanometric layers (desert Rose) 
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Figure 58: Particles on filter (Point 2: copper, 
aluminum and sulphur; Point 1 and 3: 

polycarbonate membrane) 

 
Figure 59: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

 

The EDX analysis indicated that aggregates/agglomerates of nanometric layers (desert Rose) contain coper, 
aluminum and sulphur (see Figure 59). 

 

EDX 4: aggregates/agglomerates of nanometric round particles 

 

Figure 60: Particles on filter (Point 1: carbon; Point 2: 
polycarbonate membrane) 

 
Figure 61: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

The EDX analysis indicated that micrometric fragments contain carbon (see Figure 61). 

 

Conclusion 

During this operation, CEA operator shreds around 3 kg of a flexible electrode composed of a graphite layer 
deposited on a copper foil.  Real-time results show that this shredding operation is quite emissive in 
submicronic and supermicronic particles as it is demonstrated with the optical counter (Fidas). Particle 
concentrations detected are exceeded 15,000 p/cm3. Sample analysis, collect at emission point, confirmed the 
results of real time instruments. Some agglomerates of micrometric and nanometric fragments are observed. 
They are mainly composed of carbon in agreement with the handled material. A part coming from the 
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background aerosol is also analyzed on the membranes. Some aggregates/agglomerates nanoparticles and 
isolated particles are observed and they are mainly composed of iron and silicon. Concerning the operator 
sample, SEM/EDX observations show, in low concentration, some agglomerates of micrometric and 
nanometric fragments composed of Carbon which can be link to the process.  

 

Shredding operation of an electrode with nanoparticles 

During this operation, CEA operator shreds around 4 kg of a flexible electrode composed of a LFP layer 
deposited on an aluminum foil. In addition of LFP, Super P and VGCF nanoparticles are integrated in this kind 
of electrode. To avoid shredder saturation, the electrode is progressively shredded and powder is frequently 
pouring into a storage bag. At the end of shredding, around 3 kg of milling powder are collected and stored in 
dedicated can. 

To have a better view ow the different handling made during the electrode shredding, a colour code is applied 
on following charts: orange section for electrodes shredding, green section for powder is pouring into the 
storage bag and violet section when the shredder is opened. 

 

 

 
Measurements results 

Figure 62 shows the evolution in particle concentration measured by CPCs at the workstation (red curve) and 
in the background aerosol (blue curve) at workstation for the electrode with nanoparticles shredding. The 
aerosol background measurement is performed by CPC and the particle concentration is ca 5000 p/cm3. 
During all the operation significant rises in concentration, ca 30.000 p/cm3, are recorded by the CPC 
(workstation CPC measurement compared to aerosol background CPC measurement). These emissions are 
linked to the shredding operation (orange section - Figure 62). Some brief and lower emissions, ca 4000 
p/cm3, are recorded when the powder is poured into the storage bag (green section - Figure 62). No significant 
emission is recorded when the shredder is opened (violet section - Figure 62). 

 
Figure 62: Particles concentration evolution measured by CPCs during electrode with nanoparticles shredding: 

aerosol background (blue curve) and at the workstation (red curve). 

 

The Particle Size Distribution (PSD) recorded by FMPS during emission (10:45 am) is centered at 143 - 165 
nm, see Figure 60b. 



NANoREG Deliverable 3.07 

Page 35 of 172 

a) 

 

b) 

 
Figure 63: Size distribution recorded by FMPS (a) aerosol background and (b) aerosol emission at 

10:45 am during shredding. 

In the same time, the optical counter Fidas records the evolution of concentration of submicronic and 
supermicronic particles. During the operation significant rise in concentration is recorded at the emission 
source when the product is shredded (orange section - Figure 64) but also when the powder is poured (green 
section - Figure 64). No significant rise is recorded when the shredder is opened to clean it (violet section - 
Figure 64). On average, the emissions raise ca 15.000 p/cm3 with some higher ones ca 30.000 p/cm3 (elevation 
is the difference between the signal of FIDAS at the maximum of emission and the signal just before the 
emission). 

 
Figure 64: Particles concentration measured by the optical counter FIDAS during nanoenabled shredding. 

 

The Particle Size Distribution (PSD) recorded by FIDAS during shredding (see Figure 65– red curve) shows 
an increase of particles with diameters between 200 nm and 4 μm compared to the aerosol background one 
(see Figure 65– blue curve). After real-time measurement analysis, it seems that the aerosol emitted during 
the shredding is mainly composed by submicronic particles (100 – 1000 nm).  
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Figure 65: Size distribution recorded by FIDAS: aerosol background (blue curve) and aerosol emission at 10:45 

am during shredding (red curve). 

 

Samples characterisations 

Workstation filter (n°2). The particle deposit on the filter is important. Observation reveals: 

- Micrometric to nanometric fragments (see Figure 63 to Figure 65) (EDX 1).  

- Submicronic fibres (see Figure 66 and Figure 67) (EDX 2). 

SEM images: 

   
Figure 66: SEM image of the filter 

under 3,5k magnification 
Figure 67: SEM image of the filter 

under 35k magnification 
Figure 68: SEM image of the filter 

under 70k magnification 

  

 

Figure 69: SEM image of the filter 
under 18k magnification 

Figure 70: SEM image of the filter 
under 18k magnification 

 

EDX spectra: 

EDX 1: micrometric to nanometric fragments 
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Figure 71: Particles on filter (Point 1: iron and phosphorus; 
Point 2: polycarbonate membrane) 

 
Figure 72: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

The EDX analysis indicated that micrometric to nanometric fragments contain iron and phosphorus (see 
Figure 72). 

EDX 2: submicronic fibres 

 

Figure 73: Particles on filter (Point 1:carbon; Point 2: 
polycarbonate membrane) 

 
Figure 74: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

The EDX analysis indicated that submicronic fibres contain carbon. 

 

Personal filter (n°4). The particle deposit on the filter is important. Observation reveals: 

- Micrometric to nanometric fragments (see Figure 72 to Figure 74) (EDX 1).  

- Submicronic fibres (see Figure 75 to Figure 77) (EDX 2). 

- Micrometric sheets (see Figure 78) (EDX 3). 

 

SEM images: 
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Figure 75: SEM image of the filter 

under 7k magnification. 
Figure 76: SEM image of the filter 

under 50k magnification. 
Figure 77: SEM image of the filter 

under 60k magnification. 

   
Figure 78: SEM image of the filter 

under 20k magnification. 
Figure 79: SEM image of the filter 

under 15k magnification. 
Figure 80: SEM image of the filter 

under 80k magnification. 

 

  

Figure 81: SEM image of the filter 
under 6k magnification. 

  

 

EDX spectra: 

EDX 1: micrometric to nanometric fragments 

 

Figure 82: Particles on filter (Point 1: iron and phosphorus; 
Point 2: polycarbonate membrane). 
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Figure 83: Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicated that micrometric to nanometric fragments contain iron and phosphorus (see Figure 
83). 

EDX 2: submicronic fibres 

 

Figure 84: Particles on filter (Point 1: carbon ; Point 2 : iron 
and phosphorus; Point 3: polycarbonate membrane). 

 
Figure 85: Particles on filter - Comparison between point 1 (yellow plot) and 3 (red graph). 

 
Figure 86: Particles on filter - Comparison between point 2 (yellow plot) and 3 (red graph). 

 

The EDX analysis indicated that submicronic fibres contain carbon (see Figure 85). The EDX analysis indicated 
that the particles on the fibres contain iron and phosphorus (see Figure 86). 

 

 

 

EDX 3: micrometric sheets 
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Figure 87: Particles on filter (Point 1: carbon; Point 2: 
polycarbonate membrane). 

 
Figure 88: Particles on filter – Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicated that micrometric sheets contain carbon (see Figure 88). 

 

Conclusion 

During this operation, CEA operator shreds around 4 kg of a flexible electrode composed of a LFP layer 
deposited on an aluminum foil. In addition of LFP, Super P and VGCF nanoparticles are integrated in this kind 
of electrode. Real-time results show that this shredding operation is quite emissive in submicronic particles as 
it is demonstrated with the CPC. Particle concentrations detected can exceed 35,000 p/cm3. Sample analysis, 
collect at emission point, confirmed the results of real time instruments. Some agglomerates of micrometric 
and nanometric fragments are observed, morphology is similar to LFP one. They are mainly composed of Iron 
and Phosphorus in agreement with the handled material (LFP). Some submicronic fibres, composed of 
carbon, are also observed.  

Concerning the operator sample, SEM/EDX observations show, in large amount, micrometric and nanometric 
fragments composed of Iron and Phosphorus which can be link to the process. Some carbonated fibre are 
also observed.  

 

Overall conclusion of the shredding study 

 

The measurement campaign was focused on the identification, characterization and assessment of a possible 
unintended re-suspension of aerosols, notably their nanometric size fraction during electrodes shredding 
operations. Two different kinds of electrodes were shredding: one without nanoparticles (graphite deposed on 
copper) and second with nanoparticles (LFP ink deposed on aluminium). This report focuses only on the 
results observed. 

In both case, the aerosol measured is mainly composed of particles coming from the deposited layer (graphite 
or LFP) aerosolised during the shredding. Nevertheless, the measurement campaign highlights different 
behaviour depending to the nature of the electrode shredded.  

Concerning the electrode with graphite layer, the aerosol emitted is mainly composed of submicronic and 
supermicronic particles. It is confirmed by SEM/EDX observations and the chemical analysis show that 
micronic fragments contain carbon coming from the graphite layer. Moreover, it is important to note that some 
low deposits coming from the process are also found on the filter worm by the operator. 

Concerning the electrode with LFP layer, the aerosol emitted is mainly composed of submicronic particles. It is 
confirmed by SEM/EDX observations and the chemical analysis show that micronic to nanometric 
aggregates/agglomerates particles contain iron and phosphorus coming from the LFP layer. Moreover, large 
deposits due to the process are also found on the filter worm by the operator.  
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In both case, some particles coming from the process are found on the filter worm by the operator. It is 
important to note that during the measurement campaign the amount of electrodes shredded (3 – 4 kg) are 
non-usual and the shredded used is not initially design to this kind of operation.  

 

2.3.1.4 Incineration studies 
 

Purpose 

The measurement campaign was focused on the detection and characterization of released nanoparticles 
during incineration. A measurement campaign is intended to detect and characterize nanosize and microsize 
particles which may be released during the thermal degradation of nanomaterials and nanoproducts (studied 
size range: 11,5 nm – 462 nm). For incineration were used thermogravimetric and electric furnace. Released 
nanoparticles were measured by Scanning Mobility Particle Sizer (SMPS). Both, nanomaterials and 
nanoproducts were put to SEM analysis.  

Two different kind of nanomaterial (MWCNTs) and two different kinds of electrodes were incinerated: one 
without nanomaterial (graphite deposed on copper) and second with nanomaterial (LFP ink deposed on 
aluminium). 

 

Multiwalled carbon nanotubes (MWCNTs) 

The CNT powders used in this study are constituted by thin multiwalled carbon nanotubes (MWCNT4000, 
MWCNT4001). We also note the high degree of agglomeration, mainly through intertwined fibres forming 
entangled bundles of 40 – 110 nm in diameter with carbon purity between 90 to 99 % (the rest is probably 
composed of catalyst traces). Typical characteristics of these powders are summarized in Table 5. 

Table 5. Typical carbon nanomaterial characteristics. 

Description 
Carbon nanomaterial 

MWCNT 4000 MWCNT 4001 

Appearance Black powder 

C content 89,81 % 99,19 % 

Diameter 13,6 nm 64,2 nm 

Length 846 nm 4048 nm 

Specific surface area 254 m2/g 17,85 m2/g 

Impurities or additives Al, Fe, Co, Cu, Zn, Si, 
O Zn, Cu, Si, O 

 

Shredded electrodes 

Two different kinds of electrodes were incinerated: one without nanomaterial (graphite-based formulation 
deposited on copper foil) and second with nanomaterial (LFP-based formulation deposited on aluminum foil). 

 

Workstation description 

The experiments were realized in VSB laboratories (Figure 89 and Figure 90).  
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Figure 89. Experimental setup. TGA + SMPS. 
Figure 90. Experimental setup. Electric furnace + 

NanoScan SMPS 

The personal protective equipment (PPE) worn during experiment were: nitriles gloves, lab coat and a 
respiratory protection masks FFP3 type. 

 

Methods 

TGA-DSC analyses of MWCNTs nanomaterial were performed on small samples (about 1,5 to 3,5 mg), 
mounted on Al2O3 crucibles in a static air and inert (N2) atmosphere (flow rate of reactive gas, 50 ml/min). The 
experiments were carried out by heating the samples from room temperature (25 °C) to 1000 °C (static air 
atmosphere), resp. 1250 °C (inert atmosphere) at a rate of 20 °C/min. (25 – 300 °C), 10 °C/min. (300 – 400 
°C) and 5 °C/min. (400 – 1000, resp. 400 - 1250 °C). Faster heat rate from 25 to 400 °C was chosen because 
during these temperatures were not detected any changes in nanomaterials during preliminary tests. 

TGA-DSC analyses of shredded electrodes were performed on samples about 24 mg (Cu electrode) and 35 
mg (Al electrode) on Al2O3 crucibles in a static air atmosphere (flow rate of reactive gas, 137 ml/min). The 
experiments were carried out by heating the samples from room temperature (25 °C) to 1000 °C at a rate of 10 
°C/min. 

Laboratory scale incineration tests and nanoparticles collections were performed with using an electric 
furnace. Laboratory scale incineration includes a flow meter for air inlet and online particle counter (NanoScan 
SMPS). The furnace temperature was fixed at 1000°C. The chosen temperatures falls in 990-1010°C, which 
are typical combustion temperatures of a full-scale incineration plant. During the experiments the air inlet was 
adjusted at 3L/min. The residence time of the sample in a furnace at 1000 ° C was 30 min. Around 1,0 – 1,5 g 
of sample was used for each test. The samples were incinerated in ceramic crucibles. 

 

Measurement results - MWCNTs 

Preliminary thermogravimetric analysis 

Combustion simulation in static air atmosphere - nanomaterials oxidation started around 550 °C for MWCNT 
4000. MWCNT 4001 began oxidize at 760 °C (Figure 91). Other thermogravimetric data are summarized in 
Table 6. MWCNT 4001 showed the biggest mass changes. MWCNT 4001 nanomaterials did not burn 
completely, even that the crucibles looked empty. Only MWCNT 4000 had visible residue in crucible. 

Table 6. Thermogravimetric data of carbon nanomaterial combustion in static air atmosphere. 
Carbon nanomaterial Temperature range    

of mass change (°C) 
Mass change Tonset (°C) Released heat 

(J/g) 

MWCNT 4000 400 - 700 86,4 % 541 17 198 

MWCNT4001 650 - 875 98,7 % 760 16 390 

 

 

SMPS 

TGA 

Electric furnace 

NanoScan SMPS 
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Figure 91. Thermogravimetric measurement of carbon nanomaterial in static air atmosphere (21 % oxygen). 

 

These carbon nanomaterials were tested in nitrogen (99,999 % N2) too. In this low oxygen atmosphere we 
observed the mass loss, for MWCNT 4000 and MWCNT 4001 the mass started decrease around 740 °C. We 
suppose that carbon nanomaterials oxidized on carbon monoxide due to presence of very small oxygen 
amount. 

 

SEM carbon nanomaterial analysis 

The raw carbon nanomaterials and residues after thermal degradation have been analysed by SEM 
techniques (Figure 92). The raw MWCNT 4000 had very distorted and interwoven fibres, so length determine 
was very difficult. Some fibres had up to 40 nm in diameter. The raw MWCNT 4001 had 50 – 60 nm in 
diameter, the most often. The total estimated variance was 40 – 110 nm in diameter (95 % of nanotubes), but 
there was an exception, around 200 nm in diameter. The fibres length exceeded 20 μm, some fibres had 50 
μm, and there were obvious clusters (aggregates) of small-scale nanospheres. Both MWCNTs had visibly 
rounded ending.  

In nitrogen atmosphere MWCNT 4000 modified to soot. MWCNT 4001 remained in the form of variously 
deformed and shortened carbon nanotubes. Interestingly, the lot of CNT´s endings were conical to point.  It 
was likely that fibres degradation extended from the ends. There were different-sized aggregates of mutually 
connected CNTs torsos. Based on these findings we can suppose that MWCNT 4001 is more resistant, while 
MWCNT 4000 oxidized to soot at very low oxygen concentration, MWCNT 4001 remained as carbon 
nanotubes. 
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a b c 

 
d 

 
e 

 
f 

Figure 92. SEM images of raw carbon nanomaterials and after thermogravimetric analysis in static air and nitrogen 
atmosphere. MWCNT 4000 (a – raw material, b – nitrogen atmosphere, c – air atmosphere), MWCNT 4001 (d – raw 
material, e – nitrogen atmosphere, f - detail of conical ending). 
 

Nanoparticles release analysis 

Nanoparticles release analyses were done in the static air atmosphere. First nanoparticles (around 55 nm) 
started releasing in the end of nanomaterials combustion (around 685 °C for MWCNT 4000, 870 °C for 
MWCNT 4001). The highest nanoparticles production was from 900 to 1000 °C, for both MWCNTs. 
Nanoparticles with diameter 28 – 48 nm (MWCNT 4000) and 28 – 69 nm (MWCNT 4001) have been 
dominated (Figure 93).  

   
Figure 93. Nanoparticles released during MWCNTs combustion in static air atmosphere. 

 

Conclusion 

MWCNT 4001 released nanoparticles with highest concentration than MWCNT 4000. We suppose that the 
residual material have been raised in the air. This hypothesis is supported by detection of released 
nanoparticles, while MWCNT 4000 residue remained in crucibles after combustion. We can expect that some 
carbon nanotubes may stay in char residues or may be released in the flue gas phase. 

 

Measurements results – Electrode without nanomaterial 

 

Preliminary thermogravimetric analysis 

Combustion simulation in static air atmosphere - nanomaterials oxidation started around 420 °C (Figure 94). 
Other thermogravimetric data are summarized in Table 7.  
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Table 7. Thermogravimetric data of electrode without nanomaterial combustion in static air atmosphere. 

Sample Temperature range 
of mass change (°C) Mass change Tonset (°C) Released heat 

(J/g) 

Cu electrode 180 - 780 85 % 418 14 834 
 

 
Figure 94. Thermogravimetric measurement of electrode without nanomaterial in static air atmosphere (21 % oxygen). 

 

SEM analysis 

On the figure of samples before burning (Figure 95a) is visible mixture of metal sheets and shredded carbon 
particles on the surface. Incineration is assumed almost perfect disposal of carbon materials, at temperatures 
of about 450-800 °C. Cu electrodes incineration (Figure 95b) oxidized the metal and the almost complete 
combustion of the carbonaceous material. SEM images showed unburned carbon particles on the surface of 
oxidized metal. Some isolated particles were observed and they were mainly composed of iron and silicon. 

a b 
Figure 95. SEM images of raw Cu electrode (a) and after incineration (b) in static air atmosphere. 

 

Nanoparticles release analysis 

Nanoparticles release analyses were done in the static air atmosphere (Figure 96). First nanoparticles (with 
two maxims, around 20 and 130 nm) started releasing around 200°C. The highest nanoparticles production 
was from 250 to 990 °C. Nanoparticles with diameter 11 – 50 nm have been dominated. 
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Figure 96. Nanoparticles released during Cu electrode combustion in static air atmosphere. 

 

Conclusion 

Incineration of flexible electrode composed of graphite layer deposited on copper foil led to nanoparticles 
release, mostly with smaller diameter, from the lowest temperature. Bigger nanoparticles were released only 
around temperature 200°C. With growing temperature nanoparticles concentration around 130 nm significantly 
decreased. During 30 min. residence time at 990°C nanoparticles concentration gradually decreased to 
minimum in the end of time.  

 

Measurements results – Electrode with nanomaterial 

Preliminary thermogravimetric analysis 

Combustion simulation in static air atmosphere - nanomaterials oxidation started around 300°C (Figure 97). 
Other thermogravimetric data are summarized in Table 8.  

 

Table 8. Thermogravimetric data of electrode without nanomaterial combustion in static air atmosphere. 

Sample Temperature range    

of mass change (°C) 

Mass change Tonset (°C) Released heat 

(J/g) 

Al electrode 
295 – 400 

480 - 670 

2,6 

4,9 

376 

516 

422,1 

411,1 
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Figure 97. Thermogravimetric measurement of electrode with nanomaterial in static air atmosphere (21 % oxygen). 

 

SEM analysis 

On the figure of shredded sample (Figure 98a) is visible carbon nanomaterial conglomeration before 
combustion. During incineration aluminum melted down and crust stayed in crucible (Figure 98b).  

 a  b 

Figure 98. SEM images of raw Al electrode (a) and after incineration (b) in static air atmosphere. 
 

Nanoparticles release analysis 

Nanoparticles release analyses were done in the static air atmosphere (Figure 99). First nanoparticles (with 
two maxims, around 15 and 30 nm) started releasing around 200°C. The highest nanoparticles production was 
from 650 to 990 °C and nanoparticles with diameter 11 – 30 nm have been dominated.  
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Figure 99. Nanoparticles released during Al electrode combustion in static air atmosphere. 

 

Conclusion 

Incineration of flexible electrode composed of LFP layer deposited on aluminium foil led to nanoparticles 
release mostly of smaller diameter from the lowest temperature to maximum (990°C). During residence time 
(30 min.) at 990°C nanoparticles concentration was on the same level for 20 minutes. In last 10 minutes 
concentration decreased abruptly. There is hypothesis that high concentration of small nanoparticles are from 
nanomaterial (graphite or LFP) and from aluminium which is melting around 660°C. 

 

Overall conclusion of incineration study 

This study has shown that thermal degradation of nanomaterial can signify a potential risk of nanowaste 
combustion. Nanowaste combustion is one of waste elimination methods in the end of nanomaterial life. SEM 
analysis of MWCNTs nanomaterials residue from nitrogen atmosphere showed modified and variously 
deformed and shortened fibres with conical ends. So, there is hypothesis that needle-like fibre shapes of CNT 
are more toxic than other carbon nanomaterials and shorter fibres represent an increased risk of deposition in 
alveoli. Given the fact that MWCNT 4001 is more resistant and stay in form modified carbon nanotubes, there 
is a potential risk, due to the release of nanoparticles, and may be possible in the case of accidental 
scenarios. Incineration of product with and without nanomaterial show releasing of nanoparticles with small 
diameter (around 20 nm) what correspond with raw nanomaterial. These nanoparticles are so small that is 
very problematic to collect them on filter for another analysis (SEM/EDX).  

It is important to note that incineration study was realised on laboratory scale. Real simulation of nanowaste 
combustion in incineration plant is very complicated, due to plant size and incineration technology: continual 
motion of combustion waste in rotary kiln, post-combustion chamber for flue gas, flue gas treatment plant, 
continuous emission measurements, etc.  

The general remarks, important for nanomaterials life cycle assessment, are that event theoretically fully 
combustible materials may be the source of environment pollution by nanoparticles and that carbon 
nanomaterials may be degraded only partly, i.e. other type of nanoparticles is released then entered to 
incineration. 

 

2.3.1.5 Drilling cement (w TiO2) 
 

68 samples of cement doped with TiO2 were ordered and prepared in order to allow intercomparison on the 
experiments that are performed at CEREGE, ITENE, UCO and CEA. CEA performed release studies on 
simulated use scenarios while the other partners performed mesocosms studies on identical samples. 
Samples are cylinders of hydrated pure dough (without sand) with water / cement ratio of 0.5 after mixing 
which complies with EN 196-3. Cylinders of 4 cm of diameter and 8 cm high were prepared by mold casting 
and aged during 28 days at 20°C in water. 
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The total 68 samples correspond to: 

- 17 blanks without TiO2 (industrial grade)  

- 17 doped with nanoTiO2 (industrial grade) 

- 34 highly doped with nanoTiO2 (industrial grade + 6 x standard deviation). 17 of them will be 
artificially aged to investigate the effect of the aging.  

A customized system was developed for the first time at CEA for conducting the drilling test under controlled 
and reproducible conditions. The system was composed of a transparent glovebox with low nanoparticle 
background, sampling ports, a driller and an air suction pipe to insure a good chamber confinement as 
depicted in the figure below. The glovebox configuration and the sample geometry have limited the use of an 
automatically process. Drilling operations were performed manually by a first operator. The sample was 
positioned against two lead ballasts and maintained by a second operator during drilling. 

 

  
Figure 100. Schematic view of the CEA drilling test set-up. Figure 101. Lateral view of the drilling test set-up. 

 

Counters (CPC) and granulometers (FMPS) were connected to the chamber via the sampling inlet to sample 
particle number variations during the drilling. A sampling cassette equipped with polycarbonate filter (SKC) 
were used to collect airborne particles for SEM analysis. 

 

Volume flow of the 
different instruments: 

- CPC: 0.6L/min 
- FMPS: 10L/min 
- SKC: 2L/min 

Drilling conditions: 

- Drilling machine:  Makita HR2460 
- Rotation only (hammering no used)  
- No load speed max: 1.100 r/min 
- Drill diameter: 6 mm ; depth: 1 – 2 cm 
- Sampling location: 5 cm to the drilling point 
- Repetition: 3 per material 

Samples: 

- 3 cement samples without TiO2 
- 3 samples with 2.5% TiO2 

 

CPC measurement: FMPS measurement: 

Significant emissions are recorded from 12.000 to 
150.000 p/cm3 with an average ca. 50.000 p/cm3. 
Emissions are not linked to the cement nature but 
to the strength applied during drilling. Due to the 
sample geometry (cylindrical), the strength applied 
is fluctuated between two repetitions. 

The same variation is observed for all the samples. 

 

Normalized particles size distribution obtained for 
0% TiO2 doped cement and 2.5% TiO2 doped 
cement are compared to highlight a potential 
difference of behaviour.  

No difference of behaviour is noted between sizes 
distributions obtained from both cements. 

In both cases, the average diameter is around 165 
and 220 nm and the particle fraction below 100 nm 
remains below 10%. 
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Figure 102. Particles concentration emitted during drilling 

a sample of 0% TiO2 doped cement (example). 
Figure 103. Normalized particles size distribution recorded 

by FMPS. 

 

SEM/EDS observations: 

Polycarbonates membranes are observed by SEM. Samples are collected during all the drilling process. 

 

Cement samples without TiO2 (0% TiO2):  

Micrometric and sub-micrometric aggregates/agglomerates fragments or particles are observed. 

Some nanometric aggregates/agglomerates are also observed (ca. 60 nm link to FMPS measurement) 

   
Figure 104. SEM images of particles collected on polycarbonate membranes. 

 

Aggregates/agglomerates are mainly composed by Ca and Si (see EDS below). 

  
Figure 105. SEM – EDS analysis. 

Cement samples with 2.5% TiO2: 

Same observations on the deposited morphology:  

Micrometric and sub-micrometric aggregates/agglomerates fragments or particles are observed. 

Some nanometric aggregates/agglomerates are also observed (ca. 60 nm link to FMPS measurement) 
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Figure 106. SEM images of particles collected on polycarbonate membranes. 

 

Aggregates/agglomerates are mainly composed by Ca and Si (see EDS below), few Ti trace (less 1% 
quantified) 

 

  
Figure 107. SEM – EDS analysis. 

 

 

Conclusion of the study: 

 

 No major differences are showed between both kinds of cements. 
 Just a few Ti traces are observed on 2.5% TiO2 cement and only on some large 

aggregates/agglomerates. It can be linked to a heterogeneous mixture.  
 TiO2 doping does not seem to impact the behaviour of cement during drilling. Aerosol generated is 

relatively the same whether the cement is doped with TiO2 particles or not.  

 

2.3.1.6 Cement alteration in climatic chamber (w TiO2) 
 

A preliminary study was performed on the cement specimens (Figure 108) to determine the TiO2 content in the 
matrix. The cement bars labelled as 003 (without TiO2) and 005 (with 2.5wt% of TiO2) were sampled and 
analysed by ICP-MS after acidic digestion. The results obtained indicated a very small amount of TiO2 on 
cement sample 005 (0.75 wt%) which was under the expected concentration of 2.5 wt%. On the other hand, 
the content on 003 sample was found to be 0.02 wt%, which is in good agreement with the data provided by 
the manufacturer (sample without TiO2). 
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Figure 108 Cement samples 3 (left) and 5 (right). 

Cylinder specimens were reduced in size from original monoliths with a diamond saw. 

 

Both samples were characterized by SEM-EDX. From the pictures shown in Figure 109, it is evident that 
samples 003 (up) and 005 (down) are very similar in terms of internal structure with particles / solid structures 
of sizes in both the nano and the micro range. Consequently, and also due to the low TiO2 concentration in the 
matrix, TiO2 nanoparticles could not be identified in sample 005, even with a sample previously grinded 
(Figure 2d). However, Ti could be detected by EDX analysis, confirming the presence of this element in 
sample 005. The concentration measured was around 0.8 wt%, in line with the results obtained by ICP-MS. 
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Figure 109. SEM images of cement 003 (up) and cement 005 (down). Left and right images correspond to solid (5 μm) and 

grinded (1 μm) samples respectively. EDX analysis of cement 005. 

In a first stage, the amount of released material was estimated in a worst case scenario by sonicating a piece 
of cement sample (Figure 110). Briefly, cylinder pieces of each sample of around 30 g (003 and 005 samples) 
were immersed in Milli Q water (50 mL) and sonicated in a bath sonicator for 20 minutes. After that, samples 
were dried in an oven at 70ºC in order to characterize the weight loss. Moreover, released materials in waters 
were characterized measuring the particle size of release fraction before and after filtering through a 0.45 μm 
membrane. Finally, the presence of TiO2 particles in release waters was analysed by ICP-MS (Table 3) and 
TEM images were registered (Figure 111) but it was not possible to appreciate particles in nano range neither 
TiO2 particles. 

 

 
Figure 110. Water after sonication of cement bars 003 (left) and 005 (right). 
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Figure 111 TEM images of residue from sonication of cement 003 (up) and 005(down) at 1 μm and 500 

nm amplification respectively. 

 

Table 9 Characterization of cement 003 and 005. Ti content has been determined by ICP-MS. 
 003 Cement 005 Cement 

TiO2 content (wt%) 0.75 0.02 
Weight Loss (%) 5.6 5.5 

DLS primary size (nm) 
s±sd; Pdl±sd 

1900±130 
0.15±0.07 

9800±1000 
0.54±0.17 

Ti content (ppm) ˂0.1 2 
DLS primary size (nm) 

Filtered sample 
s±sd; Pdl±sd 

450±30 
0.3±0.02 

350±25 
0.3±0.04 

Ti content (ppm) ˂0.1 ˂0.1 
 

In order to reproduce real condition of use for the cement, weathering tests were performed in a climatic 
chamber, exposing the samples to radiation and rain. Cement bars 003 (without TiO2) and 005 (with 
theoretical 2.5% of TiO2) were cut into 4 cylindrical fragments, then weighted and placed into the climatic 
chamber (Suntest XXL+, Atlas, Figure 112). In order to study the climate effect on the cement, accelerated 
aging was performed under ageing conditions (Table 10) adapted from the ISO 4892-02:2006 standard 
(Plastics -- Methods of exposure to laboratory light sources -- Part 2: Xenon-arc lamps).  

 
Figure 112. Cement cylinders inside Atlas Suntest XXL+ climatic chamber used at LEITAT. 

 

Table 10. Ageing conditions used based on ISO 4892/05. 

Irradiation (340 nm) 0.50 W/m2 

Internal filter borosilicate 
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External filter borosilicate 

BST temperature 65ºC (±3ºC) 

Relative humidity 50% (±5%) 

Wetting cycle 1 ± 0.5 min 

Drying cycle 29 min 

Irradiation Continuous 

Total exposure 1000 h 
 

Samples and run-off waters have been collected at regular intervals (Table 11) in order to characterize the 
aged material and the material released in waters as a function of time.  

 

Table 11. Interval sampling times (h) and corresponding real hours. 
Specimens Waters 
500/4380 200/1750 

 400/3500 
750/6570 600/5250 

 800/7000 
1000/8760 1000/8760 

 

The weight change of samples (500, 750 and 1000 hours) and the amount of material released with time (first 
hours, 200, 400, 600, 700, 800 and 1000 hours) has been determined at different times. For that purpose, for 
runoff waters, 1000 mL of water for each collected time were freeze-dried to reach complete dryness. 
Noticeably, small solid content was found in all runoff water samples (less than 4 mg in most of the cases, 
Table 12). This result is in contrast with the high weight loss found for the cement bars, which is around 1 g 
after 500 hours ageing for both samples. Weight loss increases with time up to 1.7 and 1.4 g for cement 003 
and 005, respectively, at 750 hours ageing. Finally, release after 1000 hours is significantly different between 
the two cement bars analysed, i.e. 1.4 g and 0.5 g for 003 and 005, respectively. As a general conclusion it 
can be stated that both samples follow the same trend during the first 750 hours of aging, while between 750 
and 1000 h, the amount of mass lost is reduced. In any case, the weight loss could be explained by the 
dissolution of water soluble compounds inside the cement. 

 

Table 12. Samples obtained from cement ageing 

 Solid 003 (g) Waters 
003 (mg) 

Solid 005 (g) Waters 005 
(mg) 

t0 - 0.9  - 7.1 
t200 - 3.1 - 0.4 
t400 - 3.5 - 0.4 
t500 -1.18 - -1.01 - 
t600 - 1.8 - 2.4 
t750 -1.65 - -1.38 - 
t800 - 3.02 - 2.6 
t1000 -1.36 0.23 -0.45 1.45 

 

TEM analysis was performed on waters collected after 400 hours ageing from 005 cement. The objective was 
to identify TiO2 isolated particles, or particles embedded in cement. Unfortunately, no TiO2 particles were not 
distinguished from the matrix observed (Figure 113). 
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Figure 113. TEM image of residue from freeze-drying runoff waters sample, corresponding to cement 005 after 

400 hours ageing. 

 

 

 

2.3.1.7 Preservative wood stain coating alteration in climatic chamber (w CeO2) 
 

Inorganic nanoparticles can be used in paints or coatings as UV-absorbers. By absorbing UV radiation they 
delay the degradation of organic compounds under sunlight and enhance the lifetime of the coating. With 
respect to micronic UV absorbers, nano-absorbers present the advantage of being totally transparent. They 
are then particularly attractive for colourless preservative coatings applied on wood.  

In this case study, we investigated the aging of a preservative wood coating, enriched with CeO2 nanoparticles 
and the release of CeO2 that could be induced by outdoor weathering, where samples are exposed to sunlight 
and rain. For this we simulated wet weathering (irradiation + water spraying) under laboratory conditions and 
collected water runoffs to assess in situ releases. More detail on the experimental developments and protocols 
are given below. 

Samples preparation 

The coating used in this work consisted in an acrylic cladding commercialized by Castorama under one of its 
brands (Lasure Intérieur-Extérieur Casto’). It was deposited in 3 layers on freshly sanded larch blocks (27 x 27 
x 13 mm), following the specifications given by the manufacturer: 2 hours drying between successive layers 
and 24 hours final drying. 

Two groups of samples were made. In the first group (n-CeO2), the cladding was enriched with citrate 
stabilized-CeO2 nanoparticles to improve UV-resistance. For this, a commercial additive (Nanobyk-3810) was 
added to the coating at 7w%, and this mix was then applied to the samples as described before. The second 
group of samples (ACR) was painted with the cladding alone to provide a reference.  

Samples were weighed before and after the application of each layer. Assuming an 18w% CeO2 content in the 
additive (manufacturer data) the amount of CeO2 deposited on each sample was calculated as reported in 
Table 3. 

Table 13. Final coating mass after drying and estimated CeO2 content. 
 

 

 

 

Weathering under laboratory conditions 

The aging of wood samples was performed under laboratory conditions, in a climate chamber Suntest XLS+ 
from Atlas Material Testing Solutions. The experimental protocol was based on normative EN 927-6, but 
adaptations were made in order to quantify CeO2 releases induced by irradiation and water spraying.  

 CeO2 mass (mg) Coating mass after drying (mg) CeO2 content (%) 

n-CeO2 1.5 ± 0.2 38 ± 18 4.5 ± 1.5 

ACR - 48 ± 36  
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The weekly weathering cycle started with 24h condensation, performed in a homemade setup (Figure 114b) 
outside the climate chamber. Then ACR and n-CeO2 samples were introduced in Suntest XLS+ chamber and 
alternatively exposed to Xe lamp and water spraying for the rest of the week, following the frequency 
described in Figure 114a. An intensity of radiation of 65W.m-2 in the 300nm-400nm range was measured by 
the internal sensor of Suntest XLS+. Additionally, irradiance in the 300 nm – 800nm range was measured 
once a week with an external radiometer (MacSolar). Mean irradiance in that range was found to be around 
500W.m-2. This weekly weathering cycle was repeated for 12 weeks. This resulted in 1000 mm precipitations 
and a total irradiation of 800kWh.m-2 (300 nm – 800 nm) for wood samples, which corresponds more or less to 
8-12 months outdoor exposure in France. 

 
Figure 114. a) Weekly weathering cycle. Grey areas correspond to dry irradiation phases. b) Condensation setup. 
Ultrapure water is boiled in a flask. Vapour is directed towards a double-wall reactor where it is chilled and condenses at 
the surface of wood samples. c) Experimental setup inside Suntest XLS+.  
 

Samples were placed in beakers to collect “rain” water streaming at their surface. Raised and slanted PTFE 
sample holders were used to avoid immersion and water stagnation at surface. The beakers were themselves 
placed on a rotating plate to ensure homogenous water spraying on all the samples (Figure 114c). Each 
beaker contained 6 samples. 3 beakers were dedicated to n-CeO2 samples and 2 beakers to ACR samples. 

Beakers were weighed before and after each rain event to determine the exact volume of water sprayed at the 
surface of the samples. At the end of each weekly cycle one n-CeO2 sample and one ACR samples were 
withdrawn of the experiment and replaced by fresh samples. In total, 29 n-CeO2 samples and 23 ACR were 
weathered from 1 to 12 weeks. Some samples were also kept as control under dark conditions without any 
weathering. 

Ce release 

Aliquots from the water collected in beakers were taken after rain events 1, 3 and 4 of the weekly cycle. 20 mL 
were filtrated at 10 kDa using Millipore Amicon cell, to estimate Ce dissolved fraction. Ce content of raw and 
filtrated samples was analyzed by ICP-MS (Perkin Elmer Nexion 300), after acidification at 2,5% HNO3. 
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Figure 115. a) Individual Ce release measured between two sampling events. An indication on Ce background is given by 
the Ce levels measured for ACR samples (green triangles). Negative releases were isolated from the serie as they 
represent artefacts of measurement. b) Ce releases integrated over the weekly cycle. Dissolved Ce determined on 
samples filtrated at 10kDa is represented in light blue. The dotted line marks a change in release regime after 4 weeks 
weathering. 
 

Figure 115a shows Ce releases quantified on each sampling point. Ce concentration in aliquots obtained on 
ACR samples was in most cases below the detection limit of the equipment (< 0.1ng.g-1). Occasional levels 
above LD probably result from some contamination between ACR and n-CeO2 beakers and cannot be 
considered representative for a release phenomenon on ACR samples. On the contrary, Ce was detected in 
all the aliquots obtained on n-CeO2 samples. Strong fluctuations are observed, that are due to variations in the 
weathering cycle: duration of irradiation phase (22h, 44h or 72h) or number of rain event (1 or 2). In order to 
reduce this variation and to better observe a general trend, Ce releases were integrated over the weekly cycle 
in Figure 115b. Two different regimes of emissions can then be distinguished. Erratic releases with an overall 
decreasing trend are observed during the four first weeks of experiment (cumulated solar irradiance < 240 
kWh.m-2). They are probably due to loosely bound CeO2 nanoparticles washing off from the coating. After 5 
weeks weathering however, Ce emissions start increasing again gradually. This trend is maintained until the 
end of the experiment (12 weeks, 785 kWh.m-2) and no stabilization in Ce release is observed. 

The chemical analysis of samples filtrated at 10kDa (Figure 17b, light blue), shows that Ce is released both 
under particulate (free NPs or CeO2-NPs embedded in the organic coating) and dissolved form. The calculated 
Dissolved/Total Ce ratio is fluctuating during the four first weeks of experiments, but after 240 kWh.m-2 of 
cumulated solar irradiation, it stabilizes around 0.3-0.4. 

The presence of dissolved Ce in rain lixiviates indicates an alteration of CeO2 nanoparticles. Indeed, CeO2 
nanoparticles consists in Ce(IV) and are insoluble in water. Ce dissolution implies the reduction of Ce(IV) to 
Ce(III) at some point of the experiment, and therefore a modification of the original product. It is interesting to 
highlight that no such modification is observed for the additive alone aged in water2. This emphasizes the 
necessity for product-based approaches, at different stages of the lifecycle. 

 

                                           
2 Auffan et al. 2014, Environ. Pollut 188, 1-7. 
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Solar 
irradiance 
(300-800 nm) 

Cumulative 
Ce releases 

(μg.m-2) 

Fraction of 
final release 

(%) 

11 kWh.m-2 

(1st rain event) 
327 ± 28 12 ± 2 

238 kWh.m-2 

(4 weeks 
weathering) 

750 ± 92 27 ± 6 

512 kWh.m-2 

(8 weeks 
weathering) 

1390 ± 162 49 ± 11  

785 kWh.m-2 

(12 weeks 
weathering) 

2822 ± 317 100 

 

Figure 116. a) Releases accumulated all over the experiment for total and dissolved Ce. b) Total Ce releases per surface 
unit accumulated at the main steps (first rain event, after 4 weeks, 8 weeks and final) of the experiment. 
 

Cumulative amounts of Ce released all over the experiment are reported in Figure 116. A strong initial release 
is observed after the first rain event (24h condensation + 22h irradiation + 20 minutes water spraying) with 1.4 
± 0.02 μg Ce (327 ± 28 μg.m-2). After 4 weeks, when a change is observed in the release regime, 3.3 ± 0.2 μg 
Ce have been released, corresponding to a normalized release of 750 ± 92 μg.m-2. Finally, after 12 weeks 
weathering, total Ce releases sum 12.3 ± 0.5 μg Ce (2822 ± 317 μg.m-2), representing 0.2% of the initial Ce 
mass incorporated to the coating.  

In order to better analyze the distribution of release along the experiment, fraction of total Ce emissions were 
calculated at different stages of the experiment (Figure 116b). Initial emissions attributed to nanoparticle 
leaching from the surface are important. Around 12% of the overall Ce release occurs under the first rain event 
and 27% during the four first weeks of experiment. However they do not represent the major contribution to Ce 
release. Indeed, 73% of the released Ce is emitted between week 5 and 12, with 50% of the emissions taking 
place after 8 weeks weathering. It proves that nanoparticle release is dominated by the aging and degradation 
of the coating and not by a phenomenon of surface washing. It must be highlighted once again that no 
stabilization is observed in Ce release and that further emissions are to be expected if aging proceeds. 

 

Coating characterization 

Characterization of the coating was performed before and after weathering in order to relate Ce releases to 
possible coating degradations.  

 

Loss of matter 

In order to assess the loss of matter, samples were weighed before and after weathering. However no 
significant weight difference could be evidenced. This is consistent with the expected weight variations. Indeed 
if we assume a homogeneous distribution of CeO2 inside the coating and that CeO2 nanoparticles and the 
organic matrix of the coating are released at the same rate, the observed Ce emissions should result in a 
decrease of ca 55μg in sample weight after 12 weeks, which is below the sensitivity of the scale (d= 0.0001g). 

An attempt was made to overcome this limitation, by measuring the thickness of the coating at different 
weathering times on X-ray absorption images acquired on a microXCT-400 X-ray microscope (Zeiss Xradia). 
The obtained images and thickness values are reported on Figure 89.  

a) b) 
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Figure 117. X-ray absorption images (magnification x10, 41kV, 219μA, 8s, vauxel size = 1,55μm) of a 1 mm slice of wood 
samples a) before weathering and b) after 12 weeks weathering. The coating appears in black (highest absorption of X-
rays). X-ray attenuation profiles were overlaid on the images, to illustrate thickness measurement. c) Evolution of coating 
thickness measured on X-ray absorption images as a function of solar irradiation (300nm – 800nm). 
 

As seen in graph c) of Figure 117, coating thickness fluctuates between 40μm and 50μm depending on the 
samples. The fluctuations could not be clearly related with sample weathering and rather seem to arise from a 
heterogeneous coating deposition. 

As mentioned earlier, Ce emissions recorded after 12 weeks would represent a loss of 55μg coating (for one 
sample) assuming a homogeneous loss of matter. This corresponds to 0.14% of the initial mass of coating. 
Applying this ratio to coating thickness, and taking into account an initial thickness of 56μm, a thinning of 
0,08μm of the cladding layer could be expected. This is below the resolution of X-ray absorption images (1,55 
μm) and would moreover be hidden by the heterogeneous character of the deposit.  

Coating degradation 

The chemical degradation of the coating was investigated by FTIR and RMN spectroscopy (not shown). 
However both techniques failed in detecting changes in the chemical structure of the coating. If present, 
chemical degradations were probably too slight or too localized to be measured.   

The macroscopic degradation of the coating was also assessed following 3 parameters defined in normative 
EN 927-6: blistering, flaking and cracking. The observation of these defects was made by optical microscopy 
on a Leica DM RXP microscope. ISO standards 4628-1, 4628-2, 4628-4 and 4628-5 were used as references 
to rate defects size and density. The results are reported in Figure 118. 
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Figure 118. Defect density observed on a) ACR and b) n-CeO2 wood samples as a function of solar irradiance (300 – 800 
nm). On both type of samples cracks could only be observed under magnification x10, corresponding to size S1 as defined 
by normative 4628-4. Flakes were mainly seen on ACR samples. They displayed in most cases a size S1 (only visible with 
magnification x 10) but larger defects, with size S2 (incipiently visible with normal and corrected vision) were also present 
on some samples. The corresponding samples are identified by a star symbol (*) on the graph. Finally blisters were only 
found on n-CeO2 samples. Their size was S3 (clearly visible with normal corrected vision) on all samples but two, signaled 
by a star, where defect were smaller (S2). The dotted line on graph b) marks the change in the regime of Ce release. 
 
Before weathering the samples were generally free of defects. Isolated flakes were present on one ACR 
sample and 2 n-CeO2 samples (defect characterization was made on 4 samples of each type). Cracking and 
blistering were not observed. After weathering however, defects appeared on both types of samples. 

For ACR samples they mainly took the shape of flakes and cracks. Blistering was only observed on one 
occasion. The density of defects remains rather low (mostly grade 1, defined in ISO 4628-2, 4628-4 and 4628-
5). n-CeO2 coatings also displayed cracks, but their density reached higher grades than on ACR samples. 
Flaking was absent from the nanocomposite surface after weathering, but in opposition to the reference 
material, significant blistering was brought into light. 

The discrepancy in defect type between ACR and n-CeO2 samples shows that the incorporation of the nano-
additive to the coating modifies its properties, and consequently its response to weathering. The way 
degradation proceeds is also different depending on sample set. On the reference coating, defects are 
observed at a very early stage. However they only progress slightly with further weathering and their intensity 
remains rather low. On the contrary, n-CeO2 samples maintain on the whole a surface free of defects during 
the four first weeks of experiment. After that time defects with a higher density and size with respect to ACR 
samples become visible. 

Finally, it is interesting to highlight that the intensification of surface degradation on the nanocomposite 
matches the observed regime change in Ce release. It suggests a relationship between the two phenomena. 
They could be two different symptoms arising from a same degradation process. But we think more likely that 
Ce releases evidenced in the second phase of the experiment are driven by surface defects and take place at 
these specific sites. Based on the elements presented here, it is not possible to say if defects are the only 
source of nanoparticle emission or if Ce releases may also find a second origin in surface erosion.  

 

Conclusion 

Ce release under both particulate and dissolved form was evidenced. The particulate fraction is the most 
relevant for our study as it corresponds to nanoparticles, either free or embedded in the acrylic matrix. But the 
presence of dissolved Ce is interesting as it indicates a transformation of the nanoparticles upon weathering, 
with Ce(IV) being reduced into Ce(III). 

After 12 weeks artificial weathering (simulating 1 year outdoor), 12.3 ± 0.5 μg (ca 15μg CeO2) have been 
released, accounting for 0.2% of the initial Ce mass incorporated to the coating. Normalized by the exposed 

a) b) 
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surface, a release rate of 2,8 mg.m-2 is obtained. Of course these amounts are low. They are actually so low 
that they could not be detected easily by gravimetric or thickness measurements. Only ICP-MS had the 
required sensitivity to evidence Ce release. However, the risk associated with such release cannot be 
discarded so easily. An estimate on the worldwide surface of wood panelling coated by nano-enriched 
claddings, at present but also in prospective, would be necessary to make a proper risk assessment on that 
product. 

Two regimes of release were identified. From t=0 to the end of week 4, highly variable Ce releases were 
observed. They displayed an overall decreasing trend and were attributed to loosely bound Ce being washed 
off the surface by “rain”. After 5 weeks, Ce emissions start increasing again progressively. This second regime 
is responsible for 73 ± 6 % of the released mass of Ce, with 51 ± 11% being emitted in the last four weeks of 
the experiment. A stabilization of Ce emissions was not reached in that regime and further emissions are to be 
expected if aging proceeds.    

Finally it was observed that the onset of the second regime of emissions coincided with an intensification in 
defects density at the surface of n-CeO2 samples. This confirms our hypothesis that Ce releases after 5 weeks 
are due to a degradation of the acrylic coating induced by weathering and seems more specifically related with 
cracking and blistering. These defects could then play the role of indicators for nanoparticle release.  
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2.3.2 Field measurements (Task 3.3) 

2.3.2.1 Access to facilities to perform field measurements 
 

In order to identify the most relevant places to perform high quality measurements that will be valuable for the 
project, it was decided to request each partner to commit himself to contact companies or academic 
workplaces equipped with pilot lines accordingly to the identified critical scenarios (D3.1). The first table to 
which partners agreed on during project meetings was the following:  
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Difficulty in engaging with companies to perform scoping visits and field measurement campaigns occurs. 
NANoREG encountered similar difficulties than other projects in gaining access to sites to collect data.  
Nevertheless, once multiple companies were contacted, several scoping visits were performed and some field 
measurement campaign followed. Finally, more than twenty field measurement campaigns were conducted by 
the partners and generated a significant amount of data which represented a sample of the industry and a 
finite selection of nanomaterials.  

 

2.3.2.2 Strategy, parameters to measure and list of available instruments 
 

Exposure scenarios were introduced as part of the REACH Regulation (EU system for the Registration 
Evaluation Authorisation of Chemicals) and are defined as “sets of information describing the conditions under 
which the risk associated with the identified use(s) of a substance can be controlled (ECHA, 2012a)”. They 
provide information on how the exposure of workers, consumers and the environment to substances can be 
controlled in order to ensure its safe use.  

The selected companies and exposure scenarios were classified according to the volume of nanoparticles 
handled or manufactured, frequency and duration of use and the type of process as well as risk management 
measures (e.g. measures to limit/prevent release: ventilation, personal protection, etc.), selecting different 
industrial sectors.  

The exposure assessment strategy consists of a three-tier approach (OECD 2015):  

 Tier one evaluates the available information through questionnaires sent to the company or scoping 
visits to decide how to proceed when exposure was likely to occur and potentially moderate or high.  

 Tier two identifies sources of potential release of airborne engineered nanomaterials by observation 
and background measurements, assessing the likelihood of exposure.  

 Tier three was reached when exposure was likely, and consists on measurements of personal 
exposure during tasks using personal samplers, size-resolved direct reading instruments and offline 
samplers.  

The aim consists in determining whether a process, or part of a process (operation), could potentially release 
nanoparticles that can be emitted to indoor air and that could eventually lead to potential occupational 
exposure. 
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This assessment comprises the identification of process phases for which field measurement are required. 
During field measurement, the OECD tiered approach methodology for Tier 2, and if needed for Tier 3, is 
followed. Potential emissions are assessed by Tier 2 near field measurements (excluding background impact 
that must be also characterized).3 If the process generates nano-aerosol, Tier 3 measurements are then 
conducted using more precise counters and granulometers: 

 in breathing zone of workers, in order to determine their potential exposure by inhalation, 

 at fore-arms level, in order to determine potential exposure by dermal contact. 

More measurements can be conducted, if needed, in order to determine global environment impact (i.e. far 
field levels, exhaust after filtration, release of waste containers…). 

Whenever possible the instruments described in the appendix are mounted on mobile carts to facilitate device 
transport in the work areas, as shown in Figure 119 as an example.  Samplings at the different points/areas 
likely to present airborne particles are usually carried out through a stainless steel sampling probe. The 
measuring devices are connected to this probe, except for a separate counter dedicated to background 
aerosol monitoring. The air flow in the sampling probe is generated by the vane pump of the FMPS. Details on 
the instruments and strategy are given in the appendix sections. 

 

 
Figure 119. Measurement devices on mobile carts. 

 

Field measurement campaigns generate new data and information on potential exposure scenarios thanks to 
the counters, granulometers and personal devices. Measurements are usually performed at the source (near 
field), far field to determine the background and also in the workers breathing zone. The aim of those field 
measurement campaigns are to verify the effectiveness of safety measures at the workplace. 

 
Table 14. Measurement devices to assess nanoparticle exposure. 

Device Physical principle / Metrics Direct reading / 
Offline Ranges 

Condensation Particle 
Counter (CPC)  

   

Particles grow into larger alcohol 
droplets and are counted through an 

optical detector. 
It does not classify in particle size. 

 

Online 
6-1000 nm 

< 105 part/cm3 

Nanometer Surface Area 
Monitor (NSAM) 

Based on electric charge classification 
and counting. A specific feature of the 

Online Concentration: 0 
-

                                           
3 Standard Operating Procedures on instruments, tools and devices from nanoIndEx, MARINA, nanoGEM or 
NANoREG projects could be used to gather release, emission and personal exposure data. 
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NSAM is to provide the surface area of 
particles deposited on the alveolar and 

tracheobronchial respiratory floors. 

 10,000 μm²/cm3 
(alveoli)  

Size: 10 - 
1,000 nm 

Optical Particle Sizer (OPS) 

 

Based on light scattering equivalent 
diameter. 

Classifies in number concentration and 
particle size. 

Online 
300 – 10000 nm 
< 103 part/cm3 

Scanning Mobility Particle 
Sizer (SMPS) 

 

Based on electrical mobility 
spectrometry for particle concentration 

and size distribution classification. 
Online 

2.5 - 1000 nm  
< 107 part/cm3   

Fast Mobility Particle Sizer 
(FMPS) 

 
 

Electrical Mobility classification 
through low-noise electrometers for 
particle detection and particle-size-

distribution measurements with one-
second resolution 

Online 5.6 - 560 nm 

Aerodinamic Particle Sizer 
(APS) 

 

Measures light-scattering intensity in 
the equivalent optical size range, 

providing mass-weighted distributions 
and virtual elimination of false 

background counts 

Online 0.5 - 20 μm 

Electrical Low Pressure 
Impactor (ELPI+) 

 

Measures by impactor and electrical 
detection with sensitive electrometers 

techniques real-time particle size 
distribution and concentration, real-

time particle charge distribution and for 
gravimetric impactor measurements. 

Online / Offline 6 nm – 10 μm 

NanoTracer 

 

Measures both particle concentrations 
and average particle diameter and 

also infers lung-deposited surface area 
and mass. 

Online 
10 – 300 nm 

< 105 part/cm3 

Sampling filters 

 

SEM/EDX analysis Offline - 

DiscMINI 
Measurement of nanoparticle number, 
average diameter and lung-deposited 

surface area LDSA with a time 
Online 10 - 700 nm 
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resolution of up to 1 second based on 
electrical charging of the aerosols 

NANOBADGE 

 

XRF and/or SEM-EDS analysis Offline  

 

2.3.2.3 Data gathering using NECID template 
 

Scoping visit templates, data collection protocol and data collection templates were built and discussed 
between partners in order to allow occupational exposure data collection in a standardized way and to store 
them in the NECID database. CEA were authorized and trained to be a NECID user by TNO and IFA. 

 
 

 
Templates were developed to capture contextual information as well as exposure measures.  

 

2.3.2.4 Field measurements performed 
 

T3.3 partners made attempts to identify and engage with companies which manufactured, handled or used 
nanomaterials, but a limited number of companies volunteered to take part in the project. Several private 
companies in the UK, France, Italy, Sweden, and Czech Republic have been contacted for measurements at 
their facilities. Good success has been made in negotiation site access. Studies include collection of 
comprehensive contextual information, information about determinants as well as quantitative data from direct 
reading instruments and samplers. Around twenty field studies were performed covering the most-produced 
nanomaterials on different life cycle stages (production, use and end-of-life) and in different environments 
(academic labs, pilot lines and industrial plants). 

 

Partner / country Field measurement campaign 

LTH / Sweden Company manufacturing nanocomposites based on CNTs 

CEA / France Lithium battery pilot production line where C-based ENMs were handled 

CEA / France SME manufacturing nanostructured ceramics (Al2O3, ZrO2 Fe2O3)  

CEA / France End-of-life of Si wafers and chips in microelectronics industry 

CEA / France  Production of TiO2 particles by laser pyrolysis  
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CEA / France Preparation and cleaning operations on a pilot plant producing alumina-polymer 
feedstock  for powder injection molding 

ITENE / Spain SiO2 synthesis in solid state + sieving + cleaning 

ITENE / Spain Manufacturing of TiO2 based nanocomposites prepared by melt compounding 

ITENE / Spain Application of nano-based dispersions during the finishing process of textiles 

ITENE / Spain Spraying of nano-TiO2 dispersions in concrete 

ITENE / Spain Spraying of nano-ZnO based paint formulations 

VSB / Czech rep. Measurements in 2 companies (nano-ZrO2 and nano-TiO2) 

VSB / Czech rep. Basic exposure assessment (Tier 2) (nano SiO2) 

VSB / Czech rep. Expert exposure assessment in the same company (Tier 3) (nanofibers SiO2) 

VSB / Czech rep. Pilot measurements in university (nanoparticles SiO2) 

KHU KWU / Korea Liquid-phase production process for manufacturing superhydrophilic oil/water 
nano-separator (TiO2, ZnO) 

IOM / UK Two field surveys (review and approval in progress) 

IOM / UK Real-time data collection using a DIScMINI, cowl samples for SEM analysis and 
surface wipe samples during two chemical vapour deposition process (boron 
nitride and graphene) 
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2.4 Results (Tasks 3.2 and 3.3) 

Experimental strategies, data and results from simulated approaches (i.e. assessment of nanoparticle 
potential release in specific conditions – task 3.2) are described as part of section ‘2.3 Description of the work 
carried out’. Those experiments were performed in simulated workplaces, simulated work processes or 
accelerated aging and weathering in controlled conditions. The advantages of those set-up are that they allow 
to control (to minimize) background aerosol and to investigate sequentially the parameters that influence 
release rates.  

Field measurement strategies, contextual information on workplace and results from field measurement 
campaigns (task 3.2) are described in detail in the joint annexes. The data gathered from field studies were 
obtained from real workplace conditions with the difficulties associated to the presence of background aerosol, 
multiple aerosol sources resulting from coactivity and airflow turbulences. 

The main results of experiments and field measurements undertaken in tasks 3.2 and 3.3 are extracted and 
summarized in the following sections. The main results are organised along the value chain of nano-enabled 
products in order to facilitate the discussion and extract the main conclusion over several cases. Key findings 
and advices to conduct laboratory experiments to assess release and field measurements to assess emission 
or exposure are provided in the conclusion section. 

2.4.1 Production of nanomaterials and powder handling, weighing, bagging or packaging 

Several field measurement campaigns were conducted in Europe and beyond in academic and industrial 
settings. The most encountered operations that are related to the early stages of the value chain of nano-
enabled products were a) the synthesis of nanomaterials, b) the collection, handling and packaging of 
powdered materials. 

Most of the tasks monitored involved manufacturing processes or handling powders with the amount of 
material handled ranging from few grams to several kilograms. The exposure scenario related to the ENM 
synthesis showed in most of the cases some degree of containment. The engineering controls ranged from 
extracted arms and capturing hoods to completely enclosed depressurized processes. Those local exhaustive 
ventilation systems are the primary engineering control to mitigate occupational exposures to NOAA. During 
field measurements, attention was paid to the effectiveness of those equipment to remove nanoparticles at 
their source and consequently to decrease the emission to workplace air. Therefore, the sampling probe of 
stationary instruments and the inlet of personal monitors were moved from the breathing zone of the workers 
to the near field (source) in order to assess whether particles are release by the process or the operation and 
if this release leads to an emission in the workplace. 

In most of the investigated exposure scenarios, workers were equipped with personal protective equipment 
such as lab coats (if necessary non-woven fabric work suit), nitrile or latex gloves, disposable forearms and 
safety glasses. For specific operations, respirators (FPP3, half masks or full face masks with P3 filters) and 
disposable headwear were also used.  

The field campaign depicted in ‘Annex A: Lithium battery pilot production line’ provides information on pilot 
scale carbonaceous nanomaterial handling (>5 kg). This case study showed that the emission of particles 
depended either on the type and amount of handled product, the type of local exhaustive ventilation and the 
operator. Indeed, some steps were performed under a fume hood for which no elevation of the number 
concentration was recorded at the operator personal breathing zone while release was observed (but 
contained) in the fume hood. However, when using an extraction arm over a large funnel during powder 
transfer some brief elevation in number concentration were recorded at source level, ca. 11.000 p/cm3, and 
also at the operator personal breathing zone, ca. 1.800 p/cm3. Nevertheless; it seems that for all steps 
described in Annex A, PPE seemed to be adequate and effective. 

The field measurement campaign depicted in ‘Annex B: SME manufacturing ceramics’ was performed in a 
French SME during the small scale (<100g) production of nano-enabled ceramics. This measurement 
campaign focused on the identification, characterization and assessment of a possible unintended re-
suspension of aerosols, notably their nanometric size fraction during several operations as “opening furnace” 
“opening oven” and “manipulation under Hood”. The measurements showed using direct reading instruments 
and samplers that, even though no significant emission were observed during the monitored operations, the 
workplace air contained noticeable amounts of Al, Fe, Y and Zr. This detection of elements is most likely due 
to a diffuse and continuous pollution in the area of the laboratory. Therefore, we recommended to increase the 
ventilation rate of the main room and to store the produced materials in ventilated cabinets.  

Emission and exposure measurements that were carried out at a downstream user of carbon nanotubes in 
Sweden are reported in ‘Annex F: Field measurements of emissions and exposure of CNT’. The nanotubes 
were handled in pure powder form, dispersed in liquid and solidified in a resin. Distinct peaks of increased 
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particle number concentrations and mass concentrations of black carbon have been found during several work 
tasks. The main sources appear to be open handling of pure CNT powder (“refilling”), electrophoretic 
processes where the particles might emit from the open liquid surface and during pouring and stirring of 
solution containing dispersed CNTs.  

Several measurements that are related to the production of high performance nanomaterials and 
nanocomposites were conducted in different companies. The different exposure scenarios investigated are 
reported in ‘Annex G: Production of high-performance nanomaterials and nanocomposites’. It was observed 
that transferring and weighing graphene platelets generated significant amount of particles in the nano-size 
range. Moreover, the manipulation of graphene material contaminated the surface of the equipment that was 
used to monitor emission and exposure even at far field. The use of a HEPA filtered vacuum cleaner is 
reported to clean the work surface after ending the weighing. 

To summarize, when a release during powder-handling activities was identified, the particles, in some 
circumstances, agglomerated to larger particles and the emitted particles that were detected and 
characterized were in the submicronic to micronic size range except for some materials such as graphene. 

The critical activities at the early stages of nanomaterials production, that require special attention under 
normal operating conditions, are the following:  

 Weighing and mixing operations when ENMs are manipulated in powdered, granular or pelletized form 

 Handling particulate nanomaterials, storage and distribution  

 Recovery and packaging 

The production is usually performed under full containment and possible release of particles occurs usually 
before or at the end of the production process when dry materials are handled. From the measurements, 
those critical activities are short in time (<15min) and consequently it was observed that short-term release of 
nanomaterials could take place during those operations. As a consequence, short-term exposure monitoring 
should be promoted during those operations. Personal monitors and personal samplers could be used for that 
purpose in a Tier 2 assessment. If very short activities are to be investigated, a conflict between monitoring 
and sampling might occur, as limits of detection of certain analytical methods may require longer sampling 
times than monitoring periods. 

From both the occupational hygiene assessment and the measurements, it was observed that, in general, 
appropriate and effective controls were in place for production processes except for two cases involving small 
companies. In those two cases, suggestions for improvements were given by HSE engineer to the visited 
companies regarding the implementation of more efficient extractions and contained storage cabinets. The 
cleaning procedure of the flooring depicted in the exposure scenario 7 of the Annex G should be revised 
deeply by an HSE engineer since the cleaning procedure generated more dust in the indoor air than the 
powder manipulation itself. Generally, cleaning activities after transferring and weighing are the most critical 
steps since workers have to handle spilled dry materials. A recommendation would be at least to perform this 
type of activity under local exhaustive ventilation so that a limited amount of particles could be emitted in the 
indoor air and also to promote the use of wet wipes instead of sweeping brush or regular vacuum cleaner. 

PPE worn at the companies was, on the whole, appropriate for the work carried out with the exceptions of 
latex gloves that could be replaced by nitrile gloves to reduce the risk of skin allergy for the wearer.  

2.4.2 Manufacturing of nanocomposites and nano-enabled products  

Some of the field measurement campaigns that were conducted in Europe and beyond in academic and 
industrial settings allow us to investigate the manufacturing of intermediate materials containing ENMs. We 
voluntarily separated this section from the previous one since operations such as mixing, melting, lacquering, 
printing or extruding nanocomposites might emit NOAAs but also vapours of chemical compounds that could 
interfere with the instrumentation (CPCs in particular). Moreover, in those operative conditions, workers might 
be exposed to risks associated to NOAA and to chemical vapours. Therefore, most of the investigated 
scenarios showed some degree of dynamic containment. Attention was paid during field measurements, to the 
effectiveness of those equipment to remove nanoparticles at their source and consequently to decrease the 
emission to workplace air. Therefore, the sampling probe of stationary instruments and the inlet of personal 
monitors were moved from the breathing zone of the workers to the near field (source) in order to assess 
whether particles are release by the process or the operation and if this release leads to an emission in the 
workplace. 

Most of the tasks monitored involved manufacturing of intermediates or processing composites and inks with 
the amount of material handled ranging from few grams to hundreds of kilograms. Workers were equipped 
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with personal protective equipment such as lab coats, nitrile or latex gloves, safety glasses, and for specific 
operations respirators (FPP3 or half masks with P3 filters and/or organic vapour cartridge).  

The field campaign detailed in ‘Annex E: Preparation and cleaning operations on a pilot plant producing 
alumina-polymer feedstock for powder injection molding’ was performed in the CEA premises on small scale 
equipment. The addition of alumina powder during mixing with polymer pellets releases particles that were 
contained by the extraction arm and no significant amount of particles was measured in the personal breathing 
zone of the workers. This observation corroborates the key findings from the previous section. The 
measurements also showed that cleaning steps are critical since those operations generate large amounts of 
particles over a large size range. Therefore, control measures to mitigate emissions to the workplace air 
should be maintained during cleaning steps although the addition of nanomaterials was stopped. 

Emission and exposure measurements that were carried out at a downstream user of carbon nanotubes in 
Sweden are reported in ‘Annex F: Field measurements of emissions and exposure of CNT’. The nanotubes 
were handled in pure powder form, dispersed in liquid and solidified in a resin as presented earlier. Cutting of 
the CNT-composites yielded high particle concentrations possible CNTs or CNT-containing particles, which 
constitutes as an exposure and possible risk for the employees. 

The ‘Annex H: manufacturing of TiO2 based nanocomposites prepared by melt compounding’ provides 
information on potential release and emissions in industrial settings during extruding, molding and cutting 
steps. It was found that extruding PMMA without nanofillers increases significantly the number concentrations 
given by the CPCs. This significant rise has to be evaluated carefully since it might be due to organic fumes 
and vapours emitted by the process and measured by the CPC. Personal samplers would not allow to 
characterize those species afterwards since they would eventually evaporate under vacuum in the SEM 
instrument. Nevertheless, Tenax sorbent tubes could be used to monitor worker exposure to organic vapours 
and discriminate it from solid particles. The use of graphene and carbon nanotubes as nanofillers are reported 
and showed significant emissions during the process. The observed emissions were assigned mainly to 
condensed organic droplets. 

The textile industry uses nanomaterials to prepare fabrics with specific properties (e.g. soil release, flame 
retardant, antibacterial, UV protect …). Several exposure scenarios were investigated and are reported in the 
‘Annex I: Case studies on textile industry’. Since the components of the process were in liquid state and the 
emission of particle was expected to be low, the instruments were placed as close as possible to the machine 
to evaluate if a dry fabric which was being cut generated higher particle emissions. No significant emission 
compared to background level was observed at any time during the process and filter samples analysed by 
SEM showed dust originating probably from coactivity in the factory or from the atmospheric aerosol (Al, Si, 
Ca, K, Na, Cl, Fe …). The presence of humidity and solvents in the factory participated certainly to the high 
and fluctuating background measured by the CPCs. 

To summarize, the presence of organic vapours coming either from the use of solvents or the heating of 
polymers interfere with the counters and made difficult the interpretation of data relatively to potential emission 
of particles in the workplace. Strategies involving, personal monitors, personal samplers and Tenax sorbent 
tubes should be implemented in the future to discriminate emitted solid particles from condensed droplets of 
organics. In some cases the personal instruments have proven to be superior to stationary devices, e.g., in 
cases of high temporal and spatial variability of the workplace aerosol. 

 

2.4.3 Cleaning and maintenance in production settings 

Cleaning and maintenance activities are transversal over the life cycle and are performed at any stage of the 
production process of nano-enabled products. The risks associated to those activities are similar and 
generalization can be performed over the various cases investigated.  

First of all the engineering controls (extraction arms, capturing hoods, depressurized cabinets …) that were 
implemented during the process should be maintained during cleaning and maintenance steps. If it is not 
possible, then the personal protective equipment of the workers should be adapted in consequence. Even 
though engineered nanomaterials are not handled anymore during those steps, the surfaces of the workplace 
might be contaminated. Therefore, the workers should be protected against dermal exposure by wearing at 
least nitrile or butyl rubber gloves, lab coats and safety glasses. If the use of vacuum cleaner is needed, the 
latter should be HEPA filtered. The use of wet wipes is recommended to decontaminate dirty surfaces. In the 
case of non-routine operations in dusty areas such as non-ventilated technical rooms, the workers should be 
fully protected and ideally measurements should be performed prior to the operation.  

A general comment that could be applied to any stages of the life cycle is that it is important to take many 
notes during field measurements even during cleaning or maintenance steps. It is useful to have more than a 
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single person taking notes in order not to miss an insignificant event from the records that could help at the 
interpretation of the data afterwards. A possibility for event logging in the monitors could be very welcome in 
the future. 

2.4.4 Consumer/ professional use of nanocomposites and nano-enabled products 

Several experiments were conducted in laboratories following standard operating procedures from NANoREG 
D3.3 on simulated approaches to assess potential release from nano-enabled products. Simulated 
approaches could in principle address four classes according to the ENM state: 

- Powders: one of the most direct ways to study the properties of nanomaterial powders and their 
aerosols prior to any field measurements is to conduct aerosolisation and de-agglomeration testing in 
controlled conditions. Dustiness testing in particular allows the determination of dust release (over a 
specific size range and for a specific type and amount of energy) for powdered, granular or pelletized 
industrial materials. This simulated approach was not investigated as part as D3.7 although D3.3 
provided some SOPs on dustiness testing. The NANoREG deliverable which focused on dustiness 
testing was the D3.2. 

- Suspensions: the release of nanomaterials from suspension or colloids was not evaluated as such 
through simulated approaches, but two field measurements allowed the project to get insight of 
possible emissions during the use of commercial dispersion to prepare coatings for instance. The 
annex J (Spraying of nano-TiO2 dispersion in concrete) provides information on the emission of NOAA 
during road surface covering. In this particular case, nano-TiO2 dispersion was sprayed manually in 
outdoor conditions on road pavement. The annex K (Spraying of nano zinc oxide based paint 
formulations) provides information on spraying nano-enabled antifouling paint for boat hulls. 

- Coatings: mild mechanical solicitation and artificial weathering of coatings were performed according 
to D3.3 SOPs using paints containing nanoTiO2 for photocatalytic properties and wood stain 
containing nanoCeO2 as a preservative agent. The corresponding data is reported respectively in 
sections 2.3.1.1. (p11) and 2.3.1.7. (p56). 

- Composites: high energy mechanical processes were applied to several types of composites such as 
polyurethane-based composites containing multiwall carbon nanotubes and cement containing 
nanoTiO2. The simulation experiments were performed according to D3.3 SOPs for sanding. Drilling 
activities was also investigated. The corresponding data is reported respectively in sections 2.3.1.2. 
(p23) and 2.3.1.5. (p48). The cement alteration was assessed in controlled conditions through 
accelerated weathering as described in section 2.3.1.6 (p51)  

Those experiments taught us that particle background was easily controlled during laboratory experiments 
using for instance low background glove box. However, when experiments were performed in outdoor 
conditions, the discrimination of NOAA emitted by the process and the ubiquitous particles coming from the 
general environment poses difficulties. This is particularly the case when the ENMs were composed of 
relatively abundant species such as C, Si or Ti for which even physical-chemical characterization can lead to 
misinterpretation. Therefore, there are still experimental challenges to address specifically the species of 
interest and their speciation. 

The proposed simulated approaches to assess potential release of NOAA from nano-enabled products in 
laboratory conditions allows to save time (and resources) compared to field measurements and consumer 
surveys. The next step will be to promote the standardization of both the release testing and the measurement 
methodology as it is currently the case with dustiness testing.  

Unfortunately, NANoREG partners were not able to assess potential release of NOAA from consumer 
products such as food, cosmetics and healthcare products or sports equipment’s. Nevertheless, tools and 
methods that were reported in NANoREG D3.6 such as tape stripping method or surface swab technique 
would be helpful in future projects to assess consumer exposure through dermal route for example. 

2.4.5 End-of-life of nanocomposites and nano-enabled products 

Simulated approaches allow to get insight on potential release, time and space dependent transformation, fate 
and behaviour of nano-enabled product along their whole life cycle. Those approaches are particularly useful 
since they allow through laboratory experiments to simulate processes that would take place over long period 
of time outdoor, in accelerated and controlled conditions indoor. Several experiments were thus conducted in 
laboratories following standard operating procedures from NANoREG D3.3 to assess potential release from 
nano-enabled products. The following case studies were investigated: 
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- Waste electrical and electronic equipment (WEEE): Responsible end-of-life management of electronic 
waste is of prime importance in order to prevent risks to both human and the environment. Moreover, 
when WEEE are handled with care, recycling allows for valuable materials to be recovered and could 
generate substantial gain over time. Simulated approaches and field measurements were conducted 
on two case studies: a) Li-ion batteries and b) Silicon wafers and computer chips. Li-ion batteries 
relies on several technologies, in particular the electrodes could be made either of graphite or of 
nanomaterials such as vapour-grown carbon fibres, conductive carbon black and LiFePO4 powders. 
The end-of-life of those materials was investigated through a series of shredding and incineration 
experiments. The corresponding data is reported respectively in sections 2.3.1.3. (p25) and 2.3.1.4. 
(p41). Shredding of confidential silicon wafer and electronic chips were monitored outdoor in 
microelectronic industrial settings in France and the corresponding data is reported in Annex C (End of 
life of Si wafers). 

- Construction material: The release of nanomaterials from structural materials, façade glasses and 
coatings occurs over the years through aging, weathering and lixiviation processes. It is 
experimentally difficult to detect and trace minute amounts that leaks out of construction material since 
they are usually ubiquitous compounds (Si, Ca, Ti …) and their release rate is expected to be low but 
over a long period of time which eventually makes it significant. Therefore, simulation approaches are 
interesting in order to increase the body of knowledge where current data is scarce. Alteration of nano-
enabled cement, paint and wood stain was evaluated in climatic chamber and the corresponding data 
is reported respectively in sections 2.3.1.6 (p51), 2.3.1.1 (p11) and 2.3.1.7 (p56). 

Environmental exposure data is scare and the project contributed moderately to this issue. However, the 
standard operating procedures that allow to perform accelerated aging and weathering are useful to get insight 
on the potential release of NOAA and to promote safer-by-design approaches for next generation materials. 

A serious issue, with regards to the WEEE treatment, is lack of knowledge on the products to be recycled. In 
particular, workers that are handling WEEE might not be aware of the presence of ENMs and trained 
appropriately to handle such materials. Therefore, we would recommend in the future to increase the research 
activities related to the end-of-life of nano-enabled products in order to promote the recycling of such products, 
good practices and effective risk minimization procedures in terms of potential Environmental, Safety and 
Health issues at workplace. Those good practices, guidelines and training procedure to manage risks 
appropriately would participate to safer use (and reuse) of nano-enabled products in Europe.  
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2.5 Evaluation and conclusions 

The undertaken actions in tasks 3.2 and 3.3 that led to this deliverable D3.7 generated key findings that are 
described as follows. 

a. First of all, both the simulated approaches performed in controlled conditions and the field 
measurements performed in academic and industrial settings participated to an increased 
understanding of the processes undertaken along the life cycle of nano-enabled products and the 
potential emissions of airborne NOAA that could lead to occupation, consumer and environmental 
exposure.  

The experiments on simulated approaches showed they were effective in terms of simulating 
processes that occurs in complex environments (background issues, low release rates, parameter 
control …). They allow to get insight on potential release, time and space dependent transformation, 
fate and behaviour of nano-enabled product along their whole life cycle. Those approaches are 
particularly useful since they allow through laboratory experiments to simulate processes that would 
take place over long period of time outdoor, in accelerated and controlled conditions indoor. Those 
approaches participate in saving time and resources compared to field measurements and consumer 
surveys. Experimental work showed that simulated approaches were able to address four classes 
according to the ENM state such as: 

 Powders (e.g. dustiness testing) 
 Suspensions (e.g. washing, sonication, spraying) 
 Coatings (e.g. mild abrasion process, sanding, weathering …) 
 Composites (e.g. cutting, sawing, grinding, drilling, milling, shredding …) 

The data gathered from field measurement campaigns were obtained from real workplace 
conditions with the difficulties associated to the presence of background aerosol, multiple aerosol 
sources resulting from coactivity and airflow turbulences. Most of the tasks monitored involved 
manufacturing processes or handling powders with the amount of material handled ranging from few 
grams to hundreds of kilograms. The exposure scenario related to the ENM synthesis showed in most 
of the cases some degree of containment. In most of the investigated exposure scenarios, workers 
were equipped with appropriate and effective personal protective equipment. The most critical 
activities that require special attention under normal operating conditions are the following:  

 Weighing, transferring and mixing operations when ENMs are manipulated in powdered, 
granular or pelletized form 

 Manufacturing intermediates  
 Cleaning and maintenance activities 
 End-of-life treatments and recycling processes 

The production is usually performed under full containment and possible release of particles occurs 
usually prior or at the end of the production process when dry materials are handled. From the 
measurements, those critical activities are short in time (<15min) and consequently it was observed 
that short-term release of nanomaterials took place during those operations. The emitted particles in 
the workplace air were generally agglomerated to larger particles than the pristine ones except for 
some materials such as graphene. 

Operations such as mixing, melting, lacquering, printing or extruding nanocomposites might emit 
NOAAs but also vapours of chemical compounds. Consequently, the presence of organic vapours 
coming either from the use of solvents or the heating of polymers interfere with the counters (CPCs 
mostly) and made difficult the interpretation of data relatively to potential emission of particles in the 
workplace. Strategies involving, personal monitors, personal samplers and Tenax sorbent tubes 
should be implemented in the future to discriminate emitted solid particles from condensed droplets of 
organics.  

Cleaning and maintenance activities are transversal over the life cycle and are performed at any stage 
of the production process of nano-enabled products. Those activities are the most critical steps since 
workers have to handle spilled dry materials. In that regard, D3.1 should be revised (i.e. Ranking of 
addressed exposure scenarios) by providing a higher score to cleaning and maintenance steps. A 
recommendation would be at least to perform this type of activity under local exhaustive ventilation so 
that a limited amount of particles could be emitted in the indoor air and also to promote the use of wet 
wipes instead of sweeping brush or regular vacuum cleaner. 

Finally, a serious issue, with regards to the waste treatment, is lack of knowledge on the products to 
be recycled. In particular, workers that are handling WEEE might not be aware of the presence of 
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ENMs and trained appropriately to handle such materials. Therefore, we would recommend in the 
future to increase the research activities related to the end-of-life of nano-enabled products in order to 
promote the recycling of such products, good practices and effective risk minimization procedures in 
terms of potential Environmental, Safety and Health issues at workplace. Those good practices, 
guidelines and training procedure to manage risks appropriately would participate to safer use (and 
reuse) of nano-enabled products in Europe.  

 

b. There are still some experimental challenges that remains for which future projects should 
contribute to.  In the workplaces visited, the following reasons rendered the measurement of ENMs 
emissions difficult: 

 Substantial spatial and temporal variation of background levels of ultrafine particles. 
Industrial and traffic emission of ultrafine particles contributed to this background. 

 High background levels of ultrafine particles (e.g. originating from solvents or coactivities) 
that might hide low concentration leaks using only personal monitors or handheld CPCs 

 Low emission concentration from the tasks monitored 

Indeed, workers are constantly exposed to varying concentration of both sub and super micrometer 
particles. This background exposure arises either from ubiquitous sources of particles in the general 
environment or from unforeseen secondary sources or coactivity. Therefore it is of prime importance 
that this background particle concentration be accounted for when characterizing the emission of 
particles and assessing exposure to ENMs in occupational settings. Mean particle number 
concentrations measured at emission points showed that in some cases they were in the same order 
of magnitude as that of the particle background concentration and consequently the assessment was 
inconclusive. Several possibilities exists such as spatial and/or temporal compensation of the 
background or specific measurement of only the ENM in question with direct discrimination of the 
background (e.g. chemical or morphological speciation). 

The measurement strategy to characterize peak concentration values across a wide range of sizes 
relatively to the particle background by moving the sampling point of stationary instruments or the inlet 
of personal devices from the source to the personal breathing zone of workers is a practical screening 
indicator of when a process may require control of particle emission. This strategy overcomes partly 
issues with background particle concentration variation.  

The chemical speciation for instance would allow to investigate whether during an occupational, 
consumer or environmental exposure occurs the measured particle are the original, pristine ENMs, or 
more likely the ENMs that have been incorporated into products, released, aged and transformed.  

 

c. The exposure assessment strategy should be adapted to pilot lines and small businesses (i.e. 
practical and affordable) in order to allow them to measure potential airborne emissions of ENMs at 
workplace. It seems that SMEs would gain to have easy-to-follow guideline and procedure to conduct 
measurements but also to implement efficient control measures. Short-term exposure monitoring 
should be promoted. Personal monitors and personal samplers could be used in a Tier 2 assessment 
which is particularly adapted for this purpose. Affordable and easy-to-use devices that were described 
in D3.6 will most likely be used for field measurements as “doubt removal” tools. Nevertheless, if very 
short activities are to be investigated, a conflict between monitoring and sampling might occur, as 
limits of detection of certain analytical methods may require longer sampling times than monitoring 
periods. 

Many factors should be considered for the positioning of the static instruments for near field, far field 
and/or background measurements. In particular air flows and especially their 3 dimensional direction 
need to be determined during scoping visit using anemometer for instance. 

The measurement methodology should be defined in regard of possible future occupational exposure 
limits for ENMs. For instance, while real-time instruments provide more time resolved information that 
has to be processed and analysed, samplers directly provides a single value which can be more easily 
used in worker medical files or future epidemiological studies. The ‘best’ measurement methodology is 
a prerequisite for future regulations. 

 

d. Based on the increased body of knowledge on occupational exposure and on the improved 
measurement methodology, good practices and effective risk minimization procedures are 
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promoted to deal with potential Environmental, Safety and Health issues at workplace. Those good 
practices and guidelines to manage risks are also the prerequisite to future regulation. 

 

A validated exposure assessment strategy is beneficial to both industry and regulators. Task T3.3 aimed to 
follow and test the OECD tiered approach in order to identify and overcome shortcomings and to improve the 
overall harmonized tiered approach to measure and assess the potential airborne emissions of engineered 
nano-objects and their agglomerates and aggregates at workplaces. Consequently, the following advices on 
NOAA exposure assessment were gathered during the project and could be used as tips along with the 
implementation of the Tiered approach: 

- The assessment of workplace nanomaterial emissions and the subsequent potential occupational 
exposure involves characterising temporal and spatial particle number concentration, lung deposited 
surface area concentration and/or mass concentration when evaluating emission sources, exposure of 
operators in their personal breathing zone, incidental and background particles, and effectiveness of 
particle emission controls. Using several portable or at least hand-held, real-time instruments covering 
a size range from nanometres to several micrometers was a practical approach to assess short-term 
emission from processes. However, real-time instruments do not yet provide chemical or 
morphological information on the particles and hence it was necessary to assess these air samples 
using a posteriori analysis. Personal samplers and tape stripping techniques that were described in 
D3.6 are well fitted for this purpose.  

- Besides outdoor particles, there are three types of particles that workers can be exposed to as a result 
of processes involving ENMs; a) engineered nanomaterials emitted from the process b) ENMs 
originating form coactivity in the premises and c) incidental NOAA resulting from operation of the 
process machines. Any exposure causes a particle type and size dependent dose. For a better 
distinction, not only particle number or mass concentrations are to be determined but the ENM dose 
must be differentiated by identity and origin. It is therefore necessary to differentiate between the three 
types of particles and physical-chemical characterization of the collected material is recommended (off 
line analysis by electron microscopy and energy dispersive x-ray spectrometry, laser-induced 
breakdown spectroscopy, x-ray fluorescence or Raman spectroscopy). This way information can be 
generated that is necessary to distinguish manufactured nanoparticle form those originating by 
secondary sources or with natural or anthropogenic origin like combustion and road traffic. 

- The assessment results for each tier are used to assess whether emissions and exposures are 
controlled effectively and hence for decision making about controls used. It may not be necessary to 
utilize all three tiers. Tier one assessment alone, or Tier one plus Tier two assessments may be 
sufficient particularly for SMEs and small scale production lines. One has to define prior the start of the 
campaign whether short and task-based exposures are to be determined or if shift averages are 
required. If the latter is needed, the highly time resolved dataset of online counters, granulometers and 
personal monitors can be drastically reduced to be handled more easily. 

- The Tier two assessment process is design to be relatively simple to implement and as such does not 
requires off-line particle analysis although a simple screening using for instance x-ray fluorescence 
spectroscopy along with personal samplers could provide insightful information.  

 

Finally, from the scoping visits and measurement performed in various workplaces, we would recommend as 
an ideal case to work with ENMs a facility with air conditioning and dedicated local exhaust ventilation and with 
no or limited coactivity. Containment systems should be recommended on the basis of the background 
corrected number based concentrations, considering the use of a capturing hood for low release rates, and a 
total enclosure for high levels emissions. Total enclosure or partial enclosures such as fume cupboards are 
reasonably practicable (and affordable for SMEs) for many operations with ENMs, including production, 
powder weighing and manufacturing of intermediates. Storage of nanomaterials should also be performed in 
identified containers and in ventilated cabinets. Cleaning and maintenance activities should be performed with 
high care under local exhaust ventilation using preferably wet wipes and appropriate personal protective 
equipment. 

 

2.5.1 Forecast, contribution to questions and needs 

Along with Task 3.2, new data coming from scenario based simulations (to estimating release of nanoparticles 
from powders and NPs in matrices) and field studies were gathered. The analysis of this data allowed testing 
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tools, method and instruments but also provided greater understanding in the linkage between determinants 
and exposure (Q11) and supported the development and validation of improved models (Q12). 

A validated exposure assessment strategy is beneficial to both industry and regulators. Task T3.3 aimed to 
follow and test the OECD tiered approach in order to identify and overcome shortcomings and to improve the 
overall harmonized tiered approach to measure and assess the potential airborne emissions of engineered 
nano-objects and their agglomerates and aggregates at workplaces (Q12). Based on the body of knowledge 
generated during field measurements, advices on NOAA exposure assessment were gathered during the 
project and could be used as tips along with the implementation of the Tiered approach. 

The impact of the work being done in this task is beneficial to other tasks and subtasks in NANoREG 
(particularly to the tasks 3.4 and 3.5 in which the exposure data generated enable the validation of models and 
risk management measures), ProSafe, other EU projects and beyond. The impact of this task will also be 
beneficial to the scientific community, regulators and stakeholders outside of the project since there is a strong 
need to reach consensus on tools and methods to assess exposure in practice along the whole value chain 
(workplace, consumer and environment). This deliverable contributes to answer regulatory questions by 
providing means and advices to assess occupational, consumer and environmental exposure. In particular, 
information on the instruments, tools, methods, and exposure assessment strategies will allow regulators and 
industry to make appropriate choices to implement efficiently harmonized approaches for specific exposure 
situations. 

 

2.6 Data management 

 

Experiments and field measurements were followed according to Standard Operating Procedures that were 
developed in tasks 3.2 and 3.3 and uploaded to CIRCABC Library > C-NANoREG results > NANoREG 
developed_improved SOPs and Methods > WP3 developed_improved SOPs and Methods. Moreover, those 
SOPs are reported in the NANoREG toolbox. 

Data generated during field measurements and simulated approaches are reported in the present document 
and in annexes. Field measurements datasets were entered by organizing the necessary information including 
contextual information within Excel templates adapted to the NECID database. It is worth remembering that it 
was decided by the NANOREG MC that exposure dataset will not be included within the NANOREG database. 
However datasets are temporarily stored at the CEA (using a local NECID database) and can be available 
upon request. 

 

3 Deviations from the work plan 
 

The deliverable 3.7 entitled “Improved data on specific scenarios” was initially due by December, 2016 and the 
lead beneficiary was VN (41). Due to various issues concerning VN (41), it has been decided in November 
2015 that CEA (23) with the assistance of IOM (9) will take over the responsibility of D3.7. 

The activities conducted during the period were discussed regularly during the general assembly meetings, 
dedicated WP3 meetings and through regular conference calls organized by WP3 partners. Technical 
activities within task 3.3 proceeded according to the timing planned initially with an objective to finalize field 
measurements by the end of 2015 which was the case. The Value Chain Case Study on the Li-ion batteries 
(shredding and incineration) was however added in 2016. An addition, a delay was observed to deliver on time 
D3.7 in order to process and discuss the generated data. A WP3 meeting was scheduled for that purpose on 
the 30th and 31st of March 2016. It shall be noted that the delay should not affect the review of NANoREG 
deliverables by the PROSAFE Task force in preparation of the OECD meeting in November since several draft 
of the deliverable 3.7 were distributed to WP3 and the project office during the year 2016. 

Difficulty in obtaining field measurement data for occupational exposures and an (almost complete) lack of 
data for consumer exposure) was problematic, NANoREG encountered similar difficulties than other projects 
in gaining access to access to sites to collect this data. This suggests that other approaches need to be 
considered to facilitate collection of this critical data for the future. Nevertheless, a total of twenty field 
measurements provided a significant amount of data and improved information on occupational exposure to fill 
some of the identified knowledge gaps and to support regulation.  
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Annex A: Lithium battery pilot production line (C-based ENMs) - CEA 
 

This chapter concerns the Li-ion batteries case study (VCCS) where measurements took place on the 
batteries platform of the CEA Grenoble site. It is a pilot line operated by CEA and its industrial partners. We 
focused our attention on the early stage of the production process where dry carbon-based powders are 
handled. Consequently, this report presents the results obtained on the OLSA workstation during a Tier 3 field 
measurement campaign where ink formulation for electrodes of batteries were prepared. 

The measurement campaign was focused on the identification, characterization and assessment of a possible 
unintended re-suspension of aerosols, notably their nanometric size fraction during two operations: the 
weighing phase under exhaust ventilation and the ink formulation in OLSA reactor. 

 

A-1. Measurement strategy 
Whenever possible the instruments described in the section below are mounted on two mobile carts to 
facilitate device transport in the working place as depicted in Figure 120. Samplings at the different 
points/areas likely to present airborne particles are carried out through a stainless steel sampling probe. The 
measuring devices are connected to this probe, except for a separate counter dedicated to background 
aerosol monitoring. The air flow in the sampling probe is generated by the vane pump of the FMPS. 

 
Figure 120. Measurement devices on mobile carts. 

 

A-2. Equipment used 
A measurement campaign is intended to identify, characterize and assess nanosize and microsize aerosols 
which may be generated either intentionally or unintentionally during the work phases (studied size range: 
5 nm – 20 μm). Nanosize aerosol measurements are a recent process. At present no consensus has been 
reached on the most representative unit of measurement to assess exposure at work. Likewise no specific 
instrument alone is capable of collecting all parameters. Consequently these experts' analyses call for several 
equipment items detailed in the following sections. 

A-2.1. CPC GRIMM 

Description: Condensation Particle Counter ; Quantity: 2 

Classification method: not applicable 

Counting method: condensation nucleus 

Measuring range: 

 Concentration: ca. 0 to 107 p/cm3 

 Size: 3 to 3,000 nm 

Sampling rate: 0.3 L/min 

The CPC is permanently used for its measurement rate and sensitivity, both as 
regards particle size and number. The combination of two CPCs allows the influence 
of the background aerosol at the workstation to be assessed.  The resulting values 
are particle concentrations versus time, in the measuring range of the device. 

.  

CPC 5416 (GRIMM) 
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A-2.2. NSAM 

Description: Nanometer Surface Area Monitor ; Quantity: 1 

Classification method: electric charge 

Counting method: electric charge 

Measuring range: 

 Concentration: 0 to 10,000 μm²/cm3 (alveoli) ; 0 to 2,500 μm²/cm3 
(tracheobronchial) 

 Size: 10 to 1,000 nm 

Sampling rate: 2.5 L/min 

A specific feature of the NSAM is to provide the surface area of particles deposited 
on the alveolar and tracheobronchial respiratory floors. However the two 
measurements cannot be done simultaneously. 

 
NSAM (TSI) 

A-2.3. FMPS 

Description: Fast Mobility Particle Sizer ; Quantity: 1 

Classification method: electric mobility 

Counting method: electric charge 

Measuring range: 

 Concentration: NC in brochures  

 Size: from 6 to 500 nm 

Sampling rate: 10 L/min 

The FMPS provides real-time nanosize distribution on a scale from 6 to 500 nm. Its 
main advantage is response time with a spectrum updated every second. 
Consequently, it should be used for quick event research. Its main drawback is low 
sensitivity. 

The FMPS displays results under different forms: 

 Concentration ( p/cm3) versus time,  

 Spectrum at a given point in time. The values are then displayed in 
standardized concentrations dN/d(logDp) per channel. The abscissa axis 
corresponds to particle diameter in logarithmic scale. The ordinate axis corresponds 
to particle number in the channel, divided by channel width (Log ømax - Log ømin). This 
unit is a "display trick" allowing similar bar widths to be obtained on the graph chart. 
Failing this, small size channels (a few tens of nanometers wide) would barely be 
visible whereas large size channels (several μm wide) would be disproportionately 
large. This representation also allows comparisons between size distributions from 
different devices. 

 A graph with time in abscissa and particle diameter log in ordinate. The 
concentration for each particle size is represented by a color code: blue for the 
lowest concentrations to red for the highest. The unit is in standardized concentration 
dN/d(logDp) per channel. 

 
FMPS (TSI) 

A-2.4. Fidas 

Description: Mobile Fidas ; Quantity: 1 

Classification method: optical 

Counting method: optical 

Measuring range: 

 Concentration: 1 to 2.104 p/cm3  
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 Mass: 0.1 to 1.5 103 μg/m3 

 Size: 0.18 μm to 18 μm 

Sampling rate: 1.4 L/min 

The Fidas is used to obtain micrometric particle size distribution. It also provides 
information on particle mass and concentration for the breathable, thoracic and 
alveolar fractions in an aerosol (PM1, PM2.5 and PM10). 

FIDAS (PALAS) 

A-3. Characterization of the weighing phase 
A-3.1. Workstation description 
Figure 121 shows the work zone installation for the weighing workstation characterization. Weighing 
operations occurred under exhaust ventilation using as CPE. Two powders (VGCF and super C65) were 
weighed and mixed with NMP. These mixtures were pouring into the formulation tank. 

 
Figure 121. Workstation installation weighing zone under exhaust ventilation; aerosol background 

measurement and source (1) and operator breathing zone (2) measurement. 
 

Personal protective equipment (PPE) worn by the operator during handling: 

 nitrile gloves, 

 non-woven fabric worksuit, 

 disposable headwear, 

 disposable forearm, 

 a respiratory protection mask for organic solvent, 

 safety glasses. 

The first phase consists of mixing VGCF and NMP. Both products are weighed under exhaust ventilation. 
Then, after homogenization, the mixture is poured into the formulation tank, see Figure 113. It took place from 
02:09 pm to 02:23 pm and ended with a cleaning phase the weigh zone with ethanol before replacing VGCF 
pot in a specific storage space. The second phase consists of mixing Super C65 and NMP. As for the first 
phase, both products are weighed in the exhaust ventilation. Then after homogenization, the mixture is poured 
into the formulation tank. It took place from 02h25 pm to 02h43 pm and ends with a cleaning phase with 
ethanol of the weigh zone before replacing NMP and Super C65 pots in specific storage space. The 
formulation tank with the two mixtures is protected by a film (avoid the solvent vapor) then it is moved to OLSA 
workstation.  

 

A-3.2. Measurement results 
Figure 122 shows the evolution in particle concentration measured by CPCs at the workstation (red curve) and 
in the background aerosol (blue curve) for the two phases (VGCF/NMP mixture and Super C65/NMP mixture). 
In the both cases, two measurements points had been done: one near the source (in the exhaust ventilation 
between the powder pot and the weigh zone, dot 1-Figure 113) and another at the operator respiratory tract 
level (dot 2 -Figure 113). 
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The aerosol background measurement was performed and the particle concentration was ca 800 p/cm3. 

In the first phase – VGCF and NMP mixture preparation – no significant rise in concentration was recorded by 
the CPC (workstation CPC measurement compared to aerosol background CPC measurement) for the two 
measurements points (in the exhaust ventilation and at the operator respiratory tract level). 

In the second phase – Super C65 and NMP mixture preparation – when measurement occurred next to the 
weigh zone, in the exhaust ventilation, the particle concentration evolution shows a maximum rise of 
700p/cm3.  The Super C65 powder is quite volatile; when it is poured we see some black fumaroles. To the 
contrary, no significant rise in concentration was recorded by the CPC at the operator respiratory tract level. 
The exhaust ventilation filled in its CPE role.   

 
Figure 122. Particles concentration evolution during the weighing phase recorded by CPC: 

background (blue curve) and workstation (red curve). 
 

At the same time, Fidas is recording the PM evolution (Particle Matter) as shown on Figure 123. 

In the first phase, a PM10 rise is recorded connect to a small PM2.5 variation when VGCF powder is poured. 
This shows that the aerosol emitted is mainly composed of submicronic and micronic particles. 

In the second phase, a PM1 rise is also recorded during the Super C65 weighing. This rise is also recorded by 
CPC and Fidas. Aerosols generated during the super C65 pouring seem to integrate a nanometric and 
submicronic fraction this had to be confirming with FMPS. 

 
Figure 123. PM evolution recorded Fidas during the weighing phase: PM1 (green curve), 

PM2.5 (red curve) and PM10 (grey curve). 
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The granulometric size distribution recorded by FMPS during Super C65 pouring is centered at 143 nm, Figure 
124b. The distribution around 10 nm seems to be linked to the aerosol background (see Figure 124a). 

a b 

Figure 124. Size distribution recorded by FMPS (a) aerosol background and (b) Super C65 weighing. 

Aerosols emitted during the Super C65 weighing seem to be composed of submicronic particles (diameters 
higher to 100 nm done by FMPS, Figure 124). 

To sum up, particles re-suspension is shown during the powder handling (source measurement), nevertheless 
the exhaust play the CPE role with a good confinement of the generated aerosol (non-significant 
measurement at the operator respiratory tract).  

 

A-4. Characterization at OLSA workstation 
A-4.1. Workstation description 
Figure 125 describes the OLSA installation for the workstation characterization. The reactor is in a dedicate 
room where the hydrometric level is controlled. The installation is composed by a reactor where all the 
previous mixture weighed are put, a specific LFP transfer tank and a weighing zone for the LFP preparation. 
We noted the presence of a mobile exhaust, playing CPE role, near the workstation. 

 
Figure 125. Scheme of OLSA workstation. 

 

Figure 126a shows the ink formulation reactor and the mobile exhaust. Figure 126b shows the LFP weighing 
zone and the LFP transfer tank.  
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a b 

Figure 126. Presentation of the ink formulation tank and the LFP weighing and transfer zone. 

 

A-4.2. Additive addition and LFP transfer operations  
Personal protective equipment (PPE) worm by the operator during handling: 

 nitrile gloves, 
 non-woven fabric worksuit, 
 disposable headwear, 
 disposable forearm, 
 a FFP3 respiratory protection mask, 
 safety glasses. 

In the first phase, polyvinyle additive is poured into the ink formulation tank with a funnel. It took place from 
03:20 pm to 05:27 pm (source measurement, Figure 127) and ended while removing the funnel and closing 
the valve. Then, NMP is injected automatically in the tank between 03:28 pm and 03:31 pm. To avoid tank 
overpressure, an air exhaust is opened during all the injection, so the measurement occurs at exhaust level to 
characterize potential transfer from the tank to the laboratory. Then, the mixture is homogenized in hermetic 
condition. The tank is opened between 03:57 pm to 04:01 pm to check the mixture; measurement is done too 
to characterize potential transfer from the tank to the laboratory. 

 
Figure 127. Additive transfer into the ink formulation tank via a funnel. 

 

In a second phase, LFP bags are weighed then poured into the transfer tank. It took place between 04:20 and 
04:37 pm. Four bags are weighed then poured directly into the transfer tank. When the bags are empty, they 
are weighed again to know the exact mass on LFP poured into the transfer tank. The LFP excess is removed 
with a specific spoon, weighed then thrown in nano trash can. During the whole operation, the local exhaust 
system is put up over the transfer tank. First bag is poured at 04:22 pm, the second at 04:24 pm, third one at 
04:26 pm and the fourth at 04:28 pm. The LFP excess is removed between 04:31 pm and 04:37 pm. 

Ink formulation 
reactor 

LFP weighing zone 

Local exhaust 
system LFP transfert tank 
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a b c 

Figure 128. LFP weighing and transfer in transfer tank. 

 

The LFP injection into the ink formulation tank, by aspiration, and also the cleaning phase with alcohol and 
tissues, are not studied in the measurement campaign (previous campaign done in February 2015 did not 
highlight aerosol generation during those phases). 

 

A-4.3. Measurements results 
Measurement results are separated in two main phases to under-light the different phenomenon observed: 

 Phase 1: additive addition, 
 Phase 2: LFP preparation in the transfer tank. 

 

A-4.3.1. Phase 1: Additive addition  

Figure 129 shows the particle concentration evolution recorded by CPCs at workstation level (red curve) and 
for the aerosol background (blue curve) during the additive addition.  

 
Figure 129. Particles concentration evolution during the additive addition phase 
recorded by CPC: background (blue curve) and workstation (red curve).  

 

No significant rise of the particle concentration is recorded during the additive addition. Moreover, no 
significant rises are also recorded when measurements are done at exhaust level during NMP injection and 
also during ink formulation tank opening.  

In the same time, Fidas has recorded the PM evolution (Particle Matter) (see Figure 130).  
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A PM10 rise is recorded, connected to a small PM2.5 variation, when additive is poured via a funnel into the 
tank. This shows that the aerosol emitted is mainly composed of submicronic and micronic particles. The two 
other operation (NMP injection and tank opening) do not show any PM evolution. 

 

 
Figure 130. PM evolution recorded Fidas during the additive addition phase: PM1 

(green curve), PM2.5 (red curve) and PM10 (grey curve). 
The size distribution recorded by Fidas (Figure 131) during addition under-light the first conclusion with a rise 
of the particle numbers showing diameters higher than 10 μm. Aerosol generated during additive addition is 
mainly composed of micronic and submicronic particles.  

 
Figure 131. Size distribution recorded by Fidas during additive addition (red curve) 

compared to granulometric size distribution obtained background aerosol (blue curve). 
 

A-4.3.2. LFP preparation in the transfer tank 

Figure 132 shows the particle concentration evolution recorded by CPCs at workstation level (red curve) and 
for the aerosol background (blue curve) during the LFP preparation in the transfer tank.  
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Figure 132. Particles concentration evolution during the LFP preparation phase 

recorded by CPC: background (blue curve) and workstation (red curve). 
 
Two measurements points had been done: one near the source (at transfer tank level during LFP pouring – 
red zone) and at operator respiratory tract level (blue zone). The aerosol background measurement was 
performed and the particle concentration was ca 800 p/cm3. A maximum rise of 11,000 p/cm3 (compared to 
the aerosol background) is recorded when the measurement is done near the source during LFP pouring. At 
operator respiratory tract level, some brief rises around 1,800 p/cm3 are also recorded during this operation. 
No significant rise is recorded during the last phase, which consists in removal of LFP excess. In parallel, CPC 
raised are linked to PM evolution (recorded by Fidas, Figure 133) during LFP pouring. PM evolution are higher 
when measurement is done near the source than when it is done at operator respiratory tract level. No 
significant PM evolution is shown during the last phase, which consists in removal of LFP excess.  

 

 

Figure 133. PM evolution recorded Fidas during the LFP preparation 
phase: PM1 (green curve), PM2.5 (red curve) and PM10 (grey curve). 

Figure 134.Size distribution recorded by Fidas 
during LFP pouring (red curve) compared to size 
distribution obtained background aerosol (blue 

curve). 

 

Size distribution recorded by Fidas shows that the aerosol generated during the LFP pouring is mainly 
composed by micronic and submicronic particles (see Figure 134). 

 

A-5. Physical-chemical characterization of the samples 
The particle deposit on filter is good enough. Observation reveals three different behaviors: 

 aggregates/agglomerates submicronic particles (see Figure 135 ; EDX 1). 
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 aggregates/agglomerates nanometric particles (see Figure 136 ; EDX 1). 
 isolated nanometric particles (see Figure 137 ; EDX 2). 

 

   
Figure 135. SEM image of the filter 

under 20k magnification. 
Figure 136. SEM image of the filter 

under 100k magnification. 
Figure 137. SEM image of the filter 

under 300k magnification. 
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EDX 1: aggregates/agglomerates submicronic and nanometric particles  

  
Figure 138. Particles on filter (Point 1 : carbon, iron, phosphorus, Point 2 : aluminium membrane). EDX spectra: 

Comparison between point 1 (green plot) and 2 (red graph). 
The EDX analysis indicated that aggregates/agglomerates submicronic particles contain carbon, iron and 
phosphorus (Figure 138). 

 

EDX2 : isolated nanometric particles 

  
Figure 139. Particles on filter (Point 1 : carbon, iron, phosphorus, Point 2 : aluminium membrane). EDX 

spectra : comparison between point 1 (green plot) and 2 (red graph). 
The EDX analysis indicated that isolated nanometric particles contain carbon, iron and phosphorus (Figure 
139). 

 

A-6. Conclusion 
This workstation study shows that the aerosol particle emission depends either on handled product and 
human factor (operator). A focus is done on three different phases of ink formulation to highlight the different 
behavior.  

First part, mixture preparation, occurring in an annex laboratory, seems to generate an aerosol containing a 
nanometric fraction. This operation is done under exhaust ventilation, playing its CPE role, which secures the 
aerosol containment. No elevation has been recorded at the operator respiratory tract level.  

In the second part, two phases have been studied: first during the additive addition and the second during the 
LFP preparation in the transfer tank. For the first phase, the aerosol during the additive addition is mainly 
composed of micronic and submicronic particles. No aerosol transfer (from the ink formulation tank to the 
laboratory) has been recorded when the exhaust valve or tank are open.  For the second phase, consisting in 
LFP pouring into the transfer tank, some brief elevation has been recorded at source level, ca. 11.000 p/cm3, 
and also at the operator respiratory tract level, ca. 1.800 p/cm3. To be noted: an aggregation/agglomeration 
may have occurred during the LFP pouring, this could induce the submicronic/micronic particles emission. 

For all steps described, PPE seem to be complete and adequate. 
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Annex B: SME manufacturing ceramics (Al2O3, ZrO2 Fe2O3) - CEA 
 

This chapter concerns the occupational exposure measurements performed on three workstation of an SME 
located in France. 

The measurement campaign was focused on the identification, characterization and assessment of a possible 
unintended re-suspension of aerosols, notably their nanometric size fraction during several operations: 
“opening furnace”, “opening oven” and “manipulation under Hood” workstations. 

B-1. Measurement strategy 
Whenever possible the instruments described in the section below are mounted on two mobile carts to 
facilitate device transport in the working place as depicted in Figure 140.  

Samplings at the different points/areas likely to present airborne particles are carried out through a stainless 
steel sampling probe. The measuring devices are connected to this probe, except for a separate counter 
dedicated to background aerosol monitoring. The air flow in the sampling probe is generated by the vane 
pump of the FMPS. 

 
Figure 140. Measurement devices on mobile carts 

B-2. Equipment used 
A measurement campaign is intended to identify, characterize and assess nanosize and microsize aerosols 
which may be generated either intentionally or not during the work phases (studied size range: 5 nm – 20 μm). 
Nanosize aerosol measurements are a recent process. At present no consensus has been reached on the 
most representative unit of measurement to assess exposure at work. Likewise no specific instrument alone is 
capable of collecting all parameters. Consequently these experts' analyses call for several equipment items 
detailed in the following sections. 

B-2.1. CPC GRIMM 

Description: Condensation Particle Counter ; Quantity: 2 

Classification method: not applicable 

Counting method: condensation nucleus 

Measuring range: 

 Concentration: ca. 0 to 107 p/cm3 

 Size: 3 to 3,000 nm 

Sampling rate: 0.3 L/min 

The CPC is permanently used for its measurement rate and sensitivity, both as 
regards particle size and number. The combination of two CPCs allows the influence 
of the background aerosol at the workstation to be assessed.  The resulting values 
are particle concentrations versus time, in the measuring range of the device. 

.  

CPC 5416 (GRIMM) 

B-2.2. NSAM 
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Description: Nanometer Surface Area Monitor ; Quantity: 1 

Classification method: electric charge 

Counting method: electric charge 

Measuring range: 

 Concentration: 0 to 10,000 μm²/cm3 (alveoli) ; 0 to 2,500 μm²/cm3 
(tracheobronchial) 

 Size: 10 to 1,000 nm 

Sampling rate: 2.5 L/min 

A specific feature of the NSAM is to provide the surface area of particles deposited 
on the alveolar and tracheobronchial respiratory floors. However the two 
measurements cannot be done simultaneously. 

 
NSAM (TSI) 

B-2.3. FMPS 

Description: Fast Mobility Particle Sizer ; Quantity: 1 

Classification method: electric mobility 

Counting method: electric charge 

Measuring range: 

 Concentration: NC in brochures  

 Size: from 6 to 500 nm 

Sampling rate: 10 L/min 

The FMPS provides real-time nanosize distribution on a scale from 6 to 500 nm. Its 
main advantage is response time with a spectrum updated every second. 
Consequently, it should be used for quick event research. Its main drawback is low 
sensitivity. 

The FMPS displays results under different forms: 

 Concentration ( p/cm3) versus time,  

 Spectrum at a given point in time. The values are then displayed in 
standardized concentrations dN/d(logDp) per channel. The abscissa axis 
corresponds to particle diameter in logarithmic scale. The ordinate axis corresponds 
to particle number in the channel, divided by channel width (Log ømax - Log ømin). This 
unit is a "display trick" allowing similar bar widths to be obtained on the graph chart. 
Failing this, small size channels (a few tens of nanometers wide) would barely be 
visible whereas large size channels (several μm wide) would be disproportionately 
large. This representation also allows comparisons between size distributions from 
different devices. 

 A graph with time in abscissa and particle diameter log in ordinate. The 
concentration for each particle size is represented by a color code: blue for the 
lowest concentrations to red for the highest. The unit is in standardized concentration 
dN/d(logDp) per channel. 

 
FMPS (TSI) 

B-2.4. Fidas 

Description: Mobile Fidas ; Quantity: 1 

Classification method: optical 

Counting method: optical 

Measuring range: 
 Concentration: 1 to 2.104 p/cm3 
 Mass: 0.1 to 1.5 103 μg/m3 
 Size: 0.18 μm to 18 μm 

Sampling rate: 1.4 L/min 

 
FIDAS (PALAS) 
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The Fidas is used to obtain micrometric particle size distribution. It also provides 
information on particle mass and concentration for the breathable, thoracic and 
alveolar fractions in an aerosol (PM1, PM2.5 and PM10). 

B-2.5. ELPI  
Description: Electrical Low Pressure Impactor (ELPI) ; Quantity: 1 

Classification method: aerodynamic behaviour 

Counting method: electric charge 

Measuring range: 
 Concentration: NC on brochures 
 Size: 7 nm to 10 μm (depending on configurations) 

Sampling rate: 10 l/mn 

The ELPI allows real-time acquisition of the particle size distribution. It is used 
permanently. Its operating configuration is shown in the table below where D50 are 
standard values given by the manufacturer. 

 
D50 (nm): Median diameter in terms of particle size (nm) for each channel 

Poss. Mb : Possibilty to collect aerosols on membrane 

As the characteristics of the measured particles are unknown, in the result analysis 
density is set to 1 by default unless otherwise specified in the concerned section. 

The ELPI may display results in different forms, where the most frequent are: 

  Particle concentration versus time, on one or more measurement channels, 
 Spectrum of measurement on a variable measurement timeframe. The 

values are displayed in standardized concentrations dN/d(logDp) per channel. The 
abscissa axis corresponds to particle diameter in logarithmic scale. The ordinate axis 
corresponds to particle number in the channel, divided by channel width (Log ømax - 
Log ømin). This unit is a "display trick" allowing similar bar widths to be obtained on 
the graph chart. Failing this, small size channels (a few tens of nanometres wide) 
would barely be visible whereas large size channels (several μm wide) would be 
disproportionately large. This representation also allows comparisons between size 
distributions from different devices.  

 
ELPI (DEKATI) 

B-2.6. CPC 3007  
Name : Condensation Particle Counter ; Quantity : 1 

Ranking Principle : not applicable 

Counting Principle : condensation nucleus 

Measurement scale : 
  Concentration : from approx. 0 to 105 p/cm3 
  Size : 10 to 10.000 nm 

Sampling throughput : 0,7 l/min 

The hand-carried CPC is mainly used to search the emission sources of particles, as 
an additional point of measurement of the atmosphere. The given values are particle 
concentrations depending on time, in the measurement scale of the device. 

 
CPC model 3007 

(TSI) 

B-2.7. DISCmini  

Meas. channel 1 2 3 4 5 6 7 8 9 10 11 12 / 

D50 (nm) 7 30 60 108 170 260 400 650 1,000 1,600 2,500 4,400 10,000 

Poss. Mb N O O O O O O O O O O O O 
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Description: DISCmini Diffusion size classifier ; Quantity: 2 

Classification method: electric charge 

Counting method: electric charge 

Measurement range: 
  Concentration: ca. 103 to 106 p/cm3 
  Average particle size range (mode diameter): from 20 to 300 nm 

Particle size: 20 to 700 nm 
Sampling rate: ca. 1.0 l/min 

The DISCmini is used to obtain the size distribution of nanometric and micrometric 
particles. It also provides information on the average particle diameter and lung-
deposited surface area. 

 
DiSCmini 

(Matter Aerosol) 

B-2.8. Membrane Sampler  
Name : Membrane Sampler ; Quantity: 1 to 3 sampling systems 

Brand : Gillian Sampling pump with a support for a membrane 

Ranking principle : none 

Counting principle : none 

Measurement Scale : depending on the characterization technology used afterwards  
 

B-3. Workplace description 
Figure 141 shows the laboratory of the SME where “opening furnace” “opening oven”, “manipulation under 
Hood” workstations are located. The hood is used as a CPE (collective protection) 

 

 

Figure 141 : Workstations 
 

All handing operations were performed by the operator. Personal protective equipment (PPE) worn during 
handling: 
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 gloves, 
 labcoat, 
 a respiratory protection mask FFP3 type, 
 safety goggles. 

Figure 142 shows the localization of a CPC3007, a DiSCmini, a NANOBADGE and a filter for sample 
collection to realize the Background measurement. Figure 143 shows the operator instrumentation localization 
with a DiSCmini and a filter for collection. 

 

  

Figure 142 : Background measurement Figure 143 : Operator instrumentation 

 

 

B-4. Background measurements 
Figure 144shows the concentration change recorded by CPCs and Discmini located in the center of the 
laboratory (Figure 142) before, during and after the measurement of potential re-suspension of aerosols. 
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Figure 144 : Background concentration evolution 

 

B-5. Opening furnace workstation characterisation 
B-5.1. Workstation description 
Figure 145 shows the Borel furnace Workstation. 

 

a 

b 

Figure 145. Opening furnace workstation. Figure 146. Operations at furnace workstation. 

 

Figure 146 shows operations around the furnace Workstation with: the opening (a) then the transfer of powder 
of iron oxide to container (b). These operations take place from 09:29 am to 09:32 am. 

 
B-5.2. Measurement results 
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Figure 147 shows the evolution in particle concentration measured by CPCs at the workstation (blue curve), in 
the background aerosol (pink curve) and by the optical counter FIDAS (Purple curve- right Y axis) at 
workstation for the BOREL furnace opening phase. The aerosol background measurement performed by CPC 
shows a stable particle concentration around 8500 p/cm3. During the opening phase no significant rise in 
concentration is recorded (workstation CPC measurement to aerosol background CPC measurement). For the 
Fidas, that record the evolution of concentration of submicronic and micronic particles, no rise is recorded 
except at 09:31 50’ am when the product is transferred to the bottle. At this moment, a small elevation of 2000 
p/cm3 is recorded at the source of emission (elevation is the difference between the signal of FIDAS at the 
maximum of emission and the signal just before the emission). 

 
Figure 147. Particles concentration evolution during BOREL furnace opening phase recorded 

by: background CPC (pink curve), workstation CPC (blue curve) and Fidas (purple curve). 

In the same time, Fidas records the PM evolution (Particle Matter). During the phases no significant rise in PM 
is recorded except when the product is transferred to the bottle at 09:31 50’ am (Figure 148 the Y axis is in 
logarithmic scale). 

 
Figure 148. PM evolution recorded by the Fidas during the BOREL furnace opening 

phase: PM1 (blue curve), PM2.5 (orange curve) and PM10 (grey curve). 

The NSAM is used for estimating the surface area of the particles deposited in the pulmonary alveoli without 
any personal protective equipment (see Figure 149). No significant rise is recorded during phases except 
when the product is transferred to the bottle at 09:31 50’ am. 
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Figure 149. Deposited surface area evolution in pulmonary alveoli during the BOREL 

furnace opening phase, NSAM. 
 

B-5.3. Portable measurement  
Figure 150 shows the evolution in particle concentration measured by CPC 3007 at the workstation (blue 
curve) and in the background aerosol (red curve) for the BOREL furnace opening phase. The aerosol 
background measurement performed shows that the particle concentration is between 6800 p/cm3 and 
8900 p/cm3. During those phases no significant rise in concentration is recorded by the 3007 CPCs 
(workstation CPC measurement compared to background CPC measurement). 

 
Figure 150. Particles concentration evolution during the BOREL furnace opening 

phase recorded by CPC 3007: background (red curve) and workstation (blue). 

 

Figure 151 shows the evolution in particle concentration measured by the Discmini at the workstation (green 
curve) and in the background aerosol (purple curve) for the BOREL furnace opening phase. The aerosol 
background measurement performed shows that the particle concentration is between 6500 p/cm3 and 
10000 p/cm3. During the opening phase no significant rise in concentration is recorded by the Discmini 
(workstation Discmini measurement compared to background Discmini measurement). 
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Figure 151. Particles concentration evolution during the BOREL furnace opening phase 

recorded by Discmini: background (purple curve) and workstation (green curve). 

 

B-6. Opening oven workstation characterisation 
B-6.1. Workstation description 
Figure 152 shows the oven for the workstation characterization. The Figure 153 shows the operations at 
opening oven Workstations with the moving of iron nitrate to the hood. This operation take place from 09:39 
am to 09:46 am. 

 

  
Figure 152. Oven workstation implantation. Figure 153. Oven workstation operation. 

 

 

B-6.2. Measurements results 
Figure 154 shows the evolution in particle concentration measured by CPCs at the workstation (blue curve), in 
the background aerosol (pink curve) and by the optical counter FIDAS (Purple curve- right Y axis) at 
workstation for the Oven opening phase. 

The aerosol background measurement is performed by CPC and the particle concentration is between 8200 
p/cm3 and 11600 p/cm3. During the oven opening phase a rise is recorded at 09:41 47’ during 5 seconds for 
an elevation of 2000 p/cm3. The difference between the signal and background is calculated, in this case, by 
the difference between the signal of CPC at the workstation at the maximum of emission minus the CPC at the 
workstation just after the emission. The variation of CPC BDF used for recording the background (Pink curve) 
associated with the low level of emission did not allow to use this signal for the emission calculation. If we 
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compare in this case the background (Pink curve) with the signal at exposure point (Blue curve) we cannot 
conclude to a significant rise during the oven opening phase. 

 
Figure 154. Particles concentration evolution during the Oven opening phase recorded 

by: background CPC (pink curve), workstation CPC (blue curve) and Fidas (purple curve). 
 

The Particle Size Distribution (PSD) recorded by FMPS during this emission is centered at 45 nm, see Figure 
155-b. The distribution around 81 nm seem to be linked to the aerosol background, see Figure 155-a. 

 

 a  b 

Figure 155. Size distribution recorded by FMPS (a) aerosol background and (b) emission. 

 

Nevertheless, no significant rise in concentration is observed by the Fidas that records the evolution of 
concentration of submicronic and micronic particles (Figure 154-purple curve). 

The Fidas that records also the PM evolution (Particle Matter) Figure 156 (the Y axis is in logarithmic scale) 
shows no significant rise. 
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Figure 156. PM evolution recorded by the Fidas during the opening the Oven opening 

phase: PM1 (blue curve), PM2.5 (orange curve) and PM10 (grey curve). 

 

The NSAM is used for estimating the surface area of the particles deposited in the pulmonary alveoli without 
any personal protective equipment (see Figure 157). No significant rise is recorded. 

 
Figure 157. Deposited surface area evolution in pulmonary alveoli during the Oven 

opening phase, NSAM. 
 

B-6.3. Portable measurement  
Figure 158 shows the evolution in terms of particle concentration measured by CPC3007s at the workstation 
(blue curve) and in the background aerosol (red curve) for the Oven opening phase. The aerosol background 
measurement is performed and the particle concentration is between 7,500 p/cm3 and 10,000 p/cm3. During 
the phase a small rise around 3000 p/cm3 in concentration is recorded by the CPC (workstation CPC 
measurement compared to aerosol background CPC measurement). 
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Figure 158 : Particles concentration evolution during the Oven opening phase 

recorded by CPC3007: background (red curve) and workstation (blue) 
 

Figure 159 shows the evolution in particle concentration measured by Discmini at the workstation (green 
curve) and in the background aerosol (purple curve) for the Oven opening phase. The aerosol background 
measurement is performed and the particle concentration is between 9000 p/cm3 and 11000 p/cm3. During the 
phase a rise is recorded at 09:41 08’ during 30 second for a maximum elevation of 8500 p/cm3 (workstation 
CPC measurement compared to aerosol background CPC measurement). This event is similar to evolution 
recorded on Figure 154. 
 

 

Figure 159. Particles concentration evolution during the Oven opening phase 
recorded by DiSCmini: background (purple curve) and workstation (green). 

 

It should be noted that the difference in background signal recorded by the CPC with the French approach and 
the portable background measurement is due to their different geographical localization in the laboratory. 

B-7. Manipulation under Hood characterization 
B-7.1. Workstation description 
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Figure 160 shows the Hood used for the workstation characterization. 

 
Figure 160. Hood workstation implantation. 

 

Different operations take place from 09:49 am to 10:41 am: 

1. from 09:49 am to 09:54 transfer of Iron nitrate (Figure 161-a), 
2. from 09:58 am to 10:00 transfer of chromium oxide from the furnace, 
3. from 10:04 am to 10:07 transfer of aluminum oxide (from the furnace) and transfer of Atomized 

aluminum oxide (Figure 161-b), 
4. from 10:09 am to 10:14 transfer of Atomized chromium oxide (Figure 161-c), 
5. from 10:22 am to 10:25 Dremel cutting of zirconia ceramic (Figure 161-d), 
6. from 10:29 am to 10:31 manual grinding (Figure 161-e), 
7. from 10:31 am to 10:41 cleaning phase (Figure 161-f). 

   
a b c 

   
d e f 

 f’ 

 

Figure 161. Operations at Hood Workstations. 

B-7.2. Measurements results 
Figure 162 shows the evolution in particle concentration measured by CPCs at the workstation (blue curve), in 
the background aerosol (pink curve) and by the optical counter FIDAS (Purple curve- right Y axis) at 
workstation for the manipulations under Hood. The aerosol background measurement performed by CPC 
shows a particle concentration around 8,000 p/cm3. 
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Figure 162. Particles concentration evolution during the Manipulation under Hood phase recorded 

by: background CPC (pink curve), workstation CPC (blue curve) and Fidas (purple curve). 
 

The Table 15 summarises the emissions observed in Figure 162 as a function of working phase. CPC records 
emission of nanoparticles submicronic and supermicronic particles (range between 5 nm to 3 μm) and Fidas 
records submicronic and supermicronic particles (range between 0.18 μm to 18 μm). The phase where 
nanoparticles emission is observed is only for the Dremel cutting phase when a rise of 47300 p/cm3 is 
recorded by CPC. For all other phases the emissions observed are exclusively recorded by the Fidas. 
Consequently, the emissions observed are predominantly linked to dust emission or aggregate/agglomerate of 
nanoparticles. These two types of emission will be discriminated by microscopic observation of samples. 

Table 15 : List of emissions as a function of working phase 
Phase CPC (p/cm3) FIDAS (p/cm3) Comments 

Transfer of Iron nitrate - 1098 one emission 

Transfer of chromium oxide from the furnace  1000 17000 one emission 

Transfer of aluminum oxide from furnace output - 2100 one emission 

Transfer of atomized aluminum oxide  - 600 Two emissions 

Transfer of atomized chromium oxide  - 700 one emission 

Dremel cutting 47300 11200 several emissions 
of CPC and Fidas 

Manual grinding - 600 one emission 

Cleaning phase - 200 one emission 

 

Figure 163 shows PSD for the emission recorded by Fidas during the transfer of Iron nitrate. The emission is 
mainly composed of supermicronic and submicronic particles. 
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Figure 163. PSD recorded by Fidas during transfer of Iron nitrate (red curve) compared to the PSD 

background aerosol (blue curve). 
 

Figure 164 and Figure 165 show PSD for the emission recorded by Fidas during the transfer of chromium 
oxide. The emission is mainly composed of micronic and submicronic particles. The comparison of the two 
figures show that the emission of chromium oxide at furnace output is greater than the emission of chromium 
oxide atomized. 

 
Figure 164. PSD recorded by Fidas during transfer of chromium oxide at furnace output (red 

curve) compared to the PSD background aerosol (blue curve). 

 
Figure 165. PSD recorded by Fidas during transfer of atomised chromium oxide (red curve) 

compared to the PSD background aerosol (blue curve). 

Figure 166 and Figure 167 show PSD for the emission recorded by Fidas during the transfer of aluminum 
oxide. The emission is mainly composed by micronic and submicronic particles. The comparison of the two 
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figures shows that the emission of aluminum oxide at furnace output is greater than the emission of atomized 
aluminum oxide. 

 
Figure 166. PSD recorded by Fidas during transfer of aluminum oxide at furnace output (red 

curve) compared to the PSD background aerosol (blue curve). 

 

 
Figure 167. PSD recorded by Fidas during the transfer of atomised aluminum oxide (red 

curve) compared to the PSD background aerosol (blue curve). 
 

The Particle Size Distribution (PSD) recorded by FMPS during Dremel cutting emission is centered at 11 nm, 
see Figure 168-b. The distribution around 93 nm seem to be linked to the aerosol background, see Figure 
168-a. Simultaneously the Fidas records a PSD shown Figure 169. This PSD shows a significant rise of 
submicronic and supermicronic particles during the Dremel cutting phase. Crossing result of concentration and 
PSD brings out the large range of particles emission during the Dremel cutting phase. 

a b 

Figure 168. Size distribution recorded by FMPS (a) aerosol background and (b) dremel cutting emission. 
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Figure 169. PSD recorded by Fidas during dremel cutting (red curve) compared to the PSD 

background aerosol (blue curve). 
For the manual grinding and the cleaning phase the low emission recorded (see Table 15) did not allow us to 
determine an exploitable PSD for these two phases. Figure 170 to Figure 172 show the signal of Fidas 
expressed in PM (the Y axis is in logarithmic scale). Make PM evolution more easy to read, Figure 171 shows 
the PM2.5 evolution and Figure 172 shows the PM1 evolution. The same instant of emission, for each phase, 
observed Figure 162 have been also observed Figure 170 to Figure 172. 

 
Figure 170. PM evolution recorded by the Fidas during the Manipulation under Hood phase: 

PM1 (blue curve), PM2.5 (orange curve) and PM10 (grey curve). 
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Figure 171. PM evolution recorded by the Fidas during the Manipulation under Hood phase: 
PM2.5 (orange curve). 

 

 
Figure 172. PM evolution recorded by the Fidas during this phase: PM1 (blue curve). 

With the NSAM, (Figure 173), emissions are observed for the phases: transfer of Iron nitrate, transfer of 
chromium oxide at furnace output, transfer of aluminum oxide at furnace output, transfer of aluminum oxide 
atomized, transfer of chromium oxide atomized and Dremel cutting. However, due to the presence in the 
emissions of a predominantly submicronic and supermicronic fraction, the values of emission records by the 
NSAM have to be used with caution. Indeed, with an electrometer detection the submicronic and micronic 
fraction increases artificially the concentration recorded.  
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Figure 173. Deposited surface area evolution in pulmonary alveoli during the Manipulation 

under Hood phase, NSAM. 
 

B-7.3. Portable measurement  
 

Figure 174 shows the evolution in particle concentration measured by CPC3007s at the workstation (blue 
curve) and in the background aerosol (red curve). The aerosol background measurement is performed and the 
particle concentration is in order of 8000 p/cm3. One significant and two smallest rises are observed 
(workstation CPC measurement minus background CPC measurement). The first rise is observed for the 
transfer of chromium oxide from the furnace with an elevation of 4600 p/cm3, the second rise is due to the 
Dremel cutting phase with an elevation of 58 000 p/cm3. The third rise corresponds to the manual grinding 
phase with a low elevation of 1000 p/cm3. 

 

 
Figure 174. Particles concentration evolution during the Manipulation under Hood phase 

recorded by CPC3007: background (red curve) and workstation (blue). 
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Figure 175 shows the evolution in particle concentration measured by Discmini at the workstation (green 
curve) and in the background aerosol (purple curve). The aerosol background measurement shows a particle 
concentration between 7000 p/cm3 and 10 000 p/cm3 with a very noisy signal inducing difficult detection of 
emission. 

 

 
Figure 175. Particles concentration evolution during the Manipulation under Hood phase 

recorded by Discmini: background (purple curve) and workstation (green). 
 

B-8. Characterization of samples 
B-8.1. C.A.Th.I.A. sample (Thoracic, Inhalable, Alveolar Aerosol Sampler) 
- background measurement 
 

The number of particles on the C.A.Th.I.A. filter is good enough for further analysis . Observation reveals: 

 aggregates / agglomerates of nanometric particles, see Figure 176 and, and EDX 1 for significant 
chemical elements. 

 Aggregates / agglomerates of spherical nanometric particles, see Figure 178 to Figure 180 and EDX 3 
for significant chemical elements. 

 micrometric and submicronic fragments (the submicronic fragments are agglomerated), see Figure 
181 to Figure 183 and EDX 4 for significant chemical elements. 

 aggregates/agglomerates of nanometric particles, see Figure 184 and Figure 185 and EDX 4 for 
significant chemical elements. 

 Several micrometric fibers see Figure 186 and Figure 187, and EDX 5 for significant chemical 
elements. 
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SEM images: 

   
Figure 176: SEM image of the filter 

under 15k magnification 
Figure 177: SEM image of the filter 

under 300k magnification 
Figure 178: SEM image of the filter 

under 180k magnification 

   
Figure 179: SEM image of the filter 

under 180k magnification 
Figure 180: SEM image of the filter 

under 150k magnification 
Figure 181: SEM image of the filter 

under 15k magnification 

   
Figure 182: SEM image of the filter 

under 35k magnification 
Figure 183: SEM image of the filter 

under 22k magnification 
Figure 184: SEM image of the filter 

under 35k magnification 

   
Figure 185: SEM image of the filter 

under 100k magnification 
Figure 186: SEM image of the filter 

under 4,5k magnification 
Figure 187: SEM image of the filter 

under 7k magnification 

 

 

 

EDX spectra: 

EDX 1: Aggregates/agglomerates nanometric particles with a low density of particles 
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Point 1: carbon and sulfur 

Point 2: polycarbonate membrane 

Figure 188. Particles on filter. 

 

Figure 189. Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that aggregates/agglomerates of nanometric particles mostly contain carbon and 
sulfur (see Figure 189). 

EDX 2: submicronic particles with circular shape 

 

Point 1: carbon and sulfur 

Point 2: polycarbonate membrane 

Figure 190. Particles on filter. 

 

Figure 191. Particles on filter- Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the submicronic particles with circular shape mostly contain carbon and sulfur 
(see Figure 191). 

EDX 3: aggregates/agglomerates spherical nanometric particles 
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Point 1: silicon (significant element) 

Point 2: polycarbonate membrane 

Figure 192. Particles on filter. 

 
Figure 193. Particles on filter- Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the aggregates/agglomerates spherical nanometric particles mostly contain 
silicon (see Figure 193). 

EDX 4: micrometric and submicronic fragments and aggregates/agglomerates of nanometric particles 
with a high density of particles  

 

Point 1: aluminum, calcium, chromium, yttrium and 
zirconium. 

Point 2: iron, copper, tin, magnesium, aluminum, 
silicon and sulfur. 

Point 3: polycarbonate membrane 

Figure 194: Particles on filter 

 
Figure 195. Particles on filter- Comparison between point 1 (yellow plot) and 3 (red graph). 

The EDX analysis indicates that the aggregates/agglomerates of nanometric particles with a high density of 
particles mostly contain aluminum, calcium, chromium, yttrium and zirconium (see Figure 195). 
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Figure 196. Particles on filter- Comparison between point 2 (yellow plot) and 3 (red graph). 

The EDX analysis indicates that the micrometric and submicronic fragments mostly contain iron, copper, tin, 
magnesium, aluminum, silicon and sulfur (see Figure 196). 

EDX 5: micrometric fibers  

 

Point 1 or 2: carbon 

Point3: polycarbonate membrane 

 

Figure 197. Fiber on filter. 

 

Figure 198. Fiber on filter- Comparison between point 1 or 2 (yellow plot) and 3 (red graph). 

The EDX analysis indicates that the micrometric fibers mostly contain carbon (see Figure 198). 

 

B-8.2. Personal filter 
The particles deposit on the filter is low. Observation reveals: 

 Aggregates / agglomerates of nanometric particles, see Figure 199 and Figure 200, and EDX 1 for 
significant chemical elements. 

 Aggregates / agglomerates of angular nanometric and submicronic particles with crystal shape, see 
Figure 201 and Figure 202, and EDX 3 for significant chemical elements. 

 Aggregates / agglomerates of nanometric particles with a high density of particles, see Figure 203 to 
Figure 205 and EDX 4 for significant chemical elements. 

 Several submicrometric fibers see Figure 206 to Figure 208 and EDX 5 for significant chemical 
elements. 
SEM images: 
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Figure 199. SEM image of the filter 
under 35k magnification. 

Figure 200 SEM image of the filter 
under 220k magnification. 

Figure 201. SEM image of the filter 
under 60k magnification. 

   

Figure 202. SEM image of the filter 
under 25k magnification. 

Figure 203. SEM image of the filter 
under 60k magnification. 

Figure 204. SEM image of the filter 
under 180k magnification. 

   

Figure 205. SEM image of the filter 
under 60k magnification. 

Figure 206. SEM image of the filter 
under 8k magnification. 

Figure 207. SEM image of the filter 
under 2,5k magnification. 

 

  

Figure 208. SEM image of the filter 
under 10k magnification. 

  

 

 

 

EDX spectra: 

EDX 1: Aggregates/agglomerates nanometric particles with a low density of particles 
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Point 1: carbon 

Point 2: polycarbonate membrane 

Figure 209. Particles on filter. 

 

Figure 210. Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that aggregates/agglomerates nanometric particles with a low density of particles 
mostly contain carbon (see Figure 210). 

EDX 2: Submicronic particles with circular shape. 

 

Point 1: carbon 

Point 2: polycarbonate membrane 

Figure 211. Particles on filter. 

 

Figure 212. Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the submicronic particles with circular shape mostly contain carbon (see 
Figure 212). 

EDX 3: Aggregates/agglomerates of angular nanometric and submicronic particles. 
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Point 1: iron, zinc, silicon, calcium and magnesium. 

Point 2: polycarbonate membrane 

Figure 213. Particles on filter. 

 

Figure 214. Particles on filter - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the aggregates/agglomerates of angular nanometric and submicronic 
particles mostly contain iron, zinc, silicon, calcium and magnesium (see Figure 214). 

EDX 4: Aggregates/agglomerates of nanometric particles with a high density of particles. 

 

Point 1: iron, copper, aluminum, silicon, sulfur and 
antimony. 

Point 2: Idem EDX 3. 

Point 2: polycarbonate membrane 

Figure 215: Particles on filter 

 

Figure 216: Particles on filter - Comparison between point 1 (yellow plot) and 3 (red graph) 

The EDX analysis indicates that the aggregates/agglomerates of nanometric particles with a high density of 
particles mostly contain iron, copper, aluminum, silicon, sulfur and antimony (see Figure 216). 
 

EDX 5: Submicrometric fibers. 
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Point 1: carbon. 

Point 2: polycarbonate membrane 

Figure 217. Fiber on filter. 

 

Figure 218: Fiber on filter - Comparison between point 1 (yellow plot) and 2 (red graph) 

The EDX analysis indicates that the submicrometric fibers mostly contain carbon (see Figure 218). 

 

B-8.3. ELPI samples 
Stage 8 (d50=650 nm) 

The number of particles on the filter is low. Observation reveals: 

- Aggregates / agglomerates nanometric particles with a low density of particles, see Figure 219 and EDX 
1 for significant chemical elements. 

- Angular fragments, see Figure 220 and Figure 221 and EDX 2 for significant chemical elements. 

- Aggregates / agglomerates of nanometric particles with a high density of particles, see Figure 222 to 
Figure 224 and EDX 3 for significant chemical elements. 

- Fragments with irregular surface see Figure 225 and Figure 226 and EDX 4 for significant chemical 
elements. 

SEM images: 

   
Figure 219. SEM image of the sample 

under 150k magnification. 
Figure 220. SEM image of the sample 

under 70k magnification. 
Figure 221. SEM image of the sample 

under 45k magnification. 
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Figure 222. SEM image of the sample 

under 150k magnification. 
Figure 223. SEM image of the sample 

under 50k magnification. 
Figure 224. SEM image of the sample 

under 200k magnification. 

  

 

Figure 225. SEM image of the sample 
under 18k magnification. 

Figure 226. SEM image of the sample 
under 20k magnification.  

EDX spectra: 

EDX 1: Aggregates/agglomerates nanometric particles with a low density of particles 

 

Point 1: carbon 

Point 2: polycarbonate membrane 

Figure 227. Particles on membrane. 

 

Figure 228. Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph). 

 

The EDX analysis indicates that aggregates/agglomerates nanometric particles with a low density of particles 
mostly contain carbon (see Figure 228). 

 

EDX 2: Angular fragments  



NANoREG Deliverable 3.07 

Page 118 of 172 

 

Point 1: chromium 

Point 2: polycarbonate membrane 

Figure 229. Particles on membrane. 

 

Figure 230: Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph) 

The EDX analysis indicates that the angular fragments mostly contain chromium (see Figure 230). 

 

EDX 3: Aggregates/agglomerates of nanometric particles with a high density of particles  

 

Point 1: aluminium and silicon 

Point 2: polycarbonate membrane 

Figure 231. Particles on membrane. 

 

Figure 232. Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph). 

 

The EDX analysis indicates that the aggregates/agglomerates of nanometric particles with a high density of 
particles mostly contain aluminium and silicon (see Figure 232). 

EDX 4: Fragments with irregular surface 
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Point 1: Iron 

Point 2: polycarbonate membrane 

Figure 233: Particles on membrane 

 

Figure 234. Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the fragments with irregular surface mostly contain iron (see Figure 234).  

 

Stage 3 (d50= 60 nm): 

Observation reveals: 

- Aggregates / agglomerates of nanometric particles with a lower level of aggregation / agglomeration 
compared to Figure 240, see Figure 235 and Figure 236 and EDX 1 for significant chemical elements. 

- Angular fragments see Figure 237 and Figure 238 and EDX 2 for significant chemical elements. 

- Aggregates / agglomerates of nanometric particles with a higher level of aggregation / agglomeration 
compared to Figure 235 and Figure 236, see Figure 239 and Figure 240 and EDX 3 for significant 
chemical elements. 

 

SEM images: 

   
Figure 235. SEM image of the sample 

under 35k magnification. 
Figure 236. SEM image of the sample 

under 150k magnification. 
Figure 237. SEM image of the sample 

under 130k magnification. 
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Figure 238: SEM image of the sample 
under 110k magnification 

Figure 239: SEM image of the sample 
under 90k magnification 

Figure 240: SEM image of the sample 
under 300k magnification 

EDX spectra: 

EDX 1: Aggregates/agglomerates nanometric particles with a low density of particles 

 

Point 1: carbon 

Point 2 or 3: polycarbonate membrane 

Figure 241. Particles on membrane. 

 

Figure 242. Particles on membrane - Comparison between point 1 (yellow plot) and 2 or 3 (red graph). 

The EDX analysis indicates that aggregates/agglomerates nanometric particles with a low density of particles 
mostly contain carbon (see Figure 242). 

EDX 2: Angular fragments  

 

Point 1: chromium 

Point 2: polycarbonate membrane 

Figure 243. Particles on membrane. 

 

Figure 244. Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph). 

The EDX analysis indicates that the angular fragments mostly contain chromium (see Figure 244). 

 

EDX 3: Aggregates/agglomerates of nanometric particles with a high density of particles  
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Point 1: aluminium and silicon 

Point 2: polycarbonate membrane 

Figure 245: Particles on membrane 

 

Figure 246: Particles on membrane - Comparison between point 1 (yellow plot) and 2 (red graph) 

 

The EDX analysis indicates that the aggregates/agglomerates of nanometric particles with a high density of 
particles mostly contain aluminum and silicon (see Figure 246). 

 

The Table 6 summarizes the chemical significant elements identified on the samples. 

 

Table 16. Significant elements on the samples. 
Background (see 0) Emission point (ELPI see 0) Breathing area (see 0) 

C, S, Si, Al, Cr, Y, Zr, Fe C, Si, Al, Cr, Fe C, Si, Al, Fe, Ca, Mg, Cu, Sb 

 
B-10. Conclusion 
The measurement campaign focuses on the identification, characterization and assessment of a possible 
unintended re-suspension of aerosols, notably their nanometric size fraction during several operations as 
“opening furnace” “opening oven”, “manipulation under Hood” workstations. This report focuses only on the 
results observed. 

Concerning the opening furnace workstation, only a quick emission of submicronic and micronic particles is 
observed when the product is transferred to the bottle. Concerning the opening oven workstation only one 
elevation of 2000 p/cm3 is observed. Concerning the manipulation under Hood workstation several elevations 
are observed. The majority of particles emissions is submicronic and micronic. However, a significant 
elevation of mix nano submicronic and micronic particles is observed during the Dremel cutting phase. 

The samples characterisation at source emission show that the emissions recorded in real time are partly 
composed of aggregates/agglomerates of nanometric particles manipulated by the operator. Indeed Iron, 
Chromium and aluminium are found on the analysed samples. 

Concerning the operator sample all significant elements (Iron and Aluminium) manipulated by the operator are 
found on the filter except for the Chromium. Nevertheless, note that Iron, Chromium Aluminium and other 
elements that do not manipulated the measurement day like yttrium and zirconia are found on the background 
sample. This detection of elements is most likely due to a diffuse and continuous pollution in the area of the 
laboratory. 

  



NANoREG Deliverable 3.07 

Page 122 of 172 

Annex C: End-of-life of Si wafers - CEA 
 

This chapter is about occupational exposure measurements in a microelectronics plant, on processed wafer 
crushing. This measurement campaign was designed to evaluate the release / emission of nanoparticles in the 
workspace. The measurements were performed in the presence of two employees working. The first 
measurements consisted in the assessment of the background. The exposure scenario evaluated was the 
crushing of ca. 400kg of processed wafer and residues recovery. Measurements were performed during these 
two steps. 

 

C-1. Measurement strategy 
The measurement strategy followed during the campaign reported herein was analogous as the ones 
described in Annexes A and B. 

 

C-2. Equipment used 
The counters and granulometers used during this campaign were identical at the ones described in Annexes A 
and B :  

 2 CPC (TSI model 3785) 

 ELPI (Dekati) 

 FMPS (TSI) 

 SMPS (Grimm) 

 

C-3. Workplace description 
Wafers are crushed in a dedicated truck from a sub-contracter (see Figure 247 and ). The operation was 
performed outside. It has to be noticed that, this day, the temperature was close to 0°C and it was snowing. 
These conditions are out of instruments working conditions given by the manufacturer. Nevertheless the tests 
performed before (zero tests and flow rates) measurements were in accordance with expected values. 

 

 
Figure 247. Sub-contracter’s truck, set with crusher. 
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Figure 248. Schematic of workplace. 

C-4. Measurements 
C-4.1. Background measurements 
The background concentrations varied on a large range: from 20.000 to more than 400.000 p/cm3. The 
possible cause was the presence of vehicles. The size distribution was centred on ca. 30nm (see Figure 249). 

 
 

Figure 249. Examples of background size distribution, 9h16am to 9h17am (left) and from 9h32am to 9h33am (right), 
SMPS. 

 

C-4.2. Measurements in workspace during operations 
Highest concentrations were reached during crushing, at the exhaust. They excedeed 8.105 p/cm3 (see Figure 
250). Dust was also visible. FMPS and SMPS detected particle size distributions essentially centred on ca. 
10nm (see Figure 251). 

The residue recovery obliged to open the rear doors. A conveyor belt brought residues forward and fall into a 
container. Measurements performed near operators during conveyor belt moves ranged 100.000 p/cm3 to 
400.000 p/cm3 (see Figure 250). FMPS and ELPI detected mainly small particles in the size distribution with a 
maximum detected with FMPS at ca. 20 nm (see Figure 252). These extensive emissions also affected 
background concentration sometimes, located several meters away from the truck. 

The residue fall into the container produced emission of around 150.000p/cm3. The nanoparticle fraction 
decreased compared to previous steps. Dust was easily visible above the container during this step, showing 
the presence of micrometric particles. An estimation of the mass concentration above container, obtained with 
ELPI, was around 1g/m3. 
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In every cases, ELPI detected micrometric particles associated to nanoparticles (see Figure 253). 

 
Figure 250. Particle concentration evolution during operations. 

 

 

Figure 251. FMPS spectrum during wafer crushing, measurement in the exhaust flow. 

 

 

Figure 252. FMPS spectrum during conveyor belt moves. 
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Figure 253. Table of ELPI results. 
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The sample analysis by SEM/EDS showed agglomerates and some isolated particles on the 1st membrane of 
ELPI (expected sizes between ca. 20 and 30nm). The size of sampled primary particle was of some tens of 
nanometres (see Figure 254 and Figure 255). 

The 8th membrane was also analysed. Particle sizes excepted were in micrometric range (see Figure 256). 

   
Figure 254. SEM image of the 1st 
membrane, at magnification 20k. 

Figure 255. SEM image of the 1st 
membrane, at magnification 110k. 

Figure 256. SEM image of 8th 
membrane at magnification 7k. 

 

C-5. Conclusion about exposure scenarios 

Crushing operations of processed wafers were a source of particle resuspension. Highest concentrations 
reached 800,000 p/cm3 with a size distribution centred on ca. 10nm. Micrometric particles were also 
measured. Sample analysis confirmed the presence of nanoparticles, around some tens of nanometers. 
Numerous micrometric particles were also collected. Silicon was detected, confirming the origin of particles. In 
addition of the carbon background, Silicon was detected in both samples. 
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Annex E: Preparation and cleaning operations on a pilot plant producing 
alumina-polymer feedstock for powder injection molding - CEA 
 
This chapter is about occupational exposure measurements at CEA on a blender where ENMs are introduced. 
This measurement campaign was designed to evaluate the release / emission of nanoparticles during the 
phases of use and cleaning of the mixer. The measurements were performed in the presence of two 
employees working. The first measurements consisted in the assessment of the background. The exposure 
scenario evaluated in the laboratory was the operation of a blender. Measurements were performed during 
blending alumina powder with polymers and during cleaning steps. 

E-1. Measurement strategy 
The measurement strategy followed during the campaign reported herein was analogous as the ones 
described in Annexes A and B.  

E-2. Equipment used 
The counters and granulometers used during this campaign were identical to the ones described in Annexes A 
and B:  

 2 CPC (TSI model 3785) 

 ELPI (Dekati) 

 SMPS (Grimm) 

E-3. Measurements at the glove box  
A-3.1. Background measurements 
A first CPC was placed towards the center of the room. A second was positioned near the glove box. Both 
counters always showed concentrations higher than 20,000 p/cm3, reaching regularly 50,000 to 60,000 p / 
cm3 at the center of the room. 

 
Figure 257. Background measurements (CPC 3785). 

 

The SMPS was positioned close to the glove box nearby the so called “measure” CPC. It indicates that the 
majority of the background noise is composed of particles with a diameter between 5 and 40 nm. The 
background noise variations are due to this size range. The ELPI confirms that peak of particles smaller than 
50 nm. 
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Figure 258. Background measurements (SMPS). Figure 259. Background measurements from 10:49 to 10:52 (ELPI). 

E-4. Measurements at the mixer 
The mixer is a Brabender large chamber. This equipment was used to incorporate particles of alumina (Al2O3) 
in a polymer. The average particle size of this powder was 150 nm with a minimum at 120 nm (supplier data). 
This mixing step is performed at hot temperature. An extraction arm is used. It is positioned above the work 
area and it is controlled by a dimmer that was set to 30%. 

 
Figure 260. ‘FeedStockNano’ Mixer. 

Alumina addition: The addition of alumina is performed gradually during mixing. This operation is performed 
under extraction and the operators where wearing FPP3 masks. 

 
Figure 261. Addition of alumina; sampling point in the worker breathing 
zone. 

 

0

2000

4000

6000

8000

10000

12000

14000

16000

0.01 0.1 1 10
Dp [um]

N
um

be
r d

N
/d

lo
gD

p 
[1

/c
m

³

Extraction 

Alumina addition 

Mixing zone 



NANoREG Deliverable 3.07 

Page 129 of 172 

  

Figure 262. Alumina addition. Figure 263. Piston closed after alumina addition. 

 

 
Figure 264. Online measurements during the process. 

 

A first series of measurements were carried out between the point of addition of alumina and the extraction 
arm. The particle resuspension is clearly visible. Additions cause peaks reaching 1,105 p / cm3. Some are not 
displayed because the sampling point was moved to search out a dispersion of airflow. The sampling point 
was then was placed in the breathing zone of the workers. Alumina additions are no longer measurable which 
proves the efficiency of extraction. The ELPI shows a net increase in the range of about 100 nm to several 
micrometers. These events are too fast for the SMPS to record a full spectrum. 

  

Figure 265. ELPI size distributions at 14:32 (between two additions) and at 14:37 (during an addition). 

E-5. Cleaning operations  
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The mixer is then disassembled, drained, cleaned manually and then cleaned using a special paste. These 
operations are also carried out with the extraction arm and the workers were wearing FPP3 masks. All 
measurements were performed close to the mixer. 

Manual cleaning: The polymer / alumina mixture is recovered once the mixer is disassembled. Manual 
cleaning is performed using a spatula. After this phase, the mixer is assembled back for the second cleaning 
step. 

 
 

Figure 266. Composite collection and cleaning. Figure 267. Online measurements during the process. 

 

  

Figure 268. ELPI size distribution during 
manual cleaning (15:03 to 15:06). 

Figure 269. SMPS size distribution during 
manual cleaning at 15:04. 

The CPC shows a sharp emission of particles during the scraping. SMPS and ELPI confirm the increase of 
number concentration. The spectra provided by these two devices show a peak centered at 100 to 150 nm, 
which corresponds to the size of the alumina powder. 

Using a cleanser paste: The second phase is carried out using a cleanser agent. This paste is poured into 
the mixer while running. After five minutes, the mixer is again disassembled and scraped. The rollers are 
removed and cleaned on the table. Operators are still working mask and the extraction arm still on. 

The air sampling was performed at the closest point to the mixer during operation. It was then moved to the 
operator's level for the dismantling and scraping phase. The CPC monitoring the atmosphere was placed in 
the center of the room. 
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Figure 270. Online measurements during the process. 

 

The measurements carried out during the mixer operation with the cleanser showed substantial emissions of 
nanoparticles (average size is approximately 30 nm). The highest concentrations measured close to the mixer 
exceed 1.106 p / cm3. 

  

Figure 271. Spectre ELPI, nettoyant dans le 
mélangeur, de 15h14 à 15h18. 

Figure 272. Spectre SMPS, nettoyant dans le 
mélangeur, 15h15. 

 

The last step is dismantling and scraping the mixer with a spatula to remove the cleanser and the remaining 
traces of polymer. The sampling point was positioned in the breathing zone of the workers. Concentrations 
remain high, close to 1.106 p / cm3. This is not in agreement with the previous measurement probably 
because the extraction arm was too far to be effective. The size distribution recorded by the ELPI and SMPS 
are shifted to slightly larger sizes compared to previous spectra acquired when using the cleanser. This may 
be due to particle agglomeration. 

The poor extraction efficiency also leads to an emission of particles in the room. An increase of the 
background noise is clearly visible a few minutes after the start of scraping. This background noise then 
decreases slowly after stopping the mixer cleaning. 
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Figure 273. Spectre ELPI pendant le grattage 
du mélangeur, de 15h20 à 15h23. 

Figure 274. Spectre SMPS pendant le grattage 
du mélangeur, 15h1. 

 

Measurements performed during the cleaning of rollers on the table show some peaks at lower concentrations 
than monitored closer to the mixer. The ELPI spectrum acquired at that moment shows a mean diameter 
centered around 150 nm. 

  

Figure 275. Nettoyage des rouleaux. 
Figure 276. Spectre ELPI lors du nettoyage des rouleaux 

sur la table, de 15h26 à 15h27. 

E-6. Conclusion about exposure scenarios at the blender  
All measurements illustrates that the operation and the cleaning of the mixer are generating large amounts of 
particles of nanometric size, or slightly above 100 nm. During the mixing step between alumina and the 
polymer but also during cleaning that follows, the size distribution of the alumina powder is observed. The use 
of a cleanser paste particle emits smaller particles centered around thirty nm. The collective protection 
equipment provided by the extraction arm proved to be very effective when it has been positioned between the 
mixer and operators. 
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Annex F: Field measurements of emissions and exposure of Carbon 
Nanotubes during research and development of CNT containing 
composites - LTH 
 

Emission and exposure measurements have been carried out at a downstream user of Carbon Nanotubes 
(CNTs), at a company within the field of research and development. The work processes of interest were 
development of composites containing Carbon Nanotubes (CNTs). The company is a research institute 
working with development of different types of nanocomposites based on e.g. CNTs, carbon nanofibers and 
nano cellulose. The company specializes on polymeric fiber composites and optimization of the materials 
properties, where an additive of CNTs is of great interest. The nanocomposites containing CNTs are used in 
the aircraft, vehicle and navy industries. The company has around thirty employees, and CNT based material 
have been handled during at least ten years.  

CNTs are handled in pure powder form, dispersed in liquid and solidified in a resin. The work took place in a 
chemical laboratory where the tasks are performed in fume hoods and in a manufacturing laboratory were the 
tasks are performed in either a fume hood, near a local ventilation exhaust or at a place with mechanical 
ventilation. The employees wore respiratory protection, a half mask with filter, and gloves of latex. A summary 
of the work tasks investigated is given in Table 17. 

Table 17. Summary of all work tasks. 
Work task (WT) Activity 

1 Electrophoretic deposition 

2 Direct mixing 

3 Vacuum infusion 

4 Preparation before vacuum infusion 

5 Short beam testing of CNT nanocomposite 

6 Cutting of CNT nanocomposite 

7 Direct mixing and moulding 

 

F-1. Detailed description and classification of work tasks 

F-1.1. Electrophoretic deposition 
A solutions containing MWCNTs was diluted with water and stirred during 10 min in one of the fume hoods in 
the chemical laboratory. The solution was moved to the second fume hood where the equipment to the EPD 
process was located. The MWCNT solution was poured into the EPD container. A sheet of carbon fiber fabric 
was places in the EPD container and an electric field was applied to the container of solution to achieve 
coating of CNTs on the carbon fiber fabric. The sheet was placed in the fume hood to dry. The used 
equipment was cleaned and wiped dry (work task 1). Two cycles of EPD were included in the measurements. 
This process would be classified as manufacturing of nanocomposites and nano-enabled products according 
to the NANoREG protocol. 

F-1.2. Direct mixing of CNT epoxy resin 
CNT powder was scooped into a paper cup and weight in one of the fume hoods in the chemical laboratory. 
The CNT powder was then poured into a metal can with a hardener. This process would be classified as raw 
material handling, weighing, bagging or packaging according to the NANoREG protocol. The can was then 
placed in an ice bath and sonicated during 30 min with 10 s pulses. After the sonication, epoxy base was 
added to the mixture and the can was placed in the ice bath once again. The mix was stirred for another 20 
min, and then the stirrer was wiped off. The can with CNT epoxy resin was moved to the heated, ventilated 
oven (80 °C) in the manufacturing laboratory (work task 2, 7). This process would be classified as 
manufacturing of nanocomposites and nano-enabled products according to the NANoREG protocol. 
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F-1.3. Vacuum infusion process of CNT epoxy 

The epoxy mixture was moved from the chemical laboratory and placed in the heated, ventilated oven (80 C) 
in the manufacturing laboratory. A prepared mould containing several layers of carbon fiber fabric was placed 
in the ventilated oven. With vacuum pressure CNT epoxy mixture was driven into the reinforcement material in 
the mould (work task 3). This process would be classified as manufacturing of nanocomposites and nano-
enabled products according to the NANoREG protocol. 

F-1.4. Preparation and vacuum infusion process 
Sheets of dried CNT coated carbon fiber fabrics were cut and placed in a mould together with untreated 
carbon fiber fabrics in one of the fume hoods in the chemical laboratory. A bagging film was places at the top 
of the mould with sealant tape. The mould was then moved to the manufacturing laboratory, and connected to 
vacuum. The mould was placed in a heated, ventilated oven (80 C) in the manufacturing laboratory. With 
vacuum pressure an epoxy mixture was driven into the CNT reinforcement material in the mould (work task 4). 
This process would be classified as manufacturing of nanocomposites and nano-enabled products according 
to the NANoREG protocol. 

F-1.5. Cutting of CNT nanocomposite 
CNT composite was sawed into smaller pieces (N=35) with a circular saw in the manufacturing laboratory. A 
local exhaust ventilation was placed close to the saw blade (work task 6). This process would be classified as 
manufacturing of nanocomposites and nano-enabled products according to the NANoREG protocol.  

F-1.6. Short-beam shear testing of CNT nanocomposite 
Small pieces of CNT composite material (N=15) were short-beam shear tested with specific testing equipment 
(work task 5). This process would be classified as manufacturing of nanocomposites and nano-enabled 
products according to the NANoREG protocol.  

 
F-2. Methods  
F-2.1. Monitoring strategy 
Personal breathing zone, emission zone and background measurements of the air with filter-based methods 
and direct-reading instruments were performed during work with CNTs (work task 1-7) during four consecutive 
work days. The personal samplers were worn at the lapels of the lab coat of the workers while the emission 
samples were positioned within approximately 0.1-0.2 m from the source of the specific process. The 
background samplers were put in the background zone with at least 3 m to the source. EC and number 
concentration of CNT-containing particles on filters and direct reading measurements of Black Carbon were 
used as exposure metrics for CNTs. In addition, direct reading instruments for total particles and size 
distributions were used. An overview of the sampling strategy can be seen in Table 18. Both respirable and 
inhalable fractions were collected for comparison. 

 

Table 18. Monitoring strategy for each work task at the company which manufactured and tested CNT composite. 
Measuring location Filter-based methods Direct-reading instruments 

Personal breathing zone ECINH, SEMINH BCDRI 

Emission zone ECINH, ECRESP, SEMINH, SEMRESP APS, CPC 

Background zone ECINH APS, BCDRI, SMPS 

ECINH, inhalable elemental carbon mass concentration; ECRESP, respirable elemental carbon mass 
concentration; SEMINH, inhalable number concentration of CNT-containing particles; SEMRESP, respirable 
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number concentration of CNT-containing particles; BCDRI,  mass concentration of black carbon measured by 
aethalometer 

F-2.2. Direct reading instruments 
The aethalometers (AE51, Aethlabs. San Francisco, USA) measures the mass concentration of black carbon 
based on extinction of real-time filter measurements. The time resolution was 1 minute. Black Carbon (BC) 
may be used as a proxy for CNTs. The property black carbon measured on-line correlates strongly with 
Elemental Carbon (EC) that has been proposed as a filter based off-line standard method in CNT exposure 
measurements. However, neither EC nor BC is specific for CNTs, but would also be cross sensitive to other 
carbonaceous material with high absorption in the IR region (880 nm), for example diesel exhaust particles 

breathing zone. 

Data from three additional types of direct reading instruments (DRIs) have been analyzed. Two aerodynamic 
particle sizers (APS model 3321, TSI Inc., Shoreview, USA) were used, one in the emission zone and one in 
the background zone. The APS measures the particle concentration and size distribution (based on 
aerodynamic equivalent diameter) of particles in the range 0.5 to 20 μm. A condensation particle counter (CPC 
model 3775, TSI Inc., Shoreview, USA) was used in the emission zone and a scanning mobility particle sizer 
(SMPS: DMA model 3071 + CPC model 3010, TSI Inc., Shoreview, USA) in the background zone. The CPC 
measures the particle concentration of particles larger than 0.005 μm and the SMPS measures the particle 
concentration and size distribution (based on electrical mobility equivalent diameter) of particles 0.01-0.8 μm. 
Commonly, the counting efficiency in the smallest size interval (0.5-0.9 μm) varies between different APS 
instruments. Measurements with the two APS instruments from a common inlet were carried out during a 
period of no activities. From this a size dependent correction factor was implemented to account for 
differences in counting efficiency between the two instruments. 

F-2.3. Filter-based methods 
EC samples 

Personal, emission and background samples of respirable (37 mm) and inhalable (25 mm) mass 
concentrations of EC were collected on quartz filters (SKC Inc.,USA)  fitted in conductive three-piece filter 
cassettes (SureSeal, SKC Inc., USA). For collection of the respirable fractions, cyclones (BGI4L, BGI Inc., 
USA) were used. For collection of inhalable fractions open-face sampling of 25 mm cassettes was performed 
since it is considered to approximate the inhalable size fraction for fine, well dispersed powders (Dahm et al., 
2015). An Escort ELF pump (MSA, USA) provided sample flow set at 2.2 l/min for respirable sampling and 2.5 
l/min for inhalable sampling. The air flow was regularly checked with a primary calibrator (TSI Model 4100 
Series, TSI Inc., USA). EC were analyzed according to the same procedure as recently described (Hedmer et 
al., 2014). 

SEM samples 

Personal and emission samples of respirable (37 mm) and inhalable (25 mm) fractions were collected on non-
fibrous polycarbonate membrane filters with a pore size of 0.4 μm (SKC Inc., USA) mounted in conductive 
three-piece filter cassettes. For collection of the respirable fractions, cyclones (BGI4L, BGI Inc., USA) were 
used. For collection of inhalable fractions open-face sampling of 25 mm cassettes was performed. The air flow 
rate was set at 2.2 l/min for respirable sampling and 2.1 l/min for inhalable sampling. The air flow was regularly 
checked. 

Surface analysis using tape stripping method 

Based on a recently developed method for sampling of surface contamination of CNTs different surfaces at 
the company were tape sampled (Hedmer et al., 2015). Tape samples were collected from surfaces related to 
the production and testing of CNT composites that were in the emission zone (near-field zone) of the exposure 
source. To survey how widespread the surface contamination of CNTs in the facility was, we also sampled 
surfaces in the background zone (far-field zone). A short description of the sampling procedure will follow. To 
collect a sample, ordinary transparent adhesive tape with a width of 15 mm (Staples, the Netherlands) was 
used. The typical length of a piece of tape was ~15 cm, and the ends were folded a few cm before sampling. 
Single tape samples were collected from different surface locations. The sticky surface of the tape was 
pressed against the workplace surface to be sampled, and rubbed lightly to assure adhesion to dust deposited 
on the surface. Then, the tape was pulled off with a fluent and decisive movement, and placed with the sticky 
side down on a new sheet of plastic film and labelled. The plastic film was placed in a new plastic cover for 
storage until SEM analysis. A new pair of nitrile gloves was used for each collected tape sample.  
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In total, 39 tape samples and 5 field blanks were collected from surfaces at the workplace. The sampled 
surfaces were made of metal, plastic, cardboard, enameled concrete, laminating foil, clinker slab, and wood. 
Most of the sampled surface locations were assessed to have a smooth finish (87 %). Three sampled floors 
were assessed to have rough surface finish together with two buttons.  

 

F-3. Analysis 
F-3.1. Direct reading instruments 
Personal, emission and background samples of BC concentration and particle number concentration were 
analyzed and presented as time series. The average (arithmetic mean), standard deviation, maximum and 
minimum values for both BC concentration and particle number concentration were also calculated. For these 
calculations, the particle number concentration measurements were divided into three different size intervals; 
1-10 μm, 0.5-1 μm and 0.005-0.5 μm, in accordance with the OECD guidelines.  

A statistical test, also in accordance with the OECD guidelines, were performed for these calculations. The 
concentration difference between the average value for emission zone and background zone was compared 
with the standard deviation of the background concentration. If the concentration difference is higher than 
three times the standard deviation of the varying background concentration, a statistically significant elevated 
average value have been found.  

F-3.2. EC samples 
Personal and emission samples of EC were analyzed with thermal–optical analysis (DRI Model 2001 OC/EC 
Carbon Analyzer from Atmoslytic Inc., Calabasas, CA, USA) according to a previous described method and 
performed (Hedmer et al., 2014). The limit of detection (LOD) of EC was 0.06 μg/sample. 

F-3.3. SEM samples 
Personal and emission samples were analyzed with SEM (FEI Nova Nanolab 600, FEI Company, USA) 
according to a previous described method (Hedmer et al., 2014; Ludvigsson et al., 2016). The LOD was 
determined to be between 0.13 and 4.4 #/cm3 CNTs for filter samples. No CNTs were detected in the field 
blanks.  

F-3.4. Tape samples 
The tape samples were analyzed with SEM according to a recently described method (Hedmer et al., 2015). 
The LOD was determined to be >0.022 μm in size [one pixel], and >500 #/sample. No CNTs were detected in 
the field blanks. 

 

F-4. Results 
F-4.1. Direct reading instruments 
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Figure 277. Time series for all 7 work tasks (WT) from online instruments measured in emission zone, EZ and 
background zone, BG. All instruments measure the total particle concentration, respectively. 

 

In Figure 277Figure 280, particle number concentrations are given for all seven work tasks. Clear peaks above 
background was observed in terms of number concentration in the size range 0.5-20 μm (APS-measurements) 
during WT 1: the a) EPD process, b) moving of DRI instruments, c) pouring of CNT-solution from the EPD 
vessel to a bucket, d) cleaning (wiping off the treated composite product and packing it in bags), WT 4: e) 
connecting, adjusting and testing of the vacuum and WT 6: f) cutting of the CNT-nanocomposites. For 
particles larger than 0.005 μm (CPC-measurements) clear peaks above background were seen during event 
e) and f) as well as for additional peaks during WT 2: g) stirring of epoxy mixture with CNTs and WT 7: h) 
moving of DRI instruments a second time (with no corresponding peak for the APS).  

In the beginning of work task 5 the APS measurements show a relatively high concentration peak for the 
background zone. This large peak cannot really be explained other than from the notes that some movements 
were going on at the background station.  

At the end of work task 7, powder coating was carried out right next to the background measuring station, 
which could explain the higher APS peaks in the background zone than in the emission zone during this time.   

During the sampling campaign two of the employees worked with CNT-based nanocomposites, and personal 
exposure measurements were performed on those two workers. 

 
Figure 278. Time series for 5 of the 7 work tasks (WT) from online Black Carbon measurements in the personal 
breathing zone, PBZ and the background zone, BG. The measurements were done with two μ-aethalometers. The line 
shows the suggested exposure limit for EC of 1 μg/m3. 

 

In Figure 278, a time series of mass concentrations of Black Carbon is given for five out of seven work tasks. 
During work task 5 and 6 the measurements suffered from instrument failure. Clear peaks above background 
was observed in terms of mass concentration in the personal breathing zone during WT 1: a) EPD process, d) 
cleaning (wiping off the treated composite product and packing it in bags), WT 4: e) connecting, adjusting and 
testing of the vacuum, WT 2: g) stirring of epoxy mixture with CNTs and WT 7: h) moving of DRI instruments 
corresponding to some of the peaks in Figure 1. Black Carbon mass concentration peaks can also be seen 
during refilling of the CNT powder (WT 2 and WT 7), which was handled openly. This refilling took place in a 
storage room, which is why no corresponding peaks can be seen with the stationary measurements with the 
APS or CPC, which were placed in the laboratory. The three question marks in Figure 2 notes peaks that have 
occurred outside the documented work task, i.e. there is no activity documented in the log book for these 
events. 

In summary, distinct peaks of increased particle number concentrations and mass concentrations of black 
carbon have been found during several work tasks. The main sources appear to be open handling of pure 
CNT powder (“refilling”), electrophoretic processes where the particles might emit from the open liquid surface 
and during pouring and stirring of solution containing dispersed CNTs. Cutting of the CNT-composites also 
yielded high particle concentrations. Unfortunately, during this work task the black carbon monitor was not 
working and a comparison to the mass concentration is not possible. It can, however, be hypothesized that 
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this event also would yield high mass concentrations of black carbon. All these exposures are considered 
significant and impose possible risks for the employees.  
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Table 19. Average (av), standard deviation (std), maximum (max) and minimum (min) values for all work tasks (WT) for 
both Black Carbon concentrations and total particle number concentration. The total particle number concentrations are 
divided into three size intervals; 1-10 μm, 0.5-1 μm and 0.005-0.5 μm. The Black Carbon concentrations were measured in 
the personal breathing zone, PBZ and the background zone, BG, while the total particle number concentrations were 
measured in the emission zone, EZ and the background zone, BG.  

 WT 1 WT 2 WT 3 WT 4 WT 5 WT 6 WT 7 

 av 
 std 

max, 
min 

av  
std 

max, 
min 

av 
 

std 

max, 
min 

av 
 

std 

max, 
min 

av 
 

std 

max, 
min 

av 
 std 

max, 
min 

av 
 std 

max, 
min 

BC PBZ [ng/m3] 
291 

 
198 

2157, 
71 

649 
 

2008 

18050, 
73 

1394* 
 

3187 

12419, 
155 

258 
 

315 

1865, 
42 (-) (-) (-) (-) 

312 
 

494 

4194, 
37 

BC BG [ng/m3] 
241 

 
34 

401, 
179 

308 
 

127 

825, 
162 

240 
 

26 

280, 
194 

193 
 

58 

343, 
121 (-) (-) (-) (-) 

212 
 

77 

446, 
30 

1-10 μm EZ [#/c3] 
0.52 

 
0.80 

18.14, 
0.11 

0.26 
 

0.16 

2.23, 
0.02 

0.27 
 

0.10 

0.56, 
0 

0.88*  
5.00 

69.71, 
0.02 

0.14 
 

0.17 

3.07, 
0 

2.84* 
 

12.76 

138.66, 
0 

0.49 
 

0.41 

4.18, 
0 

1-10 μm BG [#/c3] 
0.29 

 
0.16 

1.36, 
0.06 

0.11 
 

0.07 

0.65, 
0 

0.15 
 

0.05 

0.31, 
0.04 

0.17 
 

0.10 

0.96, 
0.01 

0.34 
 

0.65 

6.11, 
0.04 

1.04 
 

0.34 

2.42, 
0.38 

0.54 
 

0.77 

24.11, 
0.04 

0.5-1 μm EZ [#/c3] 
2.41* 

 
3.79 

99.28, 
0.72 

0.85 
 

0.74 

3.66, 
0 

4.73* 
 

1.93 

11.24, 
2.36 

12.82* 
 

57.82 

659.64, 
0.51 

1.53 
 

0.75 

5.03, 
0 

15.58 
 

45.24 

556.20, 
0 

3.03 
 

2.73 

16.49, 
0 

0.5-1 μm BG [#/c3] 
1.72 

 
0.18 

2.53, 
1.15 

0.63 
 

0.82 

3.50, 
0.05 

2.96 
 

0.38 

4.13, 
1.88 

2.64 
 

2.47 

20.76, 
0.89 

6.88 
 

10.07 

57.99, 
1.08 

10.61 
 

2.51 

20.25, 
5.59 

2.75 
 

2.93 

19.10, 
0.58 

0.005-0.5 μm EZ [#/c3] 
757 

 
200 

2049, 
401 

1602 
 

1510 

12467, 
782 

1383 
 

258 

2026, 
892 

4034 
 

12315 

273193, 
1887 

1678 
 

715 

11039, 
0 

5705 
 

24087 

441782, 
744 

2150 
 

816 

8530, 
1367 

Bold* = (av PBZ– av BG) > 3*std BG or (av EZ-av BG) > 3*std BG 
Italic = max value for every size interval 
(-) = instrument failure  
 

Clear short term BC exposure peaks (between one and three minutes) were found for all five work tasks 
where valid measurements were taken. The highest maximum concentrations (peak values) were found for 
WT 2 (18.0 μg/m3) – refilling of CNT powder, and WT 3 (12.5 μg/m3) – opening of oven doors (for vacuum 
infusion process of CNT epoxy). However, for all work tasks except one (WT 3; 1.4 μg/m3) the average 
(arithmetic mean) BC concentration was below 1 μg/m3, which is the suggested 8 h EC limit value to assess 
CNT exposures. Work task 3 was also the only work task for which the average BC concentration reached a 
statistically significant elevated value. However, WT 3 was the shortest work task, about 30 minutes (all other 
work task were between one and three hours), which could explain the elevated average value.  

Several of the work tasks (WT 1, WT 3, WT 4 and WT 6) showed statistically significant elevated average 
values also for the number concentration of particles.  Work task 1, 3 and 4 showed a significant difference for 
the size range 0.5-1 μm. (Explanation why!?) Work task 4 also showed a significant elevated average value in 
the size range 1-10 μm. (Explanation why!? – A lot of moving and adjusting?) Work task 6 showed a 
significant elevated average value for the size range 1-10 μm and this was also the work task were the highest 
particle number concentration was reached for the size range 1-10 μm and 0.005-0.5 μm. The size range 0.5-
1 μm also showed a relatively high total particle number concentration and a strong conclusion is that the 
cutting process (cutting of CNT nanocomposite) generates a lot of particles, possible CNTs or CNT-containing 
particles, which constitutes as an exposure and possible risk for the employees. 

The values for Black Carbon in Table 19 might not be calculated from the exact same time period as the total 
particle number concentration for the different work tasks. The work task in the personal breathing zone (Black 
Carbon measurements) sometimes started earlier than in the emission zone (total particle number 
concentration measurements) and was carried out in another room than the emission zone. 

The concentration ratio is hard to interpret and use when the measurements is not purely task-based of shift-
based. The emissions are clearly seen in the raw data but “disappears” when calculating CR for a whole work 
task. To divide all work process in minute long smaller tasks will take unreasonable long time in our case. A 
statistical value to compare the background corrected emissions (or CR value calculated for each value of raw 
data) with would be preferable to make the data evaluation more efficient and easier to overlook.  
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Annex G: Production of high-performance nanomaterials and 
nanocomposites (SiO2, TiO2, Graphene) - ITENE 
 

The first company visited is a supplier of high-performance nanomaterials, nanocomposites and 
nanotechnology based solutions used in a wide range of products. In the scope of this task was to measure 
the nanoparticle synthesis and handling of several nanoproducts. It was selected SiO2, TiO2 and two types of 
Graphene. 

Figure 279 shows a floor plant of the industrial location with some dimensions and the entrances/exits. The 
plant is a big rectangular basement of around 25 x 7 x 2.5 m (l x w x h) which was reconverted in a production 
plant of middle scale: no lab production, neither industrial production. It has an entrance from inside of the 
building and a garage door to the outside. Natural ventilation was present and was increased by opening of 
the garage door. The mixing machines, weighing and bagging infrastructure were positioned alongside the 
wall. The boxes at the opposite side were used for storage. 

 

 

Figure 279. Plant view of the synthesis room and the positioning of devices. Figure 280. Sieving process. 

A list of the multiple processes performed can be seen in Table 20. Before starting and after ending each 
process, elevated concentrations were reduced to background levels by opening the garage door. 

Table 20. Processes and materials monitored. 

 

The main characteristics of the materials under study are shown in the following Table: 

 

 SiO2 (solid state 
 synthesis) 

SiO2 (liquid state 
 synthesis) 

TiO2 (liquid state 
 synthesis) 

Graphene 
 platelets 

Graphene 
 spheres 

Physical state  
of the material Solid Solid Solid   

Primary  
particle size 20 nm 20 nm 5 nm to 100 nm (size depending on 

process parameters)   

Exposure  
Scenarios Date Duration Process Materials 

SiO2 TiO2 Graphene 
ES1 2/09/2015 8 hrs Background  - - - 
ES2 3/09/2015 9:10-9:45 Weighing Graphene Platelets   X 
ES3 3/09/2015 9:57-10:16 Weighing Graphene Spheres   X 
ES4 3/09/2015 10:30-11:50 TiO2 synthesis in liquid state  X  
ES5 3/09/2015 12:35-13:45 SiO2 synthesis in liquid state X   

ES6 3/09/2015 14:15-15:20 
SiO2 synthesis in solid state + vacuum 
cleaning + applying improvised LEV + 

sieving 
X   

ES7 3/09/2015 17:30-17:45 Cleaning with sweeping brush, and 
vacuum cleaning X   

ES8 4/09/2015 9:33-9:45 SiO2 synthesis in liquid state  (blank) X   

ES9 4/09/2015 10:10-10:45 Weighing Graphene Platelets + LEV 
vacuum cleaner   X 

ES10 4/09/2015 10:51-11:30 Weighing Graphene Spheres + with and 
without LEV   X 
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Shape Spherical Spherical Spherical   
Surface Area 

 (BET) 200 m2/g 200 m2/g 120 m2/g   

Density 220 kg/m3 220 kg/m3 350 kg/m3 1,9 g/cm3 1,9 g/cm3 
 

Only the most significative results from selected ES will be shown in the following, with the main findings and 
conclusions extracted from them.  

G-ES1: Background 
The background was monitored after the end of journey. It can be seen in Figure 281 how is slowly decreasing 
when the activity is finished. 

 
Figure 281. Concentration of particles at the end of activity for 

background characterization. 
 

G-ES2: Weighing Graphene Platelets 
Big plastic bags of nano graphene platelets (500 g) are transferred to several smaller plastic bags of 125 g 
each, as shown in Figure 282. An empty plastic bag is placed on a balance and nano graphene is poured into 
this bag until the balance is nearly at 125 g. Subsequently small amounts of the graphene platelets are 
transferred with a scoop to get exactly 125 g in the bag. The bag is closed with a zip lock and stored. The 
process was repeated several times. A vacuum cleaner was used to clean the work surface after ending the 
weighing. 

High concentrations of Graphene nanoparticles sized approximately around 13 nm were detected by the 
SPMS (Figure 283). Graphene is highly volatile, and it was found deposited on the surface of the measuring 
devices placed even at the Far Field.  

 

  
Figure 282. Weight and transfer of graphene Figure 283. Particle Size Distribution and Concentration during 
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nanoplatelets. the graphene weighing process. 
 

Transfer of graphene was measured with and without Local Exhaust Ventilation. An HEPA filtered vacuum 
cleaner with an adapter was used to simulate a movable capture hood during the weight and bag of the 
material, and results are shown in Figure 284. The first set of measurements (green and purple) correspond 
with the concentrations shown in Figure 283 while the others are replicates to check the effectivity of the 
ventilation. 

 
Figure 284. Concentrations in the Near and Far Field (NF and FF respectively) during graphene 

manipulation, with and without Local Exhaust Ventilation (LEV). 

 
The second set of weight was shorter and, besides concentration values are lower, there are not relevant 
peaks as in the first one (green and purple). This can be due to the slower manipulation of the graphene and 
thus the less energy applied by the workers manipulating it. 

However, comparing the second set with the third one, immediately after this one but using the movable LEV, 
it can be seen how the ventilation increases the airborne concentration at the end of both Near and Far Fields, 
instead on decreasing it, as it is supposed to do. 

The reason probably is the high volatility of graphene, and since the device working as a capture hood has no 
flow control, thus most likely the flow rate applied causes resuspension and dispersion of particles through the 
room. 

 

G-ES3: Weighing Graphene Spheres  
Nano graphene spheres in a big plastic bag are transferred to several smaller plastic bags of 1 kg each. An 
empty plastic bag is placed on a balance and nano graphene is scooped into this bag until the balance 
indicates 1 kg. The bag is closed with a zip lock and stored. The process was repeated several times and 
analogue results to the ones shown in ES2 were found, thus for brevity will be omitted in this document. 

 

G-ES4: TiO2 synthesis in liquid state 
Nanoparticles of TiO2 are synthesized by means of the mixture of different reagents according to schematic 
drawing in Figure 285. 
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Figure 285. Process steps of TiO2 synthesis. 

 
Different reagents are weighed and prepared to be added to the aqueous solution. The reagents that are used 
(titanium alkoxides and aqueous medium) are not in the nanoparticle but in the micrometer range. All reagents 
that have been weighed and prepared are poured into the mixer to obtain an aqueous solution with a 
concentration around 1-10 %. During the mixture of reagents in the aqueous solution different reactions take 
place and nanoparticles are synthesized (spherical 5 nm particles). They usually precipitate at the bottom of 
the mixer. The suspension is filtrated to separate the solid particles from the solvent. Once the nanoparticles 
are recovered from the aqueous solution in the filter, they must be dried to eliminate the excess of water from 
the solid. After drying they are packaged in plastic bags to be delivered. 

 
Figure 286. Process of nanoparticle synthesis in liquid state. 

Due to the liquid state of the mixing products, low release is expected, only at the end of the process when the 
nanopowder is packed. Indeed, in Figure 287 are represented size and concentration distributions of the 
whole process and can be seen how the general release is small (concentrations below 50 #/cm3), being 
slightly higher for 18 nm particles and reaching peaks of around 100-150 #/cm3 at the end. 

 
Figure 287. Particle Size Distribution and Concentration during the liquid TiO2 

nanoparticle synthesis. 
 

In Figure 288 are shown the airborne concentrations of different original particles during the same synthesis 
process. Although the mean concentrations are similar in both process, around 5.5e3 #/cm3, the peak increase 
in the case of SiO2 is due to the first download of the powdered resulting nanoparticles. 
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Figure 288 Particle concentrations during liquid synthesis of TiO2 (left) and SiO2 (right). 

G-ES5: SiO2 synthesis in liquid state 
Nanoparticles of SiO2 are synthesized by means of the mixture of different reagents according to schematic 
drawing in Figure 285. The process was repeated several times and analogue results to the ones shown in 
ES4 were found, thus for brevity will be omitted in this document. 
 
G-ES6: SiO2 synthesis in solid state + vacuum cleaning + applying 
improvised LEV + sieving 
Synthesis of nanoparticle SiO2 in solid state is performed by means of the mixture of solid reagents according 
to the schematic diagram in Figure 289. 

 
Figure 289. Process steps of TiO2 synthesis in solid state. 

 
The synthesis starts with the weighing and dosage of reagents (silanes and silicates at the microscale) and 
pouring in the mixer. During the mechanical mixing of the reagents SiO2 nanoparticles are formed. Sieving is 
necessary if microparticle reagents did not react during the mixing and are still present together with the 
nanoparticles. The nanoparticles are collected from the sieve and packaged in a cardboard barrel containing a 
plastic bag. 
An empty barrel was put on the balance and an improvised Local Exhaust Ventilation (LEV) was positioned on 
top of the balance. Nano silicon dioxide was transferred with a scoop from a second barrel to the barrel on the 
balance (Figure 290). 
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Figure 290. Synthesis of SiO2 with ionic salts in solid state. 

Sieving was performed by shaking synthesized nano product from a bag onto the sieve (Figure 291). 
 

  
Figure 291. Sieving of SiO2 synthetized nanoparticles. 

 

Results can be seen in Figure 292, where the concentration of particles below 100 nm is practically constant 
and considerably low, while particles above 125 nm up to 200 nm have peaks of 4-5 times higher 
concentration. This means either that is not the nanoparticle formation the one producing the release, but the 
powdered SiO2 introduced at the input, or that the synthetized nanoparticles agglomerate up to this range. 
 

 
Figure 292. Particle Size Distribution and Concentration during the solid SiO2 nanoparticle synthesis. 
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Regarding the sieving process, airborne particle concentration is shown in Figure 293. There is a release that 
doubles the particle concentration in the air during the process, since is in an open sieve. The size distribution 
of particles above 300 nm shows a second peak of smaller concentration around 1 μm.  
 

 

Figure 293. Airborne concentration during the sieving process. 

G-ES7: Cleaning with sweeping brush, and vacuum cleaning 
The floor of the laboratory cellar was covered with powder after the synthesis of nanoparticle SiO2 in solid 
state. The greater part was swept with a dustpan and brush and deposited in a dustbin. After brushing, a bag 
with SiO2 was tipped over to the floor to repeat the cleaning with a vacuum cleaner. Results shown in Figure 
294 display a greater release with the vacuum cleaner, due to the fact that it had no filter for particles or was 
not nanoparticle specific. 

 
Figure 294. Airborne particle concentration during cleaning operations. 

 
The following ES are either replicates or are shown along previous ones, thus they will be just briefly 
described. 
 

G-ES8: SiO2 synthesis in liquid state (blank) 
The process described in ES5 is repeated with water not containing any ingredients to start the chemical 
reaction. 

Vacuum Cleaner Sweaping 
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G-ES9: Weighing Graphene Platelets + LEV vacuum cleaner 
The process described at ES2 is repeated with the presence of an improvised LEV. 
 

G-ES10: Weighing Graphene Spheres + with and without LEV 
The process described at ES3 is repeated with the presence of an improvised LEV. 
As for the elemental filter analysis, it should be noted that since the particles are supported on a filter (glass 
fiber or polycarbonate), analysis by EDAX can show the presence of the elements constituent of the filter (O, 
Si, Na, Al, K, Ca, Ba in the case of fiberglass and C, O in the case of polycarbonate). Furthermore, it should 
be noted that the presence of Au and Pd from the metallization of the sample to make it conductive before 
insertion is also observed microscopically. 
In summary, there have been mainly detected laminar particles containing C as the main element. These 
particles must correspond certainly to graphene, which is handled in different parts of the scenarios. It has 
also been detected particles containing other metals, mainly Ti and Si. These elements probably come from 
the manipulation of SiO2 and TiO2, which are also used in company products. 
 

 

 

 

Activity Image reference Approx. size of retained 
 particles Main elements detected 

Background 

1.1 20 μm C, Fe, Ca 
1.2 20 μm C 
1.3 30 μm C, N, Fe, Cl 
1.4 30 μm C, N, Na, Cl 
1.5 20 μm C, Zn, O 

Weighing Graphene 
Platelets 

2.1 40 μm C, Zn, O 
2.2 40 μm C, Zn, O 
2.3 30 μm C, Fe,O 

Weighing Graphene 
Spheres 

3.1 50 μm C, Zn, O 
3.2 30 μm C 
3.3 10 μm C 

TiO2 liquid synthesis 
4.1 20 μm C, Ti, O 
4.2 20 μm C, Ti, O 
4.3 15 μm C, Ti, O 

SiO2 liquid synthesis 
5.1 5-20 μm Si, O 
5.2 20 μm Si, O 
5.3 5-20 μm Si, O 

SiO2 solid synthesis 6.1 5-20 μm Si, O 
6.2 5-20 μm Si, O 

SiO2 solid state sieve 7.1 5-20 μm Si, O 
7.2 5-20 μm Si, O 

Cleaning 
8.1 40 μm Si, O 
8.2 5-20 μm C 
8.3 20 μm Si, O 

Background night 
time 

9.1 20 μm Si, O 
9.2 5-20 μm Si, O 
9.3 30 μm C 
9.4 15 μm Si, O 
9.5 20 μm C, Si, O 

SiO2 liquid synthesis 
replicate 

10.1 20 μm C 
10.2 5-20 μm C 
10.3 15 μm C 

Weighing Graphene 
Platelets 

11.1 40 μm Si, O 
11.2 30 μm C 
11.3 20 μm C 

Weighing Graphene 
Spheres replicate 

12.1 100 μm C, N, P, Cl 
12.2 100 μm C 
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12.3 30μm C 

Weighing Graphene 
Spheres + LEV 

13.1 60 μm C 
13.2 20 μm C, Cl 
13.3 20 μm C, Cl 

 

 

 

 
Figure 295. SEM images (left) and EDX analysis (right) for three samples of particles found in filters. Upper (sample 2.2) 

and middle (sample 3.2) ones: graphene packing, bottom one (sample 4.3) during TiO2 liquid synthesis. 
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Annex H: Manufacturing of TiO2 based nanocomposites prepared by melt 
compounding - ITENE 
 

H-1. Case study 2 
The second industrial case study takes place an industry related with development of photonic devices for 
general illumination, information display, sensoristic or energy, as well as production, transformation and 
characterization of thermoplastic materials. 

Since nanoparticles are incorporated to their manufactured products, two selected scenarios were monitored, 
that is an extrusion machine and a moulding machine. Two different compounds were extruded, listed in Table 
21, although also was recorded the blank extrusion before, between and after compounds. Likewise, side 
exposure scenarios such as the cutting of the extruded material or the filling of the automatic feeders into a 
clean room are also presented. 

Table 21. List of processes and materials. 
Process Base Nanomaterial 

Extrusion PMMA TiO2 (2%) 

Cleaning extruder PE high density - 

Warm up extruder TPE - 

Extrusion TPE Graphene few layers 

Cleaning extruder PP  

Molding warm up PMMA  

Molding PMMA TiO2 (2%) 

 
Nanoparticles are provided in a sealed plastic bag to be manually weighted and transferred to the automatic 
feeder of the extruder in amounts of 60 g per shift in order to produce around 3 Kg of compound. 

The personal protection equipment (PPE) wore by the two workers on the shift are nitrile gloves (EN 374, EN 
420, EN 388, ASTM D6319-00), single-use filtering half-mask FFP3V NR (EN 149:2001 + A1:2009) and a lab 
coat (cotton polyester blend). 

H-1. ES1: Extrusion of PMMA + TiO2 
The extruder is divided in 10 different zones with different temperature. As first step the extruder is heated to 
the thermoplastic temperature, then PMMA pellets are fed. When the flow of PMMA is stable, the nanoparticle 
feeder is turned on and the compounding starts. The compound is pelletized and collected into some 
recipients. When a sufficient quantity of compound is collected, the nanoparticle feeder is stopped and the 
PMMA is substituted with a cleaning material (HDPE), in order to clean the extruder screw. The cleaning is 
conducted at lower temperature (180 °C). 
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Figure 296. View of the extruder machine (left), placement of monitoring devices around the feeder (upper right), bags 

for emptying the feeder and cutting machine of the extruded material (lower right). 
 

The extrusion apparatus was modified introducing a tool to connect the nanoparticle micro-feeder with the 
plastic material feeder, in order to reduce nanoparticles dispersion during the mixing with plastic material. The 
cover of the nanoparticles feeder is closed and there is a hood over the extruder with the technical 
characteristics listed in Table 22. 

Table 22. Technical characteristics of the Local Exhaust Ventilation. 

  
 

 

The ventilation was subsequently opened and closed to see the effect on reduction of exposure and release of 
nanomaterial from the extruder in each of the processes. Results from the concentrations recorded by the 
CPCs are shown in Figure 297 for the whole process, from the background, warm up, extrusion, cleaning and 
cool down. 

Technical conditions and measures to control dispersion 
from source towards the worker 

Type of local ventilation (at the 
source) Extractor fan 

Efficiency of the local ventilation  -200 Pa 

Room conditions 

Room volume (m3)  1925 m3 

Room temperature (°C)  20°C 

Room pressure  (Pa) -1 Pa 

Room relative humidity (%) 60% 

Type of general ventilation Fan convector 

Air exchanges per hour (h-1)  2250 m3/h 

Near Field Far Field 
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Figure 297. Concentration of particles in the Near and far Fields recorded by the CPC. 

The dramatic increase from background levels to activity levels (up to 3 orders of magnitude), even without 
nanoparticles addition, is because the PMMA is very dusty, residuum found deposited in far field devices. 
However, no significant difference between blank PMMA and PMMA + TiO2 nanoparticles is found, which 
indicates that the dust comes mainly from the PMMA itself. It must be remarked that concentration reaches up 
to 3.0e6 #/cm3, thus devices are working at their upper limits, which derives in a higher associated error. 

When opened, the LEV system reduces over 98% the airborne concentration, which demonstrates its 
effectivity. 

It can be seen as well how manual activities such as refilling the feeder or cleaning entrance with a brush 
increase locally the concentration. 

The difference between NF and FF concentrations is very high, up to 2.0e6#/cm3. In this concrete case, it is 
recorded a higher concentration in FF, probably due to vicinity of the cutter to the chosen FF location where 
there is high PMMA dust release. Filter analysis will help to complement these results with the chemical 
composition of the particles collected. 

 

H-1. ES2: Extrusion of TPE + Graphene few layers 
Same process was monitored for the extrusion of a Thermoplastic Elastomer (TPE) with Graphene 
nanoparticles. Graphene is provided by the case study 1 and is called “few layers”. 10g of graphene were 
added for each 2 kg of compound. 

The extruder was heat to the TPE temperature, then the pellets are fed. When the process is stable, the 
nanoparticle feeder is turned on and the compounding starts. When a sufficient quantity of compound is 
collected, the nanoparticles feeder is stopped and the TPE substituted with a cleaning material (PP), in order 
to clean the extruder screw. The cleaning is conducted at lower temperature (170 °C). 

In this case, the weight and filling of the feeder is done manually inside a fume hood located within a clean 
room. To enter to the clean room, gloves, coveralls and disposable masks have to be worn.  

Graphene is highly volatile; thus high release levels are expected when the extrusion process starts. In Figure 
298 this effect is evidenced, the concentration increases up to 1 order of magnitude as soon as the graphene 
is added to the process, while at the same time seems that graphene stops or slows momentarily the increase 
on concentration at the entrance of the extruder.  

Again, FF is greater than NF. This can be due to the selection of the location of the instruments, in a corner 
where low ventilation / turbulence occurred, but also to the powder released from the cutting machine. 
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Figure 298. Concentration of particles in the Near and far Fields recorded by the CPC. 

However, in is particular case, when the ventilation at low flowrate is opened, the concentration increases 
dramatically (up to 1 order of magnitude). This is contrary to the effect in previous extrusion, as is contrary to 
the effect seen afterwards, when a blank polymer (PP) is passed to clean the machine, decreasing the total 
concentration slowly. The opening of the LEV seems to help the natural tendency to decrease.  

This seems to be a particular effect with graphene, in which air flows nearby raise the airborne particles and 
drives them all around in some sort of turbulence.   

During the cleaning with PP, a great peak is generated, probably because PP is highly electrostatic and it 
mixes very well with the remaining TPE + graphene, thus the possible release of particles can be attracted to 
any metallic surface (or travel along the room driven by electrostatic forces). As soon as LEV is open, airborne 
concentration decreases. 

H-1. ES3: Moulding 
Once the extrusion of the NM is finished, the extruded material is used for thermoformation of small pieces in 
the moulding machine (Figure 299). 

 
Figure 299. Moulding machine. 

 

Material in manually fed into the deposit in the upper part, while a ventilation hood controls the release to the 
atmosphere. The moulding process itself takes place on a closed chamber, thus the injection of material is the 
only critical point.  
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Figure 300. Concentration of particles in the Near and far Fields recorded by the CPC. 

Figure 300 shows the concentration in the NF and FF from the CPCs. It can be seen an increase during the 
warm up, probably from the heat of the machine. This increase continues as the extruded PMMA + TiO2 done 
the previous day is inserted, but again the opening of the hood controls the release to values similar to the 
background concentration 

H-2. Case study 6 
The company manufactures high-tech thermoplastics for automotive and electrical applications. The 
measurement survey took place in their factory where they mass produce polyamide (PA) thermoplastics by 
extrusion. Seven extruders were located on the factory floor. These usually run simultaneously. Normally 5 
workers work in the factory - one operating one or more extruders and a process manager. During the 
measurement survey all 7 of the extruders were in operation but only one was using carbon nanotubes (CNT). 
The factory was on two floors and was around 3000 m3 (10 m x 50 m x 6 m). There were two large doors at 
each side of the workshop that were opened during production.  

The likelihood of exposure was considered to be high as the worker handled manually large amounts of CNT 
in powder form. 

H-2. ES1: Extrusion of polyamide (blank) 
In this scenario a total of 178 kg of PA were extruded. No CNT were used. This was carried out to provide an 
overview of the concentration levels (particle numbers and elemental carbon, EC) when no CNT were used. 
There was more activity in the plant during this time as everything was being set up for the day’s production 
runs. The PA was fed automatically to the extruder from the top hopper while PA additives were fed via the 
lower hopper.  

H-2. ES2: Extrusion of polyamide and CNT in masterbatch form 
This scenario took place after ES 1. A total of 158 kg of PA and 50 kg of masterbatch were used. The term 
‘masterbatch’ applies to a resin, in this case PA, in which is embedded a high concentration of additive, in this 
case CNT. The PA with the CNT masterbatch was fed automatically.  

H-2. ES3: Extrusion of polyamide and CNT in powder form 
This was the last extrusion process that took place and it involved the extrusion of 191 kg of PA and 7.5 kg of 
CNT powder. The PA was fed automatically and the CNT manually from the top hopper. The bag containing 
the CNT was inserted as much as possible into the feeder and shaking it. The worker wore a full mask.  

The concentrations from the direct reading instruments and personal samplers during the extrusion of PA and 
masterbatch and polyamide and CNT powder were compared with those measured during the blank extrusion 
using only PA to obtain the ratio values.  

Figure 301 shows particle concentrations (6-523 nm) were in general higher and varied more during the blank 
extrusion (without the CNT) compared to the other two extrusions, reaching maximum peaks of 200,000 
#/cm3. Only a fork lift was identified in close proximity to the extruder during the process. Therefore, these 
peaks appear to be due to the presence of fork lifts close to the instruments and the feeding of the extruder. 
The lunch break coincided with scenario 2 so the activity (in terms of workers and fork lifts moving around) 
decreased.  
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Figure 301. Time series plot of measurements taken with the FMPS during ES 1 (blue line); 

ES 2 (yellow line) and ES 3 (red line); and after the extrusion finished (black line). 

Figure 302 shows the number of large particles (0.5- 20 μm) was relatively low, between 100-150 #/cm3, and 
constant during the blank extrusion and the extrusion with the masterbatch.  A large increase in airborne 
concentration in this larger size range was observed around 16:33 during the extrusion of the CNT powder. 
This coincided with a fork lift passing by and the feeding of the powder. However, previous events with fork 
lifts and feeding had not resulted in such an increase. 

 

Figure 302. Time series plot of measurements taken with the APS during ES 1 (blue 
line), ES 2 (yellow line), ES 3: (red line) and after the extrusion finished (black line). 

The shape of the PSD of the aerosol was very similar for the three extrusion processes for the size range 6-
523 nm (Figure 303) and the larger size fraction, 0.5-20 μm (Figure 304). The PSD for the smallest particle 
fraction peaked at around 11 nm for the three processes. The blank extrusion showed another smaller peak 
around 20 nm. On the other hand, data from the APS (0.5- 20 μm) showed most particles were below 0.5 μm 
(Figure 304). 

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

09:21:36 10:33:36 11:45:36 12:57:36 14:09:36 15:21:36 16:33:36 17:45:36 18:57:36

Pa
rt

ic
le

s /
cm

3 
(6

-5
23

 n
m

)

Blank (extrusion of PA)

Extrusion PA & CNT (masterbatch)

Extrusion PA & CNT (powder)

Non activity

A B C C

A

B

A Fork lift passing
B Feeding extruder (2nd floor)
C Feeding extruder (1st floor)

A B C C

A

B

B

A



NANoREG Deliverable 3.07 

Page 155 of 172 

 

Figure 303. Particle Size Distribution of the aerosol (6 -5232 nm, FMPS). 

 

Figure 304. Particle Size Distribution of the aerosol (0.5- 20 μm, APS). 

In summary, GM concentrations of particles between 6-523 nm were higher during the blank extrusion (44839 
#/cm3) compared to the extrusion of masterbatch and CNT powder (30116 and 23045 #/cm3) respectively. A 
fork lift close to the extruder resulted in high peaks in the concentrations during the blank extrusion that were 
unrelated to the extrusion process. The larger particle size fraction (0.5- 20 μm) showed similar GM (151, 109 
and 135 #/cm3, for the blank, masterbatch and CNT powder extrusion respectively).  

The EC personal samples were below the LOD for the blank extrusion and extrusion of masterbatch but were 
14.2 and 8.8 μg/m3 for the operator and manager respectively during the extrusion of CNT powder. This 
corresponds to a Time Weight Average (TWA) concentration of 6.0 and 3.7 μg/m3 respectively. This is above 
the US National Institute of Occupational Safety and Health (NIOSH) recommended value of 1 μg/m3 (NIOSH, 
2013) 

The respirable dust also showed higher concentrations during the extrusion of the CNT powder (163.4 & 44.5 
μg/m3 for the operator and manager respectively) which are well below the American Conference of Industrial 
Hygiene (ACGIH) threshold limit value for respirable dust (3 μg/m3). The respirable dust concentrations for the 
extrusion of masterbatch were 55.9 and 21.3 μg/m3 for the operator and manager and during the blank 
extrusion the operator concentration was 44.5 μg/m3 (no sample was taken on the manager). 

Table 23 shows the images and scans from the SEM/EXDS analysis.  

 

Table 23. SEM and EDX results from Case Study 4. 
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Image of ‘blank’ particles, assumed to be containing salts,obtained during the extrusion of PA  

ES1, EDXS Spectrum Cl, Si, S, C, Ca, Al, K, Na, O, Fe 

 
Image of ‘polymeric’ particles obtained during the extrusion of PA and CNT in masterbatch form, 

ES 2, EDXS Spectrum C, Si, O, Po 

  

Image of particles obtained duringthe extrusion of PA and CNT in powdered form, ES 3 
EDXS Spectrum C, O, Po 

 

Filter samples collected during the extrusion of polyamide and extrusion of CNT in masterbatch form did not 
present particles with CNT. The particles present were polymer particles composed of carbon and oxygen. 
The sample collected during the extrusion of CNT in powder form show some agglomerated CNT although the 
number of these particles was relatively low.  

Exposure to CNT was therefore only likely during the extrusion of CNT powder, although not to single particles 
but to agglomerates.  
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Annex I: Case studies on textile industry – ITENE 
I-1. Case Study 3 
Case studies 3 and 4 are performed n textile companies. Different finishings containing nanoproducts are 
tested and compared with their conventional forms. In this concrete case study, two finishes are tested, Soil-
Release and Flame retardant, although, for the Flame retardant there is no available yet a nano-based 
compound operational. Thus, only the conventional application was tested (it is foreseen to simulate the 
process in the lab instead of in the facilities from the company). 

The plant (Figure 305) is a squared factory with doors at both sides and ventilators near the roof. It is divided 
into padding + drying spaces and a storage, washing and cutting space. Application of products is done in the 
bath of the padding machine in case of the Soil Release or in the coating machine for the Flame Release. 
After the bath, the fabrics pass to closed, self-ventilated furnaces and were rolled-up at the exit. Since the 
components of the process are in liquid state and release of nanoparticles is expected to be low, it was 
measured as well near the cutting machine to evaluate if in a dry fabric which was being cut there was a 
higher release. Placement of devices is marked with a red cross. 

 

Figure 305. Plant view of the case study 3 facilities. 

I-1. ES1: Soil release - Padding 
Products are poured manually in the bath of the padding machine. It was monitored the application of the 
nano-based product and after cleaning with water, the conventional product was applied, and these compared 
to the background at different points of the workplace (Figure 306). 

  

Figure 306. Pictures of the pouring of the finishing compounds (left) and the bath of the fabrics in the padding machine. 

There is a slight increase in concentration against background on site when applying the product. However, 
there are no significant differences between application of the conventional product and the nano-based one. 
Concentration is even slightly higher during the application of conventional product. 

The concentration of particles below 300 nm is generally quite high; similar values are obtained for CPC and 
Nanotracer despite their different ranges of measurement, while the concentration of particles larger than 300 
nm is quite low as the OPS concentrations show (Figure 307 right). Still, an increase occurs when applying the 
product versus the background, and again is higher during the application of the conventional product, but no 
significant enough respect to background to be noteworthy.  
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Figure 307. Concentration of nanoparticles during Soil Release application with Nanotracer and CPC (left) and OPS (right). 

The particles were collected on polycarbonate filters by a suction pump at a rate of 3 L / min and subsequently 
analyzed by scanning electron microscopy (SEM) on a XL-30 equipment Philips EDAX microanalysis system. 
The images of the particles together with the corresponding elemental analysis of each are shown in the 
following. 

Regarding elemental analysis, it should be noted that since the particles are supported on a polycarbonate 
filter, in EDAX analysis can be observed the presence of the filter elements (85% C, 415% O). Furthermore, it 
is also observed microscopically the presence of Au and Pd from the metallization of the sample to make it 
conductive before insertion in the microscope. 

In summary there have been detected mainly particles containing metals such as Si and Al, as well as other 
metallic elements such as Fe, K, Mg, Ca or Ti. These elements can come from products used in Vincolor 
facilities, but also items that can be commonly found in the environmental dust (in the form of metallic oxides). 

The general background of the factory shows as well traces of metals, probably from the heated materials 
from furnaces, and mainly dust (Figure 308). 

  

Figure 308. Background filter sampling. Figure 309. Filter analysis of padding with nano-based 
Soil Release component. 
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Figure 310. Filter analysis of padding with conventional Soil Release component. 

Figure 309 shows the SEM images and EDX analysis during the nano-based application. There is an increase 
of the Silicon percentage on the general environment, although it goes back to background levels, new traces 
of metals appear during application of conventional product in Figure 310. 

 

I-1. ES2: Flame retardant – Coating + Cutting 
Flame Retardant finished was applied by the coating technique (Figure 311). Note that only conventional 
compound was ready for application in the moment of measures (nano-based is still under development). 

 
Figure 311. Coating of the conventional Flame Retardant product 

on the textile and measurement devices on the Near Field. 
In this case, two processes are represented simultaneously: conventional Flame Release product application 
and dry cut of the final fabric. The conventional Flame Release application does not involve a significant 
increase in the concentration (Figure 312 ), although there is a slight increase at the end of the process but the 
filters analysis results will determine if it really was that material or machinery around. 

The cutting of fabrics is more likely to expel the material as it is dry, but the short duration of the process, the 
motor and blade sparks mask results (compare peaks with background in Figure 312 left). The right part of the 
graph shows the concentration of particles above 300 nm recorded by the OPS in the FF. It shows no 
significant peaks of particles being ejected from the cutting process, regardless of the material. 
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Figure 312. Concentration of nanoparticles during Flame Retardant application with Nanotracer and 

CPC (left) and OPS (right). 

Filter analysis in Figure 313 shows a composition similar to background (mainly dust). Since the applied 
compound is a dense liquid, low possibility of release is expected, which is confirmed in the measurement 
results. There is no trace detected of the main components of the Flame Release product.  

 

Figure 313. Filter analysis of coating with conventional Flame Retardant component. 

However, due to the friction of metals, the cutting machine showed a lot of sparks which is reflected in the 
filter analysis (Figure 314) by the presence of multiple metals. This could mask a potential release of 
nano-based products, however the process itself makes very difficult to quantify this.  

 

Figure 314. Filter analysis of cutting dried fabrics coated with Flame Retardant component. 

A resume of all the filter analysis can be seen in Table 24 Recall that for simplicity reasons, not all filter images 
are shown in the document (only the most representatives), although they were all analysed. 

Table 24. Resume of all the filters analysed by microscopy. 
Activity Image reference Approx. size of retained particles Main elements detected 

Background 
1.1 3 μm Al, Si, O 
1.2 5 μm Si, Ca, O 
1.3 1 μm Si, Al, O 
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1.4 10 μm Si, O 
1.5 20 μm Si, Ca, K, Na, Cl, O 
2.1 5 μm Si, Al, O 
2.2 5 μm Al, Si, Ca, Fe, K, O 
2.3 5 μm Mg, Al, Si, K, O 

Soil Release Nano 
3.1 20 μm Si, O 
3.2 20 μm Si, O 
3.3 20 μm Si, O 

Soil Release Conventional 
4.1 20 μm Si, Al, Na, O 
4.2 5 μm Mg, Al, Si, K, Fe, O 
4.3 50 μm C, Al, Si 

Flame retardant activity 
5.1 20 μm Al, Si, K, Ca, Fe, O 
5.2 5 μm Na, Cl 
5.3 3 μm Si, Al, O 

Cut FR 
6.1 5 μm Na, Al, Si, Ca, O 
6.2 5 μm Ca, O 
6.3 5 μm Ca, Si, Al, O 

Cut background 
7.1 20 μm N, Cl, Na, Si, K, O 
7.2 5 μm Na, Cl 
7.3 10 μm Na, Al, Si, Ca, Fe, O 

Background 
8.1 10 μm Ca, K, Si, Al, O 
8.2 10 μm Si, Al, Fe, O 
8.3 15 μm Si, Al, Mg, Fe, Ca, O 

 

As a summary, it can be concluded that although concentrations of particles are generally quite high due to 
the heat in the room produced by the driers, each drier had their furnaces isolated and with independent 
ventilation. Background values are generally equal in all points (cutting area, front and rear areas), and very 
similar between CPC and Nanotracer, which means that most of the particles are sized below 300 nm. 

Background concentration increased during the day. This can be due to accumulation because few currents 
move the particles in the air (ventilation of the top roof and open doors at both sides seem to be not enough), 
and the high temperatures in the workplace due to driers activity leads to an incidental release from furnaces 
construction materials 

There are no significant differences between the application of the conventional product and nanocomponent 
respect to the background, thus no relevant release from application of product in liquid matrix. Also filters do 
not show a significant release of any of the products to the ambient, although there is a considerable amount 
of metals in the air, due to the heat of the machines, such as the high activity detected in cutting of fabrics 
resulting from the release from the cutting machine (sparks). As well, diameters are fairly stable, generally no 
notable agglomeration or aggregation of particles is detected. 

I-2. Case study 4 
In this textile company, three different finish were tested, in this case one of them lacked from the conventional 
mode. A different measurement strategy than in case study 3 was followed, where all the products were 
applied in each process continuously and processes were done one after the other. Methods tested were the 
padding of materials, then drying and also the pouring of nano-based liquids is monitored. 

All machines are placed on a big factory where many other processes take place at the same time and 
different air currents, forklifts and personal are working around. 

 

I-2. ES1: Padding 
Application of the products is done in a padding machine with three baths and automatic feeding (Figure 315). 
The worker poured manually the compounds in the feeder and the used material was drained to an undersoil 
storage to be treated. Also the cleaning was automatic by a water flow between compounds. The device has a 
capture hood (Local Exhaust Ventilation – LEV) over the open side. Pieces of fabric of around 50 m length run 
in the padding machine at 5 m/s, so a total time of approximately 10 minutes was available for the application 
of each product.  

The sequence of application of products is as following: 
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1. Antibacterial nano 
2. Antibacterial conventional 
3. UV-protect nano 
4. Soil Release conventional 
5. Soil Release nano 

 

Figure 315. Padding machine setup 

The ventilation was opened in one process for 15 min to compare he performance of the ventilation on the 
exposure. Near the source were placed the Nanotracer, one CPC and the filter pump setup. In the far Field, he 
other CPC and the OPS. 

Concentration measurements can be seen in Figure 316 Background is around 1.8e5 #/cm3, while during the 
process peaks up to 2.0e6 #/cm3 appear.  

Although concentrations change significantly respect to background, we cannot assure a direct relation with 
the nanomaterial content of the bath. As said, padding process takes place in an industrial building (nave) with 
several processes simultaneously, although none immediately close to the padding machine, but there is a big 
amount of vapours flowing from the waste water underground and high temperature are reached from the 
furnaces and washing machines around. 
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Figure 316. Concentrations in Near and Far Fields from CPCs and Nanotracer 
during padding application of all products. 

Thus, until a more detailed filter analysis to see the chemical composition of the nanoparticle registered, it 
cannot be stated the direct relation between nanoparticle release and nanoparticle bath. 

It must be marked too that when LEV was switched on, there was a slight increase of concentration, probably 
due to the turbulence generated and the vapours flowing out the waste water containment. After LEV was 
switched off, the concentration decreased. It must be said that the LEV was mostly used to reduce smell of 
additives. 

The fact that the Nanotracer measures practically same concentrations as the CPCs and the OPS measures 
orders of magnitude below (Figure 317) indicates that most of the airborne nanoparticles have sizes below 
300 nm. 

  
Figure 317. Concentrations (left) and Diameter distribution (right) over time during padding process 

registered by the OPS in the FF. 
 

Mean diameter recorded by the OPS increases slightly along the process, probably because the 
agglomeration/aggregation due to humidity, but does not change significatively in the far field during the whole 
processes or the different applied materials. It remains in the range between 390-420 nm. 

I-2. ES2: Drying 
After padding, all the fabrics were sewed together and trasladated to a driying machine, a closed, self-
ventilated furnace where they remained around 5 min. Measuring devices were placed as shown in Figure 
318.  
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Figure 318. Drying process machine. 

The fabrics leave the furnace still at high temperature, increasing the concentration with respect to the 
background, which is around 1.0e5 #/cm3 (Figure 319). There is also a big difference between NF and FF: FF 
is close to BG (~1.5e5 #/cm3), while NF is much higher (~3.5e5 #/cm3). This indicates that there is a release 
due to the process. 

 

Figure 319. Concentrations in Near and Far Fields from 
CPCs and Nanotracer during drying of the finished fabrics. 

 

However, release related with the padded material or with the fabric has to be further analysed: there is a 
slight increase in concentration for antimicrobial additives, either nanoscaled or conventional. 

  

Figure 320. Concentrations (left) and diameter distribution (right) over time during drying process 
registered by the OPS in the FF. 

Again, no significant changes neither in size nor in concentration at this size range. Only the slight increase in 
concentration during the background, which can be due to the manipulation of fabrics after the process for 
subsequent storage. 

I-2. ES3: Background overnight 
Two devices were left for 16 hours (from 17:00 of 23/11/2015 to 10:00 of 24/11/2015) to measure continuously 
the background in the plant. There was a night shift working meanwhile, thus, activity is expected to be 
registered.  

Around 08:00 am there were cleaning activities (sweeping) around the devices, it can be seen a punctual 
increase of concentration registered by the OPS from bigger particle sizes. In general, there are multiple 
peaks at different hours, probably related with unidentified activities. 
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Figure 321. Overnight concentration registered near the drying machine with the Nanotracer (upper 

graph) and the OPS (lower graph). 

 
All processes show the same trend: a bell curve of increase and decrease of the size during the activity, 
reaching a maximum, probably due to the accumulation and following agglomeration of particles. 

I-2. ES4: Pouring 
The pouring and mixing of the additives was conducted in a separate room where chemicals were storage, 
mostly liquids but also some powders. There was non specific ventilation system, but measures to regulate the 
spills, such as drainages, clean water, eye lavatories and showers (Figure 322). 

 

Figure 322. Pouring of materials. 

During the pouring of liquids, no release is observed. Quite the opposite, there is a continuous decrease of 
concentration (Figure 323) that could be due to the local increase of humidity due to the liquid 
manipulation. 
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Figure 323. Concentrations in Near Field from CPCs and 
Nanotracer during pouring the compounds. 

As regards of the chemical analysis of airborne particles, the filters used to collect the particles were again 
analysed by scanning electron microscopy (SEM) on a XL-30 equipment Philips EDAX microanalysis system. 
The images of the particles together with the corresponding elemental analysis of each are shown below the 
table. 

Regarding elemental analysis, it should be noted that since the particles are supported on a filter of fiber glass, 
on analysis by EDAX can observe the presence of the elements making up the filter (O, Si, Na, Al, K, Ca, Ba). 
Furthermore, it should be noted that the presence of Au and Pd from the metallization of the sample to make it 
conductive before insertion is also observed microscopically. 

In short, there have been detected mainly containing particles C, and may be organic particles such as 
atmospheric dust or some organic compound used in Piacenza facilities. There were also detected metal 
elements as Si, Al, Zn or Fe. These items can also come from ambient dust inorganic origin (metal oxides) or 
any compound used in the facility. It has only been found a particle containing Ag. This is an element 
commonly used with antimicrobials. 

A compendium of all the filter analysis can be seen in Table 25. Recall that for simplicity reasons, not all filter 
images are shown in the document (only the most representatives), although they were all analysed. 

Table 25. Resume of all the filters analysed by microscopy. 

Activity Image reference Approx. size of 
retained particles 

Main elements 
detected 

Antimicrobial 
conventional padding 

1.1 20 μm C 
1.2 30 μm C, N, Zn, O 
1.3 50 μm C 

Antimicrobial nano 
padding 

2.1 10 μm Al, Fe 
2.2 50 μm C 
2.3 5 μm Si, O 

UV protect nano padding 
3.1 5 μm Si, O 
3.2 5 μm Si, O 
3.3 50 μm C, Cl 

Soil release conventional 
padding 

4.1 50 μm C, Cl 
4.2 30 μm C, Ag 
4.3 20 μm C 

Soil release Nano 
padding 

5.1 5 μm Si, O 
5.2 5 μm C 
5.3 50 μm C 

Background padding 
machine 

6.1 20 μm Si, O 
6.2 100 μm C, S 
6.3 50 μm Zn, O 

Drying 
7.1 50 μm Si, Al, O 
7.2 20 μm Si, O 
7.3 30 μm C 
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Figure 324. Soil release conventional padding (sample 4.1, up) and soil release Nano padding (sample 5.1, below). 

As a summary, in the company take place several high temperature processes simultaneously with relative 
quite high humidity and there are short times to measure due to the configuration of machines. Thus, a low 
release compared to high concentration in background is expected. 

However, there are significant peaks during padding, but not a direct identification of causes (it can be due to 
vapours from the waste water, to the different configuration of the fabrics that adhere to a different extent the 
padded mixture or due to neighbour processes. 

Similarly, significant increase at NF during drying was recorded, but partly due to the high temperatures 
reached. The complementary filter analysis did not show a meaningful concentration of the treatments 
provided, but from the background, dust and process materials. 

There was no release during pouring of liquids, and the general background overnight shows the mixing of 
processes taking place at the same time and the difficulty to identify specific sources. 
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Annex J: Spraying of nano-TiO2 dispersions in concrete - ITENE 
In this case, a constructor company is monitored. An innovative method of using a road surface covering to 
catalyse destruction of NO2 emitted in vehicle exhaust fumes is currently under development. Nano-TiO2 is 
used after application of a bitumen mix for tarring (asphalting) road and other surfaces. The nano-TiO2 reacts 
with nitrogen dioxide (NO2) in the atmosphere to break up the NO2 molecules. This aqueous suspension of 
nano-TiO2 may include surfactants and other chemical dispersants to maintain the stability of the dispersion. 

A dispersion of nano-TiO2 was sprayed manually with a pressure pump (PRAKO Sulfatadora) onto a concrete 
surface.  A total of 5 L of the dispersion (concentration between 5-10 g L-1) were sprayed on an area of 5 m2. 
The nano-TiO2 is 70:30 anatase:rutile and has a primary size of 21 nm, forming aggregates up to 0.1 mm. The 
activity takes place outdoors. The worker wore a P3 mask, safety boots, safety goggles, and overall (see 
Figure 325).  

 

Figure 325. Measurement during manual spraying. 

J-ES1: Manual spray of the dispersion in concrete 
Airborne particle concentrations were monitored with two CPCs, a Nanotracer and a DiscMini for a total of 
about 37 minutes. Times of ‘non-activity’ were monitored prior to the spraying commencing (ambient 
background levels for 13 minutes) and after the spraying was finished (for around 7 minutes). Figure 326 
shows the Dp results from the DiscMini and Nanotracer and the CPC and Nanotracer airborne concentration 
results from the NF. The Dp results measured by both instruments are very similar. The Dp value centres 
around 36 nm and was very slightly higher for the DiscMini results. 

 
Figure 326. CPC, Nanotracer and DiscMini measurements before and 

during application of nano-TiO2 containing dispersion by spraying. 
The particle number concentrations (levels centred on 1000 #/cm3) obtained by the CPC and the Nanotracer 
are shown in Figure 326. Peaks in airborne concentrations were observed continually throughout the survey 
i.e. during measurement of background levels and during and after the spray application of the nano-TiO2 
dispersion. This variance may be due to the sweeping motion used to operate the spray wand and the natural 
air movement experienced when working outside.  
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Table 26 provides the results from the SEM and EDX analysis for samples collected. Analyses showed 
titanium and oxygen were always present on the filter together with some of the following elements: - Si, Mg, 
Fe, K, (ambient background) Al, C, and Cl (during spraying). The EDXS profiles show Ti was observed to 
some extent in both the ambient background atmosphere and during the spraying of the nano- TiO2 
dispersion.  

Table 26.  SEM/EXD results from case study 1. 

SEM EDX 

 
Image of background airborne particle obtained before spraying started. Size ~12 μm. 

EDXS Spectrum Al, Si, Fe, Mg, K, O, Ti 

  
Image of an airborne particle obtained during the spraying of the nano-TiO2 dispersion. Size~1.1 

μm, EDXS Spectrum Al, C, Cl, O and Ti 
 

Filter and measurement survey results suggest the presence of NPs in the outdoor atmosphere were mostly 
as agglomerates. Airborne Titanium was observed in the background and again during the spraying activity. 
Incidental NPs, from the outdoor environment and from any simultaneous or previous product spraying may 
have contributed to the measured concentrations of airborne NPs. The measured personal exposure 
(determined by the Nanotracer and DiscMini) during spraying was low (1688 and 933 #/cm3 respectively) and 
the highest peak measurement of around 10000 #/cm3 was recorded during background sampling. The worker 
also wore RPE.  

Titanium was observed as agglomerates on filters collected during spraying (Dp > 100 nm). It is assumed that 
the Ti is present as TiO2 based on the composition of the sprayed dispersion. Therefore, the agglomerates 
may be considered to originate from finer nano-TiO2 particles (Dp from 21 nm and up to 100 nm) present in 
the dispersion that was sprayed on the concrete surface. 
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Annex K: Spraying of nano-ZnO based paint formulations - ITENE 
 

The company manufactures antifouling paint containing ZnO, usually in a micron size version. The ZnO is a 
biocide and is used as antifoulant in paint. The paint is usually applied to boat hulls to protect them against 
weed and shell growth that might affect the integrity of the hull and the sailing performance of the boat   The 
scenario consisted of spraying the nano-ZnO enabled paint on a metal board for subsequent testing of their 
properties e.g. corrosion under sea water (Figure 327).  

 

 

Figure 327. Spraying of paint containing nano-ZnO on metallic board for testing. 

 

The spraying activity takes place in a fume cupboard with a back water screen, located in an 80 m3 room (5 m 
length x 4 m width x 4 m height). The worker fills the gun with the paint and sprays it onto a metal board. Once 
the gun is empty it is cleaned (with water and solvents in a sink located in the same room) it is re-filled with a 
different paint product and the process is repeated. There is no general ventilation. The worker wears nitrile 
gloves, safety glasses and half mask with a P3 filter. There are usually no other people present in the room 
during spraying. 

The exact duration of the activity depends on how many boards are prepared for testing. The monitored paint 
spraying activity lasted around 40 mins and around 3 L of paint were sprayed containing 3-5% nano-ZnO.    

At the time of the survey six paint products of different quality and nano-ZnO content (Table 27) were used to 
prepare the test boards. Spraying of two non-nano ZnO containing paints were also used to prepare the 
boards. The main control measure was a fume cupboard, fitted with a (water screen) scrubber. 

Table 27. Paint composition during each of the 6 assessed trials. 
Paint Code % Zn w/w Type Solvent 

311A 3 Olimpic Low quality 9 mL of toluene 
312A 5 Olimpic Low quality 12 mL of toluene 
313A 5 Olimpic Low quality No solvent added 
311B 3 Globic High quality 9 mL of toluene 
312B 5 Globic High quality 12 mL of toluene 
313B 5 Globic High quality No solvent added 

The instruments inlets were held close to the breathing zone of the worker to evaluate whether the overspray 
reached the breathing area. Table 28 shows the details of the sampling strategy. Two sets of concentration 
measurements were taken before the spraying activity.   

Measurements collected before the activities were to be compared to measurements during the spraying 
activity.  These were taken firstly for 15 minutes, where there was no one in the room and the fume cupboard 
was switched off, and secondly for 10 minutes, with the fume cupboard and water screen switched on. The 
concentration measurements taken the second of these monitoring periods were assumed to have 
contributions from dust generated by the movement of the worker and researcher during the monitoring 
exercise and the effect of the local ventilation. The second monitoring period is considered to be more 
representative of the airborne concentration present before using the ENM than when measurements are 
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collected when there was no one in the room. Therefore, background measurements are then considered as 
those taken in the second monitoring period.  

Table 28. Sampling strategy for the manual spraying of antifouling paint containing nano-ZnO 

Description Background Before 
Activity Activity After 

activity 
Time 15 mins 10 mins 39 mins 8 mins 

Location < 30 cm from 
fume cupboard 

< 30 cm from 
fume cupboard 

Close to breathing 
zone of operator 

< 30 cm from 
fume cupboard 

Equipment CPC, DISCmini CPC, DISCmini, 
Filter sample 

CPC, DISCmini, 
Filter sample CPC, DISCmini 

Table 29 summarises the results from the SEM and EDX analysis for samples collected before the activity and 
during spraying. The SEM showed particles with a size between 1-5 μm. The EDX analyses showed few 
particles containing Zn. 

Table 29. SEM and EDX results from case study. 

SEM EDX 

  
Image of an airborne particle obtained during background sampling Size Information. 

EDXS Spectrum of background particles contained C, Ca, Al and Si. 

  
Image of an airborne particle obtained during the spraying of one of the nano-ZnO enabled paint. 

EDXS Spectrum C, Cu, O, Zn 
 

CPC measurements showed that particle concentrations (< 1 μm) varied greatly (20000-100000 #/cm3) during 
the measuring campaign (Figure 328). Background concentrations (black line) taken when there was no 
activity and there were no workers in the room were relatively high (GM=13000 #/cm3). Concentrations 
measured 10 minutes before the spraying started (grey line in Figure 328) when the worker and researcher 
entered the room and started to prepare for the activity, rose to up to 60000 #/cm3. This is regarded as the real 
background level. During the around 17 minutes long spraying, concentrations fluctuated between 40000-
100000 #/cm3 and centred around 70000 #/cm3. 
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Figure 328. Time series plot of measurements taken with the CPC (< 1 μm) 
during the manual spraying of antifouling paint containing ZnO. 

 

DiSCmini measurements particle concentrations below 300 nm showed a similar trend of ‘ups and downs’. 
Concentrations varied between 40000 and 100000 #/cm3. Comparison of DiSCmini with CPC results suggests 
most of the airborne particles were in the size fraction measured by the DiSCmini (10-300 nm). Background 
concentrations measured by the DiSCmini were higher than those measured by the CPC. This highlights the 
poor accuracy of these instruments (20% according to the manufacturers’ instructions). Interestingly, the 
particle diameter (Dp, in Figure 329) increased progressively during the task indicating particles were getting 
larger as the spray progressed, possibly due to coagulation. The red lines in Figure 329 indicate when the 
actual spraying was taking place. Concentrations dropped during these periods indicating a lag between the 
emission and the data capture. The NanoTracer airborne concentration results were lower (centring around 
22000 #/cm3) and rose gradually throughout the monitoring period.  

 

Figure 329. Time series plot of measurements taken with the DISCmini (10-300 nm) during the manual spraying. 

 

The ratio of concentrations during/before the activity was 0.99 for particles < 300 nm (DISCmini 
measurements) and 1.30 for particles < 1 μm (CPC measurements). Differences in the concentrations < 300 
nm were statistically significant (p > 0.05). 
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